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Abstract
Background—Both abused and well cared for infants show attachment to their caregivers,
although the quality of that attachment differs. Moreover, the infant’s attachment to the abusive
caregiver is associated with compromised mental health, especially under stress. In an attempt to
better understand how abuse by the caregiver can compromise mental health, we explore the
neural basis of attachment in both typical and abusive environments using infant rats, which form
attachments to the mother through learning her odor. Here, we hypothesize that the neural
circuitry for infant attachment differs based on the quality of the attachment, which can be
uncovered during stressful situations.

Methods—We used infant rats to compare infant attachment social behaviors and supporting
neurobiology using natural maternal odor, as well as two odor-learning attachment paradigms:
odor-stroke (mimics typical attachment) and odor-.5 mA shock conditioning (mimics abusive
attachment). Next, to uncover differences in behavior and brain, these pups were injected with
systemic corticosterone. Finally, pups were reared with an abusive mother to determine ecological
relevance.

Results—Our results suggest that the natural and learned attachment odors indistinguishably
control social behavior in infancy (approach to the odor and interactions with the mother).
However, with corticosterone injection, pups with an abusive attachment show disrupted infant
social behavior with the mother and engagement of the amygdala.

Conclusions—This animal model of attachment accommodates both abusive and typical
attachment and suggests that pups’ social behavior and underlying neural circuitry may provide
clues to understanding attachment in children with various conditions of care.
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Clinical studies suggest that attachments are formed in both abusive and typical infant-
caregiver relationships (1). However, abusive attachment is associated with compromised
physical and mental health, including psychopathologies such as anxiety disorders and
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depression (2–5). This suggests divergence in neural processing of stimuli during infancy
associated with abusive versus typical attachment, which may account for later
abnormalities identified within the adult amygdala, prefrontal cortex, and hippocampus
(2,5,6).

Altricial species have a unique attachment neural circuit that ensures infants attach to the
caregiver, regardless of the quality of care received. We have chosen to develop this model
in infant rats because of their well-documented attachment learning to maternal odor. As rat
pups are born with nonfunctional visual and auditory systems, they depend upon their
olfactory system to detect the maternal odor so they can approach the mother, but the odor
also controls interactions with the mother, including nipple attachment. Maternal odor was
initially thought to be a pheromone, because at birth, pups respond to the maternal odor with
approach behaviors and nipple attachment (7). Now, however, it is understood that the
maternal odor is learned at birth through tactile stimulation and relearned repeatedly
throughout the postnatal period, presumably because changing maternal diets alter the
maternal odor (8,9).

Maternal odor learning is heightened during the first 10 days of the pup’s life (9–12). This
specialized sensitive period of learning can be mimicked with classical olfactory
conditioning using either milk or stroking, which mimics maternal care. Similar to natural
maternal odor, the learned attachment odor supports an odor preference, orientation to the
odor, and nipple attachment (8,9,11,13,14). Nevertheless, the infant sensitive period is also
characterized by learning constraints such as attenuated avoidance/fear learning (10,15–21).
For example, a novel odor becomes preferred if it is paired with aversive stimuli such as tail
pinch (11), .5 mA shock (10,16,19,21), or rough handling by the mother (22). The attenuated
avoidance/fear learning is not due to an inability to detect pain; pups show similar pain
thresholds to shock before and after the age when shock transitions from supporting odor
preference learning to supporting odor aversion learning (21,23,24). Rather, the inability of
odor-.5 mA shock conditioning to support avoidance/fear learning in young pups is because
of the amygdala’s failure to become incorporated into the infant learning circuit (18,19,21).

