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Neurobiology of maternal regulation of infant fear: the role of

mesolimbic dopamine and 1ts disruption by maltreatment
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Stephanie Chan'?, Stephen Tan'?, Joyce Woo'?, Gayatri Venkataraman'?, Emma Kirschner'?, Johan N. Lundstrém®”,
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Child development research highlights caregiver regulation of infant physiology and behavior as a key feature of early life
attachment, although mechanisms for maternal control of infant neural circuits remain elusive. Here we explored the neurobiology
of maternal regulation of infant fear using neural network and molecular levels of analysis in a rodent model. Previous research has
shown maternal suppression of amygdala-dependent fear learning during a sensitive period. Here we characterize changes in
neural networks engaged during maternal regulation and the transition to infant self-regulation. Metabolic mapping of 2-
deoxyglucose uptake during odor-shock conditioning in postnatal day (PN)14 rat pups showed that maternal presence blocked fear
learning, disengaged mesolimbic circuitry, basolateral amygdala (BLA), and plasticity-related AMPA receptor subunit trafficking. At
PN18, when maternal presence only socially buffers threat learning (similar to social modulation in adults), maternal presence failed
to disengage the mesolimbic dopaminergic system, and failed to disengage both the BLA and plasticity-related AMPA receptor
subunit trafficking. Further, maternal presence failed to block threat learning at PN14 pups following abuse, and mesolimbic
dopamine engagement and AMPA were not significantly altered by maternal presence—analogous to compromised maternal
regulation of children in abusive relationships. Our results highlight three key features of maternal regulation: (1) maternal presence
blocks fear learning and amygdala plasticity through age-dependent suppression of amygdala AMPA receptor subunit trafficking,
(2) maternal presence suppresses engagement of brain regions within the mesolimbic dopamine circuit, and (3) early-life abuse

compromises network and molecular biomarkers of maternal regulation, suggesting reduced social scaffolding of the brain.

Neuropsychopharmacology (2019) 44:1247-1257; https://doi.org/10.1038/s41386-019-0340-9

INTRODUCTION

Caregiver regulation of infant physiology and behavior has been
documented as a key feature of the infant’s social relationship
with the caregiver, typically referred to as attachment. This
regulation of the infant over the first few years of life ensures
proper scaffolding of vital physiological functions and emotional
regulation required for the infant to interface with the world as
mechanisms mature for self-requlation. While this regulatory
function is well-documented in the developmental psychology
literature [1-3], our understanding of neural mechanisms support-
ing this external regulation of the infant remains largely elusive.
Recent developmental cross-species neurobehavioral analysis of
caregiver regulation of the infant suggests this is a common
feature across myriad species [3-5] that wanes with maturation. A
salient example of regulation is seen in the context of fear/threat
learning, as previous research has shown maternal suppression of
amygdala-dependent threat learning during a sensitive period [6].
Here we explored the neurobiology of maternal regulation of
infant threat using neural network and molecular levels of analysis
in a rodent model.

As infants transition from dependence on the mother to self-
regulation, functional connectivity patterns expand to support
new behavioral patterns and newly functionally maturing brain
areas (see refs. [7-9] for review). However, we know little about
these transitions, despite recent evidence suggesting these
transitions are periods of vulnerability for initiation of pathways
to pathology and developmental disorders [10, 11]. During
infancy, the amygdala is one brain region that transitions in and
out of global networks to produce behavioral flexibility during a
sensitive period [6, 12-14]. This sensitive period has been
characterized in rats: before postnatal (PN) day 16, infants can
learn amygdala-dependent threat, but this learning is suppressed
if the mother is present to block amygdala plasticity. In pups PN16
and older (“post-sensitive period”), maternal presence can still
reduce aversion learning without blocking it, similar to the adult
[6, 15]. These naturally occurring behavioral transitions allow us to
ask how a network supporting distinct learning behaviors
transitions in and out of the learning circuit to support pups’
behavioral flexibility induced by maternal presence. We further
ask, how does network processing change to enable pups to
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switch on/off aversion learning? And, how does the network
change as the sensitive period for this behavioral flexibility closes?

Though the amygdala is critical for learning about threat
[16, 17], meaningful behavioral expression involves the coordi-
nated function of multiple brain regions within functional circuits.
Conveying information about maternal presence to the amygdala
is known to require dopamine signaling from the ventral
tegmental area (VTA) [18-21], suggesting this is a critical
functional locus permitting behavioral adaptations in threat
learning. In addition, the amygdala has extensive connections
with circuits involved in reward coding and emotion [22-24].
Using 2-deoxyglucose metabolic mapping as a proxy measure of
regional activation, we measured how local activation in afferent
and efferent targets of the basolateral amygdala (BLA), particularly
the VTA, lateral hypothalamus (LH), and nucleus accumbens (NAc)
changed with learning at PN14 (sensitive period) and PN18 (post-
sensitive period). We then assessed functional connectivity
between these regions to ask how circuits themselves change to
accommodate behavioral transitions.

