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An important aspect concerning the underlying nature of memory function is an
understanding of how memories are acquired and lost. The stability, and ultimate
demise, of memory over the lifespan of an organism remains a critical topic in
determining the neurobiological mechanisms that mediate memory representations.
This has important implications for the elucidation and treatment of neurodegenerative
diseases such as Alzheimer’s disease (AD). One important question in the context
of preserving functional plasticity over the lifespan is the determination of the
neurobiological structural and functional changes that contribute to the formation of
memory during the juvenile time frame that might provide protection against later
memory dysfunction by promoting the establishment of redundant neural pathways.
The main question being, if memory formation during the juvenile period does
strengthen and preserve memory stability over the lifespan, what are the neurobiological
structural or functional substrates that mediate this effect? One neural attribute
whose function may be altered with early life experience and provide a mechanism
to preserve memory through the lifespan is glucose transport-linked calcium (Ca2+)
buffering. Because peak increases in glucose utilization overlap with a timeframe
during which spatial training can enhance later memory processing, it might be
the case that learning-associated changes in glucose utilization would provide an
important neural functional change to preserve memory function throughout the
lifespan. The glucose transporters are proteins that are reduced in AD pathology
and there is evidence that glucose reductions can impair Ca2+ buffering. In
the absence of an appropriate supply of ATP, provided via glucose transport
and glycolysis, Ca2+ levels can rise leading to neural vulnerability with ensuing
pathological outcomes. In this review, we explore the hypothesis that enhancing
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glucose utilization with spatial training during the preadolescent period will provide a
functional enhancement that regulates glucose-dependent Ca2+ signaling during aging
or neurodegeneration and provide essential neural resources to preserve functional
plasticity and memory function.

Keywords: childhood, energetic metabolism, calcium, memory, neurodegeneration, early life experience, aging,
glucose

OVERVIEW

During development, the central nervous system exhibits an
extremely growth- permissive intra- and extra-cellular milieu
(Benowitz and Routtenberg, 1997; Coleman, 2005; Muramatsu
et al., 2009) whereby formation of new synapses and neural
circuits are remodeled as the brain strengthens active connections
and eliminates others (Yiu and He, 2006). Brain-wide or localized
remodeling often occurs during critical or sensitive periods
(Fenoglio et al., 2006) when a regular occurrence of pruning and
outgrowth lead to the adult configuration (Kantor and Kolodkin,
2003). The formation of new synapses and the elimination of
others leads to highly efficient neural networks that allow for
the emergence of complex integrative functions. The synergistic
action of genetic factors and responses to external stimuli (Sur
and Rubenstein, 2005) leave the brain in a highly malleable
condition during these times (Anderson et al., 2011). If the brain
is adversely affected by environmental insults during sensitive
developmental periods, development may be compromised with
long-term detrimental effects throughout the lifespan (Shonkoff
et al., 2009). However, beneficial environmental events can have
long-lasting adaptive outcomes that enhance neural functioning
(Kempermann, 2019).

Functional Plasticity
Plasticity describes how the mammalian central nervous system
shows adaptive changes in organization and function with
experience (Citri and Malenka, 2008; Bernardinelli et al.,
2014; Maren, 2015). Given the ability of neural synapses
and networks to respond to a variety of experiences, it is
hypothesized that plasticity during development may represent
a fundamental property for adaptive plasticity throughout
the lifespan (Caroni et al., 2014). Early neurodevelopmental
plasticity can be hypothesized to be beneficial and associated
with successful adaptation to a wide range of environmental
experiences during the lifespan.

Functional plasticity can be used to describe synaptic
modifications, such as neurotransmitter release or receptor
changes, that influence the likelihood of signal propagation
(Kerchner and Nicoll, 2008; Granger and Nicoll, 2014). Synaptic
phenomena such as long-term potentiation (LTP) and long-term
depression (LTD) would be considered the epitome of functional
plasticity. Functional plasticity is associated with changes in
intracellular calcium (Ca2+) concentrations mediated by voltage-
gated Ca2+ channels (VGCCs; Verkhratsky and Toescu, 2003;
Verkhratsky and Parpura, 2014) or synaptic glutamate binding
to N-methyl-D-aspartate receptors (NMDAR) (Park et al., 2014).
Rising levels of intracellular Ca2+ initiate second messenger

cascades (MacDonald et al., 2006) which can result in the
induction of LTP. If repeated rises in intracellular Ca2+

occur as would happen during development, high-frequency
stimulation or learning, functional plasticity may lead to long-
term permanent changes in synaptic function and stability of
neural networks.