Here, we develop an animal model of abusive attachment by comparing the naturally
learned maternal odor with two other learned odors produced by conditioning with either
odor-.5 mA shock (abusive attachment) or odor-stroke (typical attachment) and question
whether these odors all support social attachment behaviors during the sensitive period
(postnatal day [PN] 8). We used two prominent infant social behaviors: 1) Y-maze testing
measures the approach response to odors that serve as the primary control of pup
interactions with the mother; and 2) the Mother-Pup Interactions test directly measures
social interactions with the mother. Since the clinical literature suggests that stressful
situations seem to exacerbate differences in typical and abusive attachment in children (25–
28), we also examine the impact of stress on abusive and typical attachment. We stressed
pups through systemic corticosterone (CORT) injections or through a more naturalistic
paradigm in which pups’ endogenous CORT was increased by rearing them with a stressed
mother.

Methods and Materials
Subjects

Male and female Long-Evans rat pups were bred in the University’s animal care facilities
and housed (polypropylene cages 34 × 29 × 17 cm, wood chips, ad libitum food and water)
in a temperature (20°C) and light (06:00–18:00 hours) controlled room. The birthdate was
PN0. Litters were culled to 12 pups on PN1 and only 1 male and/or female per litter was
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used in any conditioning/test condition. Procedures were approved by the Institutional
Animal Care and Use Committee and followed National Institutes of Health guidelines.

Conditioning
Odor-.5 mA Shock (Abusive Attachment) and Odor-Stroke (Typical
Attachment)—Pups received 11 conditioning trials with a 4-minute intertrial interval. The
paired group received 11 pairings of peppermint odor (2 L/min, 1:10 peppermint vapor;
olfactometer controlled by ChronTrol, ChonTrol Corporation, San Diego, California), with
either 1-second .5 mA shock (hind limb) or 20-second stroking with a sable-haired
paintbrush, and terminated simultaneously with odor termination. The unpaired group
received the shock or stroking 1.5 to 2 minutes after the odor presentation, while the odor-
only group received only odor. Pups were removed from the nest immediately before
conditioning, placed in the conditioning apparatus (600 mL plastic jars), given 10-minute
acclimation, conditioned, and returned to the nest (18,19,21,29).

Y-Maze
The next day, pups’ were given a 5-trial Y-maze test to assess odor preference/avoidance
using a video tracking system (Columbus Instruments, Columbus, Ohio) to record pups’
choice between two alleys (start box: 8.5 × 10 × 8 cm; arms: 8.5 × 24 × 8 cm). Odors were
placed at the end of the alleys: maternal odor (air stream) or peppermint odor (20-µL
peppermint odor on KimWipe, Kimthech Science, Dallas, Texas) versus a familiar odor (20-
mL clean aspen shavings in petri dish). Pups were placed in the start box for 5 seconds and
alley doors opened to initiate the 60-second choice period. A choice required the pup’s
entire body to be beyond the alley entrance. The maternal odor air stream used a mother
placed in an airtight glass enclosure (20 × 21 cm) connected to the olfactometer for odor
delivery of 2 L/min, 1:10 maternal odor:air.

Mother-Pup Interactions
Before testing, the anesthetized (urethane to prevent milk letdown) mother’s maternal odor
was removed (wash of acetone, then alcohol, and finally water), which disrupts nipple
attachment and interactions with the mother (30,31). The washed mother was then placed in
the testing chamber (25 × 40 × 20 cm) on her side to provide pups access to nipples. The
odor (maternal odor or learned attachment odor) was presented in an air stream 2 cm from
the center of the mother’s ventrum (2 L/min, 1:10 maternal odor:air). During the 10-minute
test, the latency and duration of pups’ probing/nipple searching and nipple attachment were
recorded.

Systemic CORT Injection
Pups were injected with either CORT (corticosterone HBC complex, Sigma, St. Louis,
Missouri; 3.0 mg/kg, intraperitoneally) or .9% saline 30 minutes before testing (17,18).