Circuits not only perform the complex computations to support
behavior, but circuit dysfunction is the basis of disability in many
neurological and psychiatric disorders. This approach allows us to
assess how network connectivity changes when the mother’s
ability to block BLA plasticity is compromised following variations
in early care. Research across species has shown that abusive and
neglectful caregiving impair the caregiver’s ability to regulate the
infant and is associated with adverse mental health outcomes
across the lifespan [25-31]. In rats, this abuse can be induced by
providing the mother rat with insufficient nest-building materials;
as a result, the dam repetitively nest builds, steps on and drags
pups across the cage floor, causing pain-related vocalizations in
pups. This procedure during a brief period in early life (PN8-12) is
associated with cognitive and socio-emotional impairments
beginning at weaning [32]. Using a circuit-based approach, we
can assess how abuse produces later-life impairments through
scaffolding of neural networks regulated by the mother.

In our results, we describe developmental transitions in threat
learning in three ways. First, we focus on documenting the
amygdala as a critical node in network processing suppression by
the mother during a sensitive period: we show that maternal
presence blocks increases in synaptic proteins (GluA1-2-3-
containing a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
[AMPA] receptors) critical for learning; after the sensitive period,
this buffering is restricted to GIluA2-3, in parallel with limited
buffering of threat learning behavior. Second, maternal presence
modifies circuit links between the LH-VTA-BLA-nACC in an age-
dependent manner, suggesting the VTA is a critical node to relay
maternal information to the BLA. Finally, perturbations in early life
care impair the ability of the mother to block amygdala plasticity
and reorganize functional networks supporting threat learning.
Our circuit-based, ethologically- relevant approach highlights
mother-infant interactions as critical in scaffolding neural net-
works that support behavioral transitions during early life.

MATERIALS AND METHODS

For detailed methods of Scarcity-Adversity modeling, Pavlovian
odor-shock conditioning, memory retention testing, 2-DG auto-
radiography, and amygdala protein assay, please refer to
Supplementary Methods.

Subjects

Male and female Long-Evans rats born and bred at Nathan Kline
Institute (originally from Envigo) were used as subjects. They were
housed in polypropylene cages (34x29x17cm) with wood
shavings, in a 20+ 1°C environment on a 12h light/dark cycle.
Day of birth was considered PNO, and litters were culled to 12 pups
(6 males, 6 females) on PN1. Food and water were available ad
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libitum. All procedures (conditioning, testing) occurred at PN14—1
d or PN18+1 d. Only one male and one female were used from
each litter per experimental group, and no animals were used
more than one time. Pups were separated from their mother only
for the duration of the conditioning sessions (maximum 1 h). All
procedures were approved by the Institutional Animal Care and
Use Committee of Nathan Kline Institute and New York University,
in accordance with guidelines from the National Institutes of
Health.

Scarcity-adversity model of low shavings (LS)

Early life trauma was modeled using an established “scarcity
adversity” protocol used by our lab and others [33, 34]. As
illustrated in Supplementary Fig. 1, this procedure is validated to
produce maternal maltreatment of pups (i.e. stepping on pups,
less time with pups) and results in neurobehavioral dysfunction,
including depressive-like behavior and dysregulation of fear
expression [35, 36].

Pavlovian odor-shock conditioning

Pavlovian odor (peppermint)-shock (0.5mA, 1s, ITl 4min)
conditioning with and without maternal presence was performed
according to previously published protocols [6, 37].

Memory retention testing

Long-term memory assessment was conducted 24h after
conditioning using five choice trials in a Y-maze with each arm
containing either the CS odor (Kimwipe with 7.5 puL peppermint) or
familiar clean bedding [18, 38].

2-DG autoradiography

Autoradiography was performed according to previously pub-
lished protocols [38-40]. In brief, pups were injected with 14C 2-
DG (20 puCi/100 g, s.c.) 5 min before conditioning and brains were
removed 45 min later, immediately after conditioning. Regions of
interest (ROIs) were analyzed blind to experimental condition
using ImageJ.

Amygdala protein expression assay

To further verify learning blockade or suppression, we assessed
protein expression in the amygdala using separate cohorts of rats
that were sacrificed by decapitation immediately after Y-maze
testing. Amygdalae dissection, tissue fractionation and western
blot were performed using previously published techniques
[41, 42].

