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FIGURE 1

Calculation of entropy rate in humans: This time series shows the eight possible states for one example mother given the three types of sensory
signals. This timeseries is then used to compute a transitional probability matrix. This matrix shows the percent of times a mother transitions
from one state to another. For example, as shown in the probability matrix, 79% of the time when this mother was providing auditory and tactile
at the same time, she then transitions to providing only tactile.

FIGURE 2

Calculation of entropy rate in monkeys: This time series illustrates the four possible states for one example mother. This timeseries is then used
to compute a transitional probability matrix. This matrix shows the percent of times a mother transitions from one state to another.

to the data from 12-month-old infants in humans and was the
data used here (Mattison and Vaughan, 2017). The maternal
behaviors identified and recorded focus on the presence and
type of contact between the mother and their infant. Coded
maternal behaviors that provide signals to the infant are contact
(contact other than ventral) (C), ventral contact (V), proximity
to the infant (P), and not in contact at all (NC). Sequences
of the 4 possible contact-related behaviors were recorded
for each period, concatenated to provide a time series (see
Figure 2), the matrix of transition probabilities calculated (see

Figure 2), and the entropy rate computed as described above for
humans.

C. Unpredictable parental signals:
Rodents

Unpredictability of maternal behavior for rats and mice was
assessed using the same basic approach as for the humans and
non-human primates. Interactions between the dam and her
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pups were observed during postnatal days 2 through 7 for 250-
min periods per day. The maternal behaviors that are the source
of sensory signals to the pups were nursing (N), licking and
grooming (LG), carrying pups (C), eating/drinking (E), off the
nest (O), nest-building (NB) and self-grooming (SG) (Molet
et al., 2016b). The data from the observation periods were
concatenated into a single time series (see Figure 3). The matrix
of transition probabilities was calculated (see Figure 3) and the
entropy rate was computed as described above for humans.

III Unpredictable parental signals
and cognition cross-species

The approach we have described to characterizing
unpredictable parental signals using entropy rate provides
a novel technique that can be used to test the impact of patterns
of moment-to moment parental signals on the developing
brain. Leveraging research with human infants and children
highlighting the importance of patterns of moment-to-moment
signals and combining this research with translational studies
in non-human primates and rodents provides: (1) support
for evolutionarily-conserved processes that link patterns of
maternal signals to infants and children’s development of
learning/memory and emotional regulation brain systems,
and (2) mechanistic insight into novel processes by which
sequences of parental signals shape the organization of the
developing brain. This approach provides an opportunity to
identify systems that are susceptible to exposure to early life
unpredictability. We test here the link between unpredictable
patterns of sensory signals from the parent to the infant on
memory development, in humans, monkeys, rats and mice.

A. Unpredictable parental signals and
memory function: Humans

We have previously shown that exposure to unpredictable
maternal signals during infancy (high entropy rate at 6
and 12 months) predicted poorer recall memory, (Davis
et al., 2017) assessed using a delayed recall memory task
(Sheslow and Adams, 2003) that is indicative of hippocampal
function (Squire et al., 2007) at 6.5 years of age. Associations
with unpredictability persisted after covarying for maternal
depression symptoms, maternal sensitivity, and socioeconomic
status. Further, unpredictable patterns of parental signals rather
than counts of behaviors or counts of transitions predicted
child cognitive function, suggesting that patterns of signals
rather than simply the number of signals is important in
shaping later outcomes (Davis et al., 2017). Notably, this study
provided parallel evidence from a preclinical experimental
model that early life exposure to unpredictable signals causes
poor memory performance on an object recognition task among

adolescent rats, (Davis et al., 2017) supporting the likelihood
that unpredictable signals underlie the observed associations in
humans.

Consistent with these published findings, we present here
new findings linking exposure to unpredictable sensory signals
in infancy to child memory performance in 71 mothers and their
children (41 girls) participating in a larger longitudinal study
of early life experiences and development (Glynn et al., 2018).
Initial recruitment criteria included: (1) singleton pregnancy,
(2) over the age of 18, (3) English speaking, (4) non-smoking.
Participants in the current study additionally participated
in infant assessments of maternal child behavior. Children
were 34% Hispanic/Latinx, 41% white, 3% Black, and 18%
multiracial/ethnic and lived in households with an average
income to needs ratio of 3.2. The Institutional Review Board
at the University of California, Irvine reviewed, and approved
study protocols and mothers gave written and informed consent
for themselves and their children. Unpredictability of sensory
signals were evaluated when the child was 6 and 12 months
and entropy rate was computed as described in section II
(Figure 1). The Continuous Recognition Memory task (CRMT),
(Sher, 2006) an object recognition memory task that has
previously been shown to engage medial temporal regions such
as the hippocampus (Eichenbaum et al., 2007) was administered
at 6.5 years (see Supplementary Figure 1 for task details).
Consistent with published findings, exposure to unpredictable
parental sensory signals during infancy (high entropy rate)
was associated with poorer memory as indicated by more
errors (lower accuracy) on the CRMT at 6.5 years of age
(Figure 4, r = −0.316, p < 0.01). Associations remained
after covarying socio-demographic factors and assessments
of maternal sensitivity, β = −0.27, t = −2.09, p = 0.04.
These findings underscore the importance of patterns of
unpredictability in shaping the immature brain and consistent
with published research suggesting that memory functions may
be susceptible to early life unpredictability (Heidinger et al.,
2012; Molet et al., 2016a; Davis et al., 2017).

B. Unpredictable parental signals and
memory function: Non-human
primates

We sought additional evidence to test the idea that
the impact of unpredictable signals is an evolutionarily
conserved processes by assessing the biological importance of
unpredictable patterns of maternal sensory signals and memory
development with non-human primates. Specifically, we
conducted an evaluation of links between unpredictable patterns
of parental signals and memory performance in juvenile rhesus
monkeys, assessed at a similar developmental stage as the
children in the studies described above. Unpredictability of
maternal behaviors was assessed in 21 mother- infant dyads,
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