Naturalistic Stress-Mother Paradigm
Mother and pups were housed with either limited (1000 mL, 1.2 cm layer) or abundant
(4500 mL, 5 cm layer) nesting/bedding material from PN3 to PN8. This limited bedding
environment decreased mothers’ ability to construct a nest, which resulted in frequent nest
building, more time away from pups, rough handling and stepping on pups, and less licking/
grooming. Pups nursed less but weight gain was normal (Table 1). This treatment was
adapted from the Baram Laboratory (32,33), although we did use the wire mesh floor and
mothers were provided with clean bedding every 2 days.
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Maternal and pup behaviors were recorded three times a day (15-minute sessions): stepping
on pups, rough handling (i.e., mother aggressively grooms pups, transporting pups by limb),
pup vocalization, nest building, mother’s time in the nest, and nursing.

Radioimmunoassay
Plasma of PN8 normal- and stress-mother reared pups collected by trunk blood (centrifuged
14,000 rpm for 6 minutes and stored at −70°C) was used to and analyze CORT levels using
the Rat Corticosterone Coat-a-Count kit (Diagnostic Products Corporation, Los Angeles,
California; sensitivity 5 ng/mL; intra-assay coefficient 1%–9%).

Neural Assessment
The day following conditioning, pups were placed in beakers (600 mL), given 5-minute
acclimation and 5-minute odor presentation (maternal or learned attachment odors), and
decapitated 90 minutes later. The brains were removed, frozen, and stored in a −70°C
freezer. Olfactory bulb and amygdala were sectioned (20 µm) and c-Fos
immunohistochemistry was performed, as previously described (22). The c-Fos-positive
cells were counted bilaterally using a microscope (Olympus Optical Co., Tokyo, Japan; 10×
objective) and drawing tube. The c-Fos-positive cells were distinguished from background
by density of staining, shape, and size of cells. Cells were counted without knowledge of
experimental conditions and averaged over three sections per brain area. Amygdala nuclei
were identified using corresponding cresyl violet sections and stereotaxic atlas (34).
Olfactory bulb c-Fos cells were counted in the midlateral region bounded by a 30° angle
centered between the two bulbs on the horizontal line positioned at half the dorsal-ventral
extent of the entire section (35).

Statistical Analysis
Data were analyzed by analysis of variance followed by post hoc Fisher tests or Student t
test case with two experimental groups. Differences were considered significant when p < .
05.

Results
Experiment 1

Natural and Learned Attachment Odors (Typical and Abusive) Support Social
Behaviors and Activate a Converging Neural Circuit—Here, we explore infant
responses to natural maternal odor compared with two learned attachment odors produced
through odor-stroke and odor-.5 mA shock conditioning during the sensitive period (PN8).

Pups’ Approach to Odor—Our results show that pups approach both learned and natural
maternal odors [Figure 1A; F(6,33) = 8.999, p < .0001; replicates: 8–11, 13–16, 19, 21].
Control odor (unpaired, odor-only groups) did not elicit approach.

Pups’ Interactions with the Mother—Removal of maternal odor from the mother’s
ventrum disrupts pups’ nipple attachment (Figures 1B–D) (30,31) but is reinstated if natural
or learned maternal odor is blown into the chamber [time probing F(6,41) = 1.500, p = .207;
latency to attach F(6,41) = 635.7, p < .0001; time attached F(6,41) = 228.9, p < .0001].
Thus, learned attachment odors, including those associated with pain, support social
behaviors that occur naturally in response to maternal odor. Control odor (unpaired, odor-
only groups) did not elicit approach.
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Converging Neural Circuit Activity—We used c-Fos immunohistochemistry to
measure learning-associated changes in the olfactory bulb (area of plasticity during sensitive
period learning) and amygdala (medial amygdala is important for adult social behavior) of
rat pups that naturally learned the maternal odor and experimentally learned the attachment
odors produced with odor-.5 mA shock and odor-stroke conditioning during the sensitive
period.

Olfactory Bulb: Our olfactory bulb neural activity results (Figure 2; saline groups) show
that presentation of natural maternal odor or odors paired with either shock or stroke
increased olfactory bulb neural activity.