Statistical analysis

Behavior in the Y-maze was analyzed using ANOVA and post hoc
Fisher's LSD. For brain 2-DG autoradiography, '*C 2-DG uptake
data were statistically analyzed by ANOVA and post hoc Fisher's
LSD. For functional connectivity modeling, bivariate correlation
matrices were created by computing ratios of mean 2-DG uptake
for all pairwise combinations of brain regions. For quantitative
analyses, each group’s correlation matrices were transformed into
z scores and group differences between modules were analyzed
by ANOVA and post hoc Fisher's LSD. All differences were
considered significant when p < 0.05.

RESULTS

Experiment 1

Sensitive period maternal blockade of amygdala-dependent threat
learning and its maturational transition to maternal suppression.
Using Pavlovian odor-shock conditioning, we show that
amygdala-dependent aversive learning is expressed in rat pups
at PN10, evidenced here by avoidance behavior to the condi-
tioned odor stimulus (CS) 24 h after conditioning compared to
groups receiving unpaired presentations and odor alone;
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aversions were indicated by fewer choices than chance (Fig. 1a, b).
Maternal presence during paired odor-shock conditioning (“P-M”
in graph) blocked learning of aversion and reversed it to a
preference in PN14 pups, indicated by increased choices toward
the CS after conditioning, and by choices greater than chance. In
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contrast to the sensitive period learning blockade, PN18 pups
showed a buffering (attenuation) of learned aversion by maternal
presence during conditioning, corroborating previous work [15].
Importantly, unlike younger pups, maternal presence failed to
block the aversion at this older age: learning was attenuated,
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Fig. 1 Amygdala-dependent threat learning and amygdala protein expression: sensitive period maternal presence blockade of learning and
plasticity molecules. Twenty-four hours following a Pavlovian odor-shock conditioning procedure that paired neutral peppermint odor
presentations with 0.5 mA shocks to the tail, rat pups were tested for long-term memory using a Y-maze odor choice test containing the
conditioned stimulus odor (peppermint) and a familiar odor (clean wood shavings) (a); pups were conditioned either alone or with the mother
present. In pups conditioned alone (P-A), threat learning and memory was expressed at PN14 and PN18, as indicated by a significant
reduction in choices towards the conditioned stimulus (CS) peppermint odor in the Y-maze choice test (b). Maternal presence blocked
learning at PN14 and buffered learning at PN18 [ANOVA, age x condition, F(3 63 = 3.357, p = 0.002; M.E. of condition, F3¢3) = 21.28, p < 0.001].
In PN18 pups, choices toward the CS were lower when conditioned with paired CS-US in the presence of the mother, compared to unpaired
presentations (p = 0.003); this was a reversal of the pattern observed in PN14 pups conditioned with the mother compared to unpaired (P-M
vs. U-A, p = 0.05). Furthermore, choices towards the CS when conditioned with the mother are lower than chance at PN18 (P-M, p = 0.027),
whereas they are higher than chance at PN14 (P-M, p = 0.047). Threat memory and corresponding avoidance behavior were associated with
increases in GIuA2/3 expression in the amygdala at PN14 and PN18 (d, e) [GIuA2; two-way ANOVA (age x condition), main effect of condition:
F,40)=7.699, p <0.001; GIuA3: age X condition, Fg 45 = 15.04, age (F(1.45)=10.65, p =0.002), condition (F(34s)=25.29, p <0.001)]. GluA1
decreased in PN12 pups, while it increased in PN18 pups (d); these effects were blocked by maternal presence at PN14 but not PN18 [age x
condition: F(3 48 = 8.576, p < 0.001, age: F(; 45) = 24.02, p < 0.001]. P-A/U-A/O-A/P-M: paired alone, unpaired alone, odor only alone, paired with
mother. *p < 0.05, **p < 0.01, ***p < 0.001, *p = 0.05; “°” denotes significant difference from chance performance on Y-maze (dotted line), p <
0.05. Error bars indicate mean + SEM. Dashed line: average protein expression in untrained “odor only” group (control). The same tubulin-
corrected values were used for all markers probed. Comparisons were made across gels processed in parallel using samples derived from the
same experiment. Full length blots/gels are presented in Supplementary Figs. 4-7. Behavioral and protein expression data from additional
controls (unpaired with mother, odor only with mother) are presented in Supplementary Fig. 2a—-d

similar to that seen in adults with social presence. Maternal
presence did not affect odor-only and unpaired groups (Supple-
mentary Fig. 2a, all comparisons p > 0.05). This behavioral data
replicates previous data [6, 43] and has recently been replicated in
children [44].

Intracellular AMPAR signaling within amygdala modulated by
maternal presence. The neurobiology of learning focuses on
events that occur as long-term memory processes emerge and
memories stabilize. Using adults, this memory stabilization process
is thought to involve the rearrangement of synapses, partly
mediated by AMPA receptors (AMPAR). Indeed, trafficking-
mediated rapid intracellular translocation, receptor degradation
or its prevention, and synapse stabilization are all critical [45-49].
These processes appear partly mediated by GluA1- and GluA2-3-
containing AMPAR. To probe developmental changes in amygdala
plasticity supporting odor-shock learning, we quantified synaptic
AMPAR subunit expression at PN14 and PN18.