Glucose Metabolism
Glucose is a carbohydrate that fuels neural activity to permit
functional and structural changes in neurons associated with
plasticity and memory processes. Glucose metabolism serves a
variety of critical roles required for the central nervous system
to show functional plasticity (Magistretti, 2006; Pearson-Leary
and McNay, 2016) as well as limit the pathological processes
that might ensue from high levels of intracellular Ca2+ (Dienel,
2019). Because glucose hypometabolism is a contributing factor
during pathological neural responses like those that culminate
in neurodegenerative diseases such as Alzheimer’s disease (AD;
Simpson et al., 1994; Duran-Aniotz and Hetz, 2016; Daulatzai,
2017; An et al., 2018), enhancing glucose utilization during
critical stages of development may serve to protect against
neural decline. Because Ca2+ is a pivotal ion for learning
and memory and is crucial for a variety of neuronal signaling
pathways (Berridge et al., 2000; Art, 2012; Carafoli and Krebs,
2016), energy-dependent regulatory mechanisms are fine-tuned
to regulate tight control over levels of intracellular Ca2+. In the
absence of appropriate energy supply, Ca2+ levels can rise with
ensuing pathological outcomes (Mattson, 2007).

PRECIS

In this review, we summarize a sensitive developmental period
for the emergence of spatial/allocentric processing in both
humans and rodents. This developmental period is reflected
in remodeling of hippocampal networks that may provide the
neural substrate for these behavioral changes (Comba et al.,
2015). This period appears to be significant as changes that
occur during this timeframe may well influence information
processing capabilities throughout the lifespan. As this period
of functional plasticity would require changes in intracellular
Ca2+ levels, the ability to regulate intracellular Ca2+ is
critical. Our central tenet is that glucose metabolism and
utilization provide the necessary energy for intracellular Ca2+

regulation. While immediate changes in glucose-mediated Ca2+

regulation might not have an acute impact on functional
plasticity during this time, the long-term outcome may
manifest during aging, leaving these hippocampal circuits
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vulnerable to neurodegenerative processes. Therefore, glucose
metabolism during this postnatal developmental time frame
establishes appropriate neural substrates that are essential to
preserving functional plasticity throughout the lifespan and any
dysregulation of glucose metabolism could result in pathological
processes and memory decline throughout the lifespan.

DEVELOPMENTAL DEFINITIONS

To determine potential sensitive developmental periods for
central nervous system functional plasticity, it is important to
outline various milestones that might reflect changes in neural
function (see Table 1). In general, three different stages of
development are thought to be conserved across a number
of mammalian species: (i) childhood (juvenile; preadolescence;
in humans, approximately 0–12 years; in rodents, average
age to attain puberty is 42 days; Dutta and Sengupta, 2016)
is a time when animals develop neural circuits to subserve
essential sensory and motor functions to properly interact with
an ever-changing environment; (ii) adolescence (in humans,
approximately 12–21 years; in rodents, sexual maturity is attained
on average at 10 weeks; Dutta and Sengupta, 2016) is the start of
puberty when independence and social skills are developed and
fine-tuned; and (iii) adulthood (in humans, over 21 years) when

TABLE 1 | Comparison of the main developmental milestones in humans, rats and
mice with approximate ages based on studies cited.

Species Childhood/
preadolescence/

prepuberty/
juvenile∗

Adolescence/
sexual maturity

Adulthood/
sexual maturity
to reproductive
senescence∗∗∗

Human Kilborn et al., 2002 Sengupta, 2013

Males 0 to
108 ± 2.0 months∗∗

Range from 108 to
168 months to 204
(17 years) to 240
(20 years) months

Females 0 to 108 ± 1.8 to
144 ± 1.2 months

96–156 months 180
(15 years) to 240
(20 years) months

Menopause
average of
51 years

Rat Sengupta, 2013 Sengupta, 2013

Males 0–36.5 ± 1.1 days 35–48 days to 210 days

Females 0–37.5 ± 2.7 days 32–39 days to 210 days Reproductive
senescence from
15 to 20 months

Mouse Kilborn et al., 2002 Dutta and
Sengupta, 2016

Males 0–36.5 ± 1.1 days 35 days to 150 days

Females 0 to 29.12 ± 2.4 to
41 ± 2 days

31 days to 150 days Reproductive
functions cease

around
15 months

In the Kilborn et al. (2002) publication, differences in the duration of bone growth
and its relationship to age at sexual maturity and lifespan were main indices used
for comparison. Sengupta (2013) and Dutta and Sengupta (2016) concluded that
for accurate comparisons between humans and rodents, each phase of life needs
to be taken into account rather than simply the entire lifespan. ∗Data from citations
in text under section “Developmental Definitions” unless otherwise noted. ∗∗Data
are expressed as mean ± standard deviation. ∗∗∗Reproductive senescence used
as an indicator of the upper limit of adulthood prior to onset of senescence.

physical growth is nearly complete and intellectual maturity has
been achieved (Piekarski et al., 2017).