Amygdala: Our amygdala neural activity results (Figure 3; saline groups) show that
presentation of maternal odor or odors paired with either shock or stroke during sensitive
period do not increase neural activity in any of the nuclei analyzed.

Experiment 2
CORT-Induced Divergence in the Neurobiology of Typical-Attachment versus
Abusive-Attachment Odors—Clinically, stress appears to exacerbate differences in
typical and abusive attachment (25–28). Here, we questioned whether CORT could produce
a divergence in typical- and abusive-attachment pups. We repeated Experiment 1 but pups’
CORT levels were increased (3.0 mg/kg, intraperitoneal) to uncover potential differences in
attachment social behaviors and supporting neural circuitry.

CORT Injection Produced Divergence of Social Attachment Behaviors—Our
results show that a systemic CORT injection uncovers differences in the social behavior
associated with typical and abusive attachment. Specifically, only paired odor-.5 mA shock
pups receiving CORT injection 30 minutes before testing switched normal odor approach to
avoidance [interaction between condition and drug F(3,36) = 13.027, p < .0001; Figure 4A].
These pups also showed significantly altered interactions with the mother (Figure 4B–D),
spending more time nipple searching [interaction between condition and drug for probing,
F(3,32) = 25.556, p < .0001] and less time nursing [interaction between condition and drug
for latency to attach F(3,32) = 57.228, p < .0001; and time attached F(3,32) = 55.101, p < .
0001]. Corticosterone injections did not disrupt behaviors of pups receiving natural maternal
odor, paired odor-stroke, or control pups. For clarity, test performance of unpaired control
pups is not presented in the graph, although these pups did not significantly differ from
control pups (Y-maze: unpaired saline 2.67 ± .33 and CORT 2.33 ± .33).

Neural Circuitry Activity Under CORT During Testing
Olfactory Bulb: Systemic CORT injection does not change the pattern of olfactory bulb
neural activity (Figure 2A). Both paired odor-shock and paired odor-stroke, as well as
natural maternal odor, increases olfactory bulb neural activity after odor presentation
compared with odor-only, with or without CORT injection [interaction between condition
and drug treatment F(3,37) = .532, p = .663; condition F(3,37) = 22.500, p < .0001].
Olfactory bulb c-Fos of unpaired control pups is not presented in the graph, although these
pups did not significantly differ from control pups (unpaired saline 26.80 ± 1.16 and CORT
23.68 ± 3.27).

Amygdala: Corticosterone injection significantly increases neural activity in the basolateral
complex, medial, cortical, and central nuclei (Figure 3) only in abuse-attached pups (paired
odor-shock), with no effects on typical-attachment pups (paired odor-stroke, natural
maternal odor) or control pups [interaction between condition and drug treatment for cortical
F(3,38) = 6.567, p < .001; medial F(3,38) = 5.493, p < .003; basolateral complex F(3,38) =
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5.990, p < .002; central F(3,38) = 4.755, p < .006]. Amygdala c-Fos of unpaired control
pups is not presented in the graph, although these pups did not significantly differ from
control pups (cortical: unpaired saline 16.13 ± 4.30 and CORT 23.73 ± 10.72; medial:
unpaired saline 16.98 ± 4.61 and CORT 24.35 ± 9.93; basolateral complex: unpaired saline
62.92 ± 7.76 and CORT 57.84 ± 19.94; central: unpaired saline 23.85 ± 4.77 and CORT
25.97 ± 9.41).

Experiment 3
Ecological Relevance of Abusive Attachment and CORT—Here, we used a more
naturalistic approach to assess both the significance of CORT increase and abuse directly
from the mother, rather then shock, to verify the ecological relevance of our paradigm.
Specifically, pups were reared by either a stressed-induced abusive mother handling pups
roughly or reared by a normal mother. This stress-mother procedure involved providing the
mother with insufficient bedding for nest building from PN3 to PN8, which results in the
mothers engaging in frequent and repeated nest building and pup transportation to the new
nest site (Table 1; 32,33,36). The attachment social behavior tests used in experiments 1 and
2 were used also used in this experiment.