Changes in GluA1-2-3 expression in pups that learn threat are
blocked by maternal presence in an age-specific manner: We
observed an age-dependent change in postsynaptic GIuA1 in
animals that learned to avoid the CS in the Y Maze (Fig. 1c). Post
hoc tests revealed a decrease in synaptic GIuA1 in pups that had
received paired odor-shock presentations at PN14 compared to
odor only and unpaired presentations. In contrast, pups that were
conditioned at PN18 showed an increase in GIuA1 24 h later.

While maternal presence during paired odor-shock conditioning
reversed decreases in GIuA1 in younger pups, there was no
statistical difference in GIUA1 expression between pups condi-
tioned alone or with maternal presence at PN18. As with behavior,
all learning controls (paired, unpaired, odor only with and without
mother) were performed and are presented in Supplementary
Fig. 2c-d.

At both PN14 and PN18, GIuA2 is increased 24 h after learning
in paired odor-shock groups compared to groups only receiving
odor or unpaired presentations (Fig. 1d). In pups that learned at
both ages, we observed increases in synaptic GluA2 and GIluA3;
maternal presence blocked these increases at both ages.

Maternal regulation of the threat circuitry. While previous data
has highlighted the mother’s ability to attenuate the BLA to block
pup fear learning, it is unclear if information to or from the BLA
was also altered. After conditioning with and without the mother,
brains were removed and neural activity was assessed via 2-DG
ROI analysis (see Fig. S3 for anatomy). Results of statistical
comparisons are summarized in Fig. 2 and Supplementary Table 1.
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Mesolimbic dopamine circuit: Peduncular lateral hypothalamus
(PLH): The LH is a major node in the mesolimbic pathway
regulating learning and motivated behavior, with the peduncular
nucleus (PLH) densely innervating the VTA and receiving efferents
from the amygdala [50]. Here we questioned its role in the
network during development and its potential modification by
maternal presence during paired odor-shock. We observed that
maternal presence buffered PLH activation at PN18 but not PN14
(Fig. 2a).

Ventral tegmental area (VTA): Parabrachial pigmented nucleus
(PBP) and rostral VTA (rVTA). Within the VTA, the parabrachial
nucleus is a major dopaminergic subdivision that modulates
learning through collateral loops with the ventral striatum and
BLA [51-53]. In this region, maternal presence suppressed 2-DG
uptake in the VTA-PBP at PN14 and PN18 (Fig. 2b). In contrast to
the PBP, the DA-poor rostral VTA sends primarily glutamatergic
outputs to the basal forebrain [54]; here we observed that
maternal presence buffered 2-DG uptake at PN14 but not PN18
(Fig. 20).

Basolateral amygdala (BLA): Given our initial results showing
that the mother suppresses learning-induced changes in amyg-
dala plasticity (Fig. 1), we predicted that maternal presence would
also suppress 2-DG metabolism in the BLA, as previously
documented [40]. At both PN14 and PN18, maternal presence
during conditioning suppressed 2-DG uptake in the BLA
compared to conditioning alone (Fig. 2d).

Ventral striatum: The ventral striatum, comprised of the NAc
core and shell, receives direct and reciprocal contacts from VTA
and BLA to promote learning and motivated behavior [55, 56].
These anatomically distinct regions are thought to play distinct
roles in processing conditioned stimulus features [57, 58]. In both
the core and shell of the NAc, maternal presence suppressed core
2-DG uptake at PN14, but not PN18.

Experiment 2

Abusive caregiving during a sensitive period prevents maternal
blockade of threat circuitry engagement. To further explore the
development of maternal control over the infant’s threat network,
we perturbed its development by using a naturalistic paradigm of
maternal maltreatment of pups. This infant rearing paradigm
disrupts the development of myriad brain areas [34, 59-62], and
compliments the work of other infant manipulations showing that
caregiving quality is a critical variable in scaffolding brain
development [10, 34, 62]. In particular, abusive or neglectful early
care has been shown to modulate functional engagement of brain
areas important for emotional development, including the

Neuropsychopharmacology (2019) 44:1247 - 1257
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Fig. 2 Maternal presence suppresses regions in threat circuit during and after sensitive period. 2-DG uptake within individual brain regions is
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significant. Error bars indicate mean + SEM. All comparisons performed with two-way ANOVA (age x condition); F, df, and p presented in

Supplementary Table 1 and Supplemental Results

amygdala [26, 28, 30, 63-66]. Here, we assessed how varying early
life experience alters the neurobehavioral development of
maternal suppression of threat circuits at PN14 and PN18.