The naturalistic maternal stress procedure does not alter body weight [t(14) = .173, p = .865]
but increases CORT levels [t (11) = 2.216, p < .05] through pup adrenal CORT and mother’s
milk (Table 1; 32,33,36,37). Moreover, social attachment behaviors using this naturalistic
stress paradigm parallel those found with CORT injection in odor-shock attachment
learning. Specifically, compared with normal rearing, PN8 pups reared with the insufficient
bedding exhibited reduced maternal odor preference [t(10) = 3.508, p < .006; Figure 5A], as
well as significantly decreased time nursing [t(10) = 5.409, p < .0003; Figure 5D], and
increased latency to nipple attach [t(10) = 5.354, p < .0003; Figure 5C] and time spent
probing the nipple (t(10) = 4.954, p < .0006; Figure 5B).

The neural activity of stress-mother reared pups mirrors abuse-attached (paired odor-shock)
pups with CORT injection. Specifically, olfactory bulb neural activity (Figure 6A) of stress-
mother reared and normal-mother reared pups did not differ in response to maternal odor
presentation [t(8) = .505, p = .626]. However, amygdala activity did differ with stress-
mother reared pups, showing a significant increase [cortical t(8) = 10.78, p < .0001; medial
t(8) = 7.168, p < .0001; basolateral complex t(8) = 9.826, p < .0001; central t(8) = 5.843, p
< .0004; Figure 6B–E).

Discussion
Our behavioral and neural results suggest that abusive and typical attachments produce
similar social behaviors in infancy, including attachment odor learning producing an odor
that takes on the characteristics of the natural maternal odor. However, under stress
(increased CORT), differences emerge. Specifically, natural maternal odor learning and
odor-stroke attachment odor learning with CORT injection continue to show normal social
behavior with the mother and normal activation of the attachment circuit within the brain.
However, stress-mother reared pups and odor-shock attachment odor learning with CORT
injection show disrupted social behavior and recruitment of the amygdala. These results
suggest that the typical and abusive attachments, while appearing to have similar supporting
neural circuits, have divergent neural circuits that can be uncovered by CORT by
recruitment of the amygdala. Adult animals may not need stress/CORT to uncover the
effects of early-life abuse because infant paired odor-shock rats show adult deficits in the
forced swim test (Y. Sevelinges, unpublished data) and decreased fear learning (38), while
infant unpaired animals show increased adult anxiety-like behaviors (39).
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Convergence in Social Attachment Behavior of Abusive and Typical Attachment
The present results suggest that abuse- and typical-attachment odor learning take on
characteristics of the natural maternal odor and control social attachment behavior in
infancy. The maternal odor controls pup behavior by enabling pups to maintain contact with
the mother through the odor preference inducing proximity-seeking behavior. Removal of
the maternal odor causes decreased interaction between pup and mother, greatly attenuated
nipple attachment, resulting in little chance of survival (8,12,30,31,40). Normal pup social
behavior and nipple attachment can be reinstated by simply infusing maternal odor into the
air (presence on nipples not required), indicating that maternal odor organizes pups’ motor
responses for nipple attachment, which are then guided by somatosensory stimuli from the
mother’s ventrum (41).

Importantly, odor learning is critical for infant rats because the natural maternal odor is
learned at birth through tactile stimulation and relearned repeatedly throughout the postnatal
period (8,9). The maternal odor can also be learned through classical conditioning, as was
used in the present studies. Here, the approach responses and mother-pup interactions are
similarly controlled by learned attachment odors (odor paired with stroke or shock) at a level
similar to the natural maternal odor. These results replicate work showing the ability of
stroke to support learned odor approaches (42) and nipple attachment (9); nevertheless, these
results indicate that painful stimuli such as shock also support learned odor approaches
(10,11,16) and nipple attachment (present data). Our results suggest the learned attachment
odors, produced with either shock or stroking, take on characteristics of natural maternal
odor and control pups’ interactions with the mother.

Convergence in Neural Circuitry of Abusive and Typical Attachment
Assessment of pup neural activity found similarly increased levels of neural activity (c-Fos
expression) in the olfactory bulb for all experimental groups. Specifically, the attachment
odor, whether naturally learned (maternal odor) or learned with stroking or shock pairings,
produced enhanced olfactory bulb response. This replicates previous data that showed
learning-induced anatomical and physiological changes within the olfactory bulb
(12,17,22,29,35,43).

Alternatively, amygdala neural activity results show that natural maternal odor or odors
paired with either shock or stroke during the sensitive period do not increase neural activity
in the amygdala, which is critical for pups’ normal interaction with the mother and odor
approach learning (17–19,21,22). In fact, the inability of odor-.5 mA shock conditioning to
support odor avoidance in young pups is a result of the amygdala’s failure to become
incorporated into the early learning circuit and exhibit learning-induced plasticity
(17,19,21). However, only a few days later, as the sensitive period terminates, the same
procedure is able to induce neural activity within the amygdala that supports an odor
avoidance response (17–19,21). In adult animals, the amygdala is regarded as a key brain
area controlling social behavior, including emotional evaluation of the social situation (44–
46). Indeed, the engagement of the amygdala in threatening social situations has been
repeatedly documented in the literature (46–48). However, engagement of the amygdala in
infant social behavior has been shown to disrupt nonhuman primates’ interactions with the
mother (49–51).

CORT Uncovers Differences in Pup Social Attachment Behavior Based on Attachment
Quality

By injecting CORT in rat pups, we were able to uncover detrimental effects of early life
abuse in the expression of social attachment behavior, while typical attached pups were
unaffected. Stressful situations appear to highlight differences in typical and abusive
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attachment in children. Clinical research has shown that life trauma/stress are associated
with compromised social behavior and mental health during childhood (1,2,52–54), which is
exacerbated by stress (25–28). This suggests that the context of trauma is also important, as
trauma experienced during attachment can put the child at particular risk for psycho-
pathologies (55).

Early life stressful experiences have powerful effects on overall brain development—effects
that can last throughout the life span and influence behavior, brain function, and risk for a
host of mental disorders (32,56–58). The precocious stress response resulting in increased
CORT levels is significant because it indicates that early life stress is capable of prematurely
terminating the stress hyporesponsive period, which is characterized by greatly attenuated
hypothalamus-pituitary-adrenal axis functioning and blunted CORT release in response to
stressful stimuli (i.e., shock) that would normally elicit CORT elevations in adults (59–61).
The reduced stress reactivity experienced by neonates is hypothesized to protect the
developing organism from the negative effects of stress hormones (62–64).

CORT Uncovers Differences in Pup Neural Circuitry Supporting Social Attachment
Behavior Based on Attachment Quality

Presentation of attachment odor, learned naturally or experimentally, enhances olfactory
bulb neural activity, which does not change with CORT injection. This suggests that, despite
the quality of the attachment (typical or abusive), pups detect and process attachment odors
even when stressed.

On the other hand, presentation of the attachment learned odor engaged the amygdala only
in abuse-attached (odor-.5 mA shock) pups that received CORT. This is in sharp contrast to
our amygdala results in typical-attachment pups that received CORT, where the amygdala
did not appear to participate in pups’ attachment social behaviors. These results suggest that
the amygdala is not associated with infant social attachment behavior but becomes engaged
under stressful situations that increase CORT levels to disrupt social behavior in abusive
attachment. These results parallel those seen in nonhuman primates (49–51). Moreover,
effects of early life stressful experiences appear to be mediated primarily by changes
occurring in brain areas such as the amygdala, hippocampus, and prefrontal cortex
(38,56,57,65). However, the mechanisms by which early life experiences alter neural
circuits that may mediate vulnerability to mood disorders and emotional regulation are not
fully understood.