To induce abusive caregiving in rodents, we used the Scarcity-
Adversity model of LS (see Fig. S1 and Methods). In this protocol,
used by our lab and others [34, 61, 67], providing the mother rat
with insufficient nest-building materials causes her to roughly
handle and step on pups, though pups exhibit normal weight gain
[33]. Timing this procedure from PN8 to PN12 in pups is associated
with impairments in social behavior, emotional reactivity and
threat learning emerging at weaning age (PN23) [37, 68].

Maternal presence fails to block behavioral expression of learned
threat during a sensitive period

Following abusive rearing from PN8-12, the mother’s ability to
block threat learning is suppressed during a sensitive period. Two-
way ANOVA of Y maze performance 24h after odor-shock
conditioning showed a main effect of condition (Fig. 3a, b).
Following abuse, maternal presence failed to block or reverse
threat learning of the odor at PN14 and PN18. Paired odor-shock
conditioning produced learned aversions (fewer odor choices than
chance) at both ages regardless of maternal presence (all
comparisons < 0.05).

Neural assessment

After modifying pups’ early care experience to modulate response
to maternal presence during threat conditioning, we also assessed
pups’ brains using 2-DG autoradiography. Specifically, after

Neuropsychopharmacology (2019) 44:1247 - 1257

subjecting pups to early trauma through the Scarcity-Adversity
procedure of LS, PN14 and PN18 pups were injected with 2-DG
and odor-shock conditioned with and without maternal presence,
followed by brain removal. Results are summarized in Fig. 3c and
Supplementary Table 2. Overall, we found that contrary to
typically-reared pups, maternal presence failed to buffer the
regions examined in Expt. 1. At PN14, maternal presence had no
effect on PLH, VTA-PBP, BLA, or NAc. At PN18, maternal presence
failed to buffer these regions, as well as the rVTA.

Experiment 3

Functional connectivity in neural threat networks is altered by
maternal presence and early life abuse. Lastly, we compared how
activity between nodes assessed in the ROl analysis changed with
maternal presence, age and early care environment using
functional connectivity analysis [40]. This type of data representa-
tion provides an overview of patterns of change in the brain
across broad networks of interconnected regions. 2-DG uptake
data across individual animals for each brain region was used to
construct bivariate correlation matrices for all pairwise combina-
tions of brain regions analyzed for maternal presence and rearing
condition at each age. A single data point represents the
correlation between 2-DG uptake in a given brain region across
all animals at that age with uptake in a different region in the
same animals. Therefore, functional connectivity here is defined as
a covariation of activity in two brain regions across animals and
does not imply a monosynaptic relationship; although, we have
limited our analysis to areas known to be anatomically connected.
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Fig. 3 Low shavings model of rodent Scarcity-Adversity impairs maternal suppression of threat learning. a Timeline of experimental
procedure with LS or control rearing from PN8-12, followed by conditioning alone or with the mother at PN14 and PN18 and Y maze testing
24 h later. b Y maze performance shows that mother fails to suppress threat learning (ANOVA, condition: F3 59y = 5.36, p = 0.003). P-A/U-A/O-
A/P-M: paired alone, unpaired alone, odor only alone, paired with mother. *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant; “*" denotes
significant difference from chance performance on Y-maze (dotted line), p < 0.05. ¢ 2-DG uptake within individual brain regions is no longer
suppressed when pups are conditioned with the mother if they have been abused. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate mean
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Supplemental Table 2. Error bars indicate mean £ SEM. All p values for post hoc comparisons are reported in Supplemental Results

Brain network matrices for each condition at PN14 and PN18 are
shown in Fig. 4. These matrices highlight changes in relative
functional connectivity between the maternal presence, age and
rearing conditions.

To compare the correlation matrices statistically across age,
context (alone/with mother) and early care (control/LS), correla-
tions were converted to z-scores with a Fisher transform and mean
difference z-scores within each module were analyzed with
ANOVA (age x condition x rearing). Although a variety of potential
modules (groups of ROIs) could be extracted from these data, as a
starting point, we selected those that were most prominently
different between conditions in the matrices. Within the VTA-NAc
module (Fig. 4a), we observed that previous abuse and maternal
presence both increased functional connectivity for PN18 pups. In
control-reared pups at this age, maternal presence switched

SPRINGERNATURE

functional connectivity correlations from negative to positive.
Finally, we observed a statistical tendency of decreased con-
nectivity with age. Adding the BLA into this circuit produced a
dramatic change in functional connectivity with abuse: previous
trauma increased correlations between the BLA, VTA, and NAc in
pups at both PN14 and PN18 when conditioned with the mother
(Fig. 4b).