The role of CORT in disrupting social attachment behavior and its supporting neural
circuitry may not be direct. While CORT has been strongly implicated in mediating the
effects of early life trauma, corticotropin-releasing hormone (CRH) has also been
implicated. Corticosterone increase induces an enhancement in the CRH messenger RNA
expression into the amygdala (66,67). However, it has recently become abundantly clear that
there are multiple pathways to pathology in early life, with CORT, CRH, serotonin, and
dopamine being implicated (68–71).

Naturalistic Abusive Attachment
Rearing pups with a stress-mother increased CORT levels (present results, 32,33,36) and
permitted the replication of both the disrupted behavior and amygdala activity found with
CORT and odor-.5 mA shock. Specifically, stress-mother reared pups exhibited reduced
maternal odor preference, as well as dysfunctional mother-pup interactions such as
decreased time nursing, increased latency to nipple attach, and more time spent probing for
the nipple. Our c-Fos data showed that the olfactory bulb response to attachment odors did
not differ between stress-mother and normal-mother reared pups, although statistical
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differences were found in the amygdala. These stress-mother pups’ results mirror those
found in CORT odor-shock pups, including the cortical, medial, basolateral complex, and
central amygdala nuclei. These results suggest that engagement of the amygdala in infancy
may disrupt interactions with the mother (49–51).

The Importance of Animal Models for Understanding Human Attachment
Bowlby (52) suggested that infants’ attachment to the caregiver is characterized by infant
proximity seeking to the caregiver, despite abusive and rough treatment by an abusive
caregiver. Striking similarities exist between human attachment behavior described by
Bowlby (52) and other species, including nonhuman primates and rodents. This is not
surprising because Bowlby’s (52) original attachment theory was strongly based on a
paradigm-shifting integration of clinical observations and basic research using animal
models. Indeed, tolerating caregiver abuse has widespread phylogenetic representation: in
chicks tolerating shock during imprinting (72) and infant dogs tolerating pain from a handler
(73,74), as well as nonhuman primates (58,75,76) and human children remaining attached to
an abusive parent (77). A potential evolutionary explanation suggests selection pressures
supported infants that remained attached because it increased the probability of survival.
From an adaptive point of view, perhaps it is better for an altricial animal to remain attached
to an abusive caregiver than receive no care.

Bowlby (52) postulated a biological attachment circuit in children, although this circuit has
not been identified. However, due to the strong phylogenetic representation of attachment in
humans and myriad species, animal models may be particularly useful in understanding the
neurobiology of normal and abuse attachment (58,70,76–79).