Given that the LH is a major source of input to the VTA,
particularly the PBP, we added this node to the VTA-NAc
functional module (Fig. 4¢): in this comparison, we observed that
older pups exhibited increased functional connectivity across the
conditions, with negative correlations switching to positive with
the mother between PN14 and PN18.

Finally, we assessed dopaminergic inputs to the amygdala
within the PLH-VTA-BLA circuit module (Fig. 4d). In contrast to
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Fig. 4 Functional connectivity within infant neural threat network. Bivariate correlation matrices were constructed across ROIs assessed in
Experiments 1-2. Matrices are shown for two ages, with and without maternal presence, and after control versus abusive rearing (LS). White
squares denote example nodules (groups of ROIs) that show dramatic changes in connectivity across condition. Color bar shows Pearson’s r
values with high correlations in red and low correlations in blue. a-d Correlations within modules were transformed to Fisher z scores and
compared using three-way ANOVA. a VTA-NAc module: age x maternal presence, F(; 24y = 6.635, p =0.017; rearing, F;, 24 = 10.19, p = 0.004. B,
VTA-BLA-NACc: rearing, F(;,s6) = 14.26, p < 0001 C, PLH-VTA-NACc: age, F(1 24y = 14.31, p < 0.001. D, PLH-VTA-BLA: age x rearlng, Fh32=6.283,p=
0.018. *p < 0.05, **p < 0.01, ***p <0.001, *p =0.06. Error bars indicate mean = SEM. All p values for post hoc comparisons are reported
in Supplemental Results

other modaules, here we observed an interaction between age and Early life abuse modulates network links in an age-specific and
rearing. Specifically, maternal presence was associated with context-specific manner

negative functional connectivity in PN18 controls but increased Although a module-based approach is informative about broad
connectivity in abused pups; conditioning with the mother was network patterns, this analysis can obscure changes to individual
associated with increased connectivity at PN18 compared to PN14, point correlations between ROIs. To further expand our study of
but this pattern was restricted to pups with a history of abuse. the effects of early abuse, we compared pair-wise correlations
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Table 1. Significant pairwise correlations for ROIs in Experiment 3

PN14 alone control vs. LS

PN18 alone control vs. LS

PBP-VTA
BLA-PBP
PN14 mom control vs. LS

z=1.88, p=10.030
z=-1.96, p=0.025

Control vs. LS
NAc Core-rVTA z=-245,p=0.014
Control: PN14 mom vs. PN18 mom

PLH-NAc Core z=-1.89, p=0.029

PLH-NAc Shell z=-1.67, p=0.048
NAc Core-rVTA z=-1.79, p=0.037
BLA- rVTA z=12.07, p=0.019

rVTA-PLH z=-1.88, p=0.030

PN18 mom control vs. LS

PLH-BLA z=-3.15, p=0.002
BLA-IVTA z=-3.83, p<0.001
BLA-PBP z=-3.75, p<0.001

Control: PN18 alone vs. PN18 mom

BLA-PBP
NAc Core-rVTA

z=-1.6, p=0.055
z=-1.66, p=0.049

Summary of statistics for pairwise ROI correlations with or without the mother present at PN14 and PN18 following early life abuse or typical rearing

between the nodes emerging as critical in our functional
connectivity analysis. These results are summarized in Table 1.
At PN14, past abuse decreased connectivity between the PBP and
r'VTA within the VTA during conditioning alone. In contrast,
connectivity between the PBP and BLA was elevated when pups
were conditioned alone, while core- rVTA and RVTA-PBP
connectivity increased with mom. At PN18, trauma increased
connectivity between rVTA and PLH when pups were alone, and
hypothalamic-VTA inputs to the BLA were strengthened when
PN18 pups were conditioned with the mom.

These pair-wise analyses were also informative about develop-
mental changes in link strength during conditioning. We observed
that between PN14 and PN18, conditioning with the mother
present was associated with heightened connectivity between the
ventral striatum and PLH and between NAc core and rostral VTA.
However, conditioning at PN18 with the mother present was
associated with decreased connectivity between the BLA-rVTA
and BLA-PBP. At PN18, conditioning with the mother was linked
with higher rVTA-ventral striatum connectivity than during
conditioning alone. Finally, conditioning with the mother showed
a trend of suppressed BLA-PBP connectivity at this age, similar to
the suppression compared to conditioning with the mother at
PN14.