Implications
In altricial animals, including humans, the infant’s primary environment and social world
revolves around the caregiver. This social world can vary in quality, as determined by
infant-caregiver interactions such as typical and abusive attachment, and programs infants’
emotional and cognitive development to adapt to later life environments (3–5,76). Compared
with typical attachment, infants in abusive attachment have a greater probability of
experiencing later life mental dysfunction and physical health problems (3–5,76). Our
results suggest that abusive attachment may have unique underlying neural processes that
contribute to this pathway to pathology. We suggest that our infant rat model may provide
insight to unique characteristics of attachment learning in humans where attachments are
formed under varied conditions of care. Knowing the neurobiological origins of
psychopathologies will facilitate the development of treatments/ interventions.
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Figure 1.
During the sensitive period (PN8): (A) pups approach (Y-maze) the natural maternal odor or
learned attachment odor produced by pairing a novel odor with either stroking or .5 mA
shock. (B–D) The natural maternal odor, as well as the odor previously paired with either
shock or stroking supported interactions with the mother. Specifically, if the natural
maternal odor is removed, pups show little interactions with the mother (B), such as the age-
specific behavior of probing (pushing nose into mother’s fur) and nipple attachment (C–D).
However, an airstream of either maternal odor or the odor previously paired with stroke or
shock (B) enhances interactions with the mother and also (C–D) reinstates nipple
attachment. Unpaired and odor-only presentations do not support approach response, mother
interactions, or nipple attachment, indicating the importance of learning in producing the
maternal odor. *p < .05 between groups (n = 5–6 for all groups). PN, postnatal day.
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Figure 2.
During sensitive period (PN8), (A) natural maternal odor and odors previously paired with
shockor stroke increased c-Fos expression in the glomerular layer of the olfactory bulb.
Systemic CORT injection (3.0 mg/kg) 30 minutes before the odor presentation did not
change c-Fos expression. Bars represent the number (mean ± SEM) of c-Fos-positive cells
counted bilaterally in the glomerular layer of the olfactory bulb. *p < .05 between groups
(n= 5–6 for all groups). (B) Schematic representation of the division (midlateral) of the
olfactory bulb analyzed. CORT, corticosterone; PN, postnatal day.
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Figure 3.
During sensitive period (PN8), systemic CORT injection (3.0 mg/kg) 30 minutes before the
odor presentation increased significantly c-Fos only in the paired odor-shock group. Bars
represent the number (mean ± SEM) of c-Fos-positive cells counted bilaterally in each
amygdala nuclei: (A) cortical, (B) medial, (C) basolateral complex, (D) central. *p< .05
between groups (n= 4–7 for all groups). (E) Schematic representation of amygdala nuclei
analyzed. BLA, basolateral complex; ceA, central; coA, cortical; CORT, corticosterone;
meA, medial; PN, postnatal day.
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Figure 4.
During the sensitive period (PN8), a systemic CORT injection (3.0 mg/kg) 30 minutes
before Y-maze test (A) switches the normal odor approach (preference) to odor avoidance
only in paired odor-shock pups. CORT injection also increased the time spent probing (B),
increased the latency to nipple attach (C), and decreased the time spent nipple attached (D)
in paired odor-shock pups. CORT injections had no effects on paired odor-stroke, maternal
odor, and odor-only groups. *p < .05 between groups (n= 5 for all groups). CORT,
corticosterone; PN, postnatal day.
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Figure 5.
Stress-mother reared pups (from PN3 to PN8) present a decreased approach to maternal odor
in the Y-maze test (A), increased the time probing the mother’s ventrum during nipple
searching (B), increased the latency to nipple attach (C), and decreased the time nipple
attached (D) in the mother-pup interaction test. *p < .05 between groups (n= 6 for all
groups). PN, postnatal day.
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Figure 6.
Stress-mother reared pups (from PN3 to PN8) do not change the expression of c-Fos in the
olfactory bulb (A) after maternal odor presentation. c-Fos expression is significantly
increased in amygdala nuclei analyzed in stress-mother reared pups. Bars represent the
number (mean ± SEM) of c-Fos-positive cells counted bilaterally in each olfactory bulb and
amygdala nuclei: (B) cortical, (C) medial, (D) basolateral complex, (E) central. *p < .05
between groups (n= 5 for all groups). PN, postnatal day.
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Table 1

Frequency of Mother and Pups Behaviors Observed During Mother-Infant Interactions

Percent of Observation Periods in Which Behaviors Occurred

Stressed Mother Normal Mother

Mother Abnormal Behaviors

  Steps or jumps on 24.78% .00%

  Rough handing 5.56% .00%

  Nest building 10.19% .00%

Mother Normal Behaviors

  Nursing 19.44% 80.56%

  Mother′s time in the nest 33.40% 85.22%

Pups Body Weight at PN8 (g) 17.75 ± .28 17.69 ± .22

Pups Vocalization 73.15% 4.63%

Pups CORT Level (ng/mL) 58.33 ± 9.41 38.57 ± 2.04a

CORT, corticosterone; PN, postnatal day.

a
p < .05 between groups.
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