DISCUSSION

Caregiver regulation of infant physiology and behavior is a key
feature of the infant’s social relationship with the caregiver. This
regulation is critical for the altricial infant to interface with the
world before self-regulatory mechanisms mature. The caregiver’s
influence over the infant’s response to threat is one of the more
salient examples of this process. Indeed, during a sensitive period
in rat development (<15 days old), the mother is able to fully block
threat learning, an effect that decreases as pups mature [15]. Here
we used this behavioral transition to characterize the neural
network modulations induced by maternal presence to probe how
a neural network might shift as the role of the mother becomes
less important across pup development. We show that the
termination of the mother’s ability to block learning about threat
as pups mature is supported by both (1) changes in amygdala
plasticity and the mother’s ability to block key molecules used to
support long-term memory, and (2) maternal presence engaging
fewer functional targets of the threat circuit. Importantly,
decreased maternal regulation was observed at a younger age if
infants were previously abused by the caregiver. These effects are
consistent with the child development literature, which has long
shown that abusive caregivers have a decreased ability to
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emotionally regulate infants, despite the presence of robust
attachments [69-72].

Developmental changes in the mother’s ability to modulate
amygdala plasticity

As pups transitioned out of the sensitive period, maternal
presence transitioned from complete blockade to partial suppres-
sion of threat learning (Fig. 2b). This was associated with distinct
patterns of amygdala plasticity in her presence across develop-
ment. Odor-shock conditioning engages AMPAR trafficking to
support learning at both PN14 and PN18 [73] and was used here
to more closely explore how maternal presence impacts molecular
events to control pup learning and memory. When pups were
conditioned alone, we observed consistent increases in GluA2
and GluA3—similar to patterns observed with adult learning
[42, 47, 74, 75]. These effects were prevented if pups were
conditioned with the mother. Furthermore, maternal presence
blocked learning-induced changes in GIuA1 expression at PN14,
but not PN18. This transition in the mother’s ability to prevent
changes in GIuA1 may have been supported by age-dependent
patterns of GluA1 expression with learning: while PN18 pups
showed an adult-like increase in synaptic GIluA1, the newly-
acquired ability to learn and remember about threat at PN14 was
associated with an atypical GIuA1 decrease [76]. This suggests that
pups in the sensitive period may have reduced reliance on GluAT1.
Given the critical role of GluA1-containing AMPAR in LTD and fear
memory retention in adults [77-79], reduced reliance on this
molecule during the sensitive period may permit greater plasticity
of learning when pups are with the mother.

Maternal suppression of threat learning during and after the
sensitive period is supported by overlapping but distinct neural
network nodes

Although the amygdala is an established neural substrate for fear
learning across development [16, 80-82], the broader network of
inputs and outputs modulated by the caregiver is unknown. Here,
we use the circuit expressed by pups that have learned the
conditioned stimulus to ask how maternal presence impacted the
threat network. We measured critical nodes of the mesolimbic DA
circuit, including the LH, BLA, VTA, and ventral striatum because
they have been identified as core areas associated with providing
the amygdala with information about cue value, including within a
social context [18, 56, 83, 84].

Sensitive period: network supporting maternal blockade of threat

network. During the sensitive period, maternal presence com-
pletely blocked threat learning and suppressed 2-DG uptake
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during conditioning at PN14 in all regions except for the PLH.
Most notably, the mother significantly suppressed BLA activity,
which blocked learning, as supported by both behavioral data and
markers of neural plasticity showing suppression of all AMPAR
subunit trafficking (Fig. 1) and previous data [6, 85]. The VTA was
identified as a core region during the sensitive period when
maternal presence input to the amygdala was altered. This fits
with the existing literature, where maternal presence was found to
modify pups’ BLA DA to switch on/off the effects of maternal
presence blockade of threat learning during the sensitive period
[18]. This critical interface between BLA-VTA in young pups was
highlighted in our functional connectivity analysis, which showed
that maternal presence increased connectivity between the two
regions. Interestingly, the LH, a major node for information input
to the VTA in adults, was not altered by maternal presence until
pups were post-sensitive period. This information suggests the
social context of young pups may have a developmentally unique
pathway to the VTA.

The failure of maternal presence to modulate the PLH at
PN14 suggests the VTA is the critical interface with the maternal
odor at this age; this is supported by work showing that VTA DA
mediates the maternal odor signal in the amygdala [18]. On the
other hand, research in the adult has highlighted a critical role for
dopamine in amygdala-dependent learning [21, 83, 86, 87]. Thus,
our observation that maternal presence blocks activation of nodes
in the extended VTA-BLA suggests the interpretation that threat
learning is simply blocked by lack of DA in the BLA. However, the
mother also suppresses the classical VTA-ventral striatum reward
circuit during the sensitive period (Fig. 2, S3). This may be due to
the increasingly expanded role of DA beyond traditional reward
coding [88]. Indeed, many groups have shown that aversive
events increase DA levels and that behavioral aversion is
supported by high levels of DA transmission, especially between
the PBP and NAc shell [51, 52, 57, 83, 86, 89]. Our observation of
suppressed activation of the core and shell in the mother's
presence during the sensitive period may reflect blockade of the
threat signal in these subregions; though we did not differentiate
the functionally distinct medial and lateral shell in our analysis
[58, 89]. Together, these data support the conceptual framework
of DA neuron subpopulations coding for “motivational salience”,
rather than motivational value; their outputs promote alerting,
orienting and coordinating downstream brain structures to
control behavior [56].

Post-sensitive period: maternal effect transitions to attenuation of
threat networks. During a transitional period in development
(post-sensitive period), the mother switches from completely
blocking threat learning to partial suppression of learning (Fig. 1b).
Here, we observed that this behavioral transition is associated with
age-specific effects of the mother on the threat learning network:
the mother’s presence impacted fewer brain regions, but also a
distinct network of brain regions. Although the mother buffered BLA
2-DG metabolism at both ages, when combined with markers of
synaptic plasticity associated with threat learning, maternal presence
lost its ability to block learning and instead only attenuated learning.
These findings are consistent with work showing social modulation
of proteins associated with cellular plasticity [90, 91] as well as
suppression of the amygdala by social cues [92-94].

Moving beyond the BLA, our ROI analysis suggests that maternal
presence at PN18 still interacted with the threat circuit, but in
distinct way. For example, unlike sensitive period pups, maternal
presence during the post-sensitive period incorporated the LH,
suggesting a more adult-like network engaged by social stimuli may
have emerged in post-sensitive period pups. The LH sends critical
information to VTA and is known to modulate networks based on
social cues [95]. Also, in contrast to younger pups, the mother’s
presence failed to suppress the ventral striatum and rostral VTA
during conditioning. Indeed, these regions went from negatively
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correlated when pups were alone to positively correlated when the
mother was present. The rostral VTA sends primarily glutamatergic
outputs to the basal forebrain [54] and its role at PN18 may serve to
help toggle reward and threat learning as learning contexts change
with social support [52, 56, 94]. This idea is further supported by our
observation that the classical reward circuitry (VTA-NAc) was less
correlated with BLA function when the mother was present after the
sensitive period.

Early life abuse modifies development and social plasticity of
neural threat circuits

To further explore the development of maternal control over the
infant’s threat network, we perturbed its development by using a
naturalistic paradigm of maternal maltreatment of pups. The impact
of early life abuse was consistently seen in the impaired ability of the
mothers to block many critical nodes during threat learning that
were blocked in typically-reared pups. Although work has shown
that a history of abuse closes the sensitive period for attachment
early (about 2-3 days) [37, 38], the present study is the first
demonstration that early life abuse deprives pups of behavioral and
neural regulation by the mother, including the inability to block her
pups from learning about threat in her presence.

Beyond the BLA, a history of abuse impaired maternal presence
effects to alter pups’ neural processing of threat: with the exception
of the rVTA, all brain areas attenuated by maternal presence in
typically-reared pups were not attenuated in abuse-reared pups.
Functional connectivity analysis showed consistent increases
following trauma in correlations between nodes in the reward and
learning circuits; these effects were most robust at PN18. Because
the effects of trauma are known to be potentiated during
development [11, 25, 26, 59, 96], these data may reflect how
trauma has a greater impact on neural areas as pups transition to
independence. Our functional connectivity analysis also showed that
a history of trauma also increased connectivity between the BLA-
VTA-NAc, regardless of animal age and maternal presence.
Furthermore, aging and trauma both suppressed maternal buffering
of the NAc during threat, and both age and trauma increase
network connectivity within the PLH-VTA-NAC. The increased
functional connectivity observed in the LS animals is similar to
abnormal connectivity observed in a variety of disorders ranging
from fetal alcohol spectrum disorder and dementia [97-99]. This
hyper connectivity, at an age when activity-dependent synaptic
pruning and cell fate are occurring, could have long lasting
consequences for circuit structure and function, far beyond the
immediate response to threat examined here.

SUMMARY AND CLINICAL IMPLICATIONS

Caregiver regulation has been documented in myriad species,
permitting the use of animal models to explore this specific
feature of the complex caregiver-infant social relationship and its
neural mechanisms. We show that the mother attenuates the
response of the amygdala and its molecular cascade to block
learning about the trauma. As we relate the present animal model
to the human developmental literature, we speculate that this
work may provide understanding of the attachments figure’s role
as a “safe haven” where the infant approaches the caregiver when
threatened and the infant’'s fear is reduced [100]. Our data
showing impaired maternal regulation of plasticity supporting
threat learning following abuse also models the poor “safe haven”
associated with low quality of the caregiver-infant attachment in
humans [26, 69]. Taken together, these data suggest that
experiencing the trauma of maltreatment appears to be paired
with the failure of the caregiver to protect the infant from other
adversities. The present work may provide clues to basic
mechanisms supporting disrupted caregiver regulation and help
identify functional targets for intervention and treatment follow-
ing early-life abuse.
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