The childhood period (0–12) is pivotal in humans (and
other animals) and is characterized by rapid, age-related
changes in size and abilities when several neural networks
are refined (growth and pruned) to facilitate and reflect
enhanced experience-dependent functional plasticity (van Dyck
and Morrow, 2017). During the childhood period, the majority of
neural rearrangements that take place occur at the local, synaptic
level, as opposed to the global or network level (Freitas et al.,
2013), to optimize immediate sensory and motor adaptations
to the natal environment. During this period of development,
children learn complex skills that will form the foundation for
adapting to complex social and cultural experiences during the
lifespan (Shonkoff and Phillips, 2000; Bock and Sellen, 2002;
Konner, 2010). Most humans learn to speak, read, write and
perform more complex cognitive skills which are thought to
rely on local, synaptic modifications in the neocortex. This
high degree of functional plasticity in childhood underlies
an enhanced learning capacity and potentially sets up the
foundations for network plasticity throughout the lifespan.

The onset of adolescence (approximately 12 years of age in
humans) represents a transition from a high preponderance of
local synaptic changes during childhood to a balance between
local synaptic changes and global network changes in brain
function (Freitas et al., 2013). Typically, the onset of the
adolescent phase and the end of the childhood period occurs
with puberty (Juraska and Willing, 2017). In humans, data have
shown that at the mean age of 9.5± 1.8 (standard deviation; SD)
years, girls start showing the first signs of puberty with the first
menarche happening around 12.5 ± 1.2 (SD) years (Herman-
Giddens et al., 1997; Piekarski et al., 2017). For boys, the first
sexual signs indicating the onset of puberty (and, adolescence)
start with a mean age of 9.7 ± 2.0 (SD) years of age (Herman-
Giddens et al., 2012; Piekarski et al., 2017). In female mice, the
first sexual signs of puberty start at 29.12± 2.4 (SD) days and the
first estrus (menarche equivalent) at 41 ± 2 (SD) days (Piekarski
et al., 2017) while male mice start with the first signs of puberty
at the age of 36.5 ± 1.1 (SD) (Deboer and Li, 2011). Female rats
display sexual signs for puberty starting at 37.5 ± 2.7 (SD) days
with first estrus at 37.8± 2.7 (SD) days. In male rats, the first signs
of puberty occur at 36.5 ± 1.1 (SD) days (Korenbrot et al., 1977;
Clark and Price, 1981).

COGNITIVE DEVELOPMENT

Piaget (1936) is credited as one of the first psychologists to
make systematic observations of child cognitive development and
formalize various stages of cognitive abilities. He completed a
series of simple yet original investigations to categorize different
stages of cognitive abilities in children from birth to 11 years
old (Inhelder and Piaget, 1958). While there are valid criticisms
of his methods and conclusions (McLeod, 2018), his four stages
of cognitive development do provide a worthwhile starting
point for the exploration of developmental abilities. During the
preoperational stage, 4–6-year-old display egocentric tendencies
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whereby they are only capable of considering the world from their
own perspective. In a test of visual-spatial awareness (mountains
study), Piaget placed children in front of a model mountain range
and asked them to pick from a selection of pictures that Piaget
would see. Children that were 7 and younger chose the viewpoint
that they saw and therefore lacked the ability to appreciate
a viewpoint different from their own (egocentric). During
the concrete operational stage (7–12), children became less
egocentric and seemed to appreciate viewpoints other than their
own now being able to engage in cognitive perspective-taking
(allocentric). When comparing Piaget’s stages to childhood and
adolescent periods, the preoperational and concrete operational
stages define the childhood period.

Development of Allocentric Abilities in
Humans
During development, humans make use of both egocentric and
allocentric strategies when processing information. Egocentric
strategies are frameworks of the environment that move with
the self, while allocentric strategies are frameworks of the
environment that remain fixed and do not change as a function of
personal movement (Burgess, 2006; Evans et al., 2016; Colombo
et al., 2017; Boutet et al., 2018). In Piaget’s perspective, children
7 and younger rely on egocentric information while children
from 7 to 12 begin to use allocentric information (Inhelder and
Piaget, 1958). Forming a cognitive map of the environment, as is
accomplished in allocentric processing, requires the integration
of landmarks in the environment and depends on hippocampal
function (O’Keefe and Nadel, 1978; Bohbot et al., 2004; Nadel
and Hardt, 2004; Chersi and Burgess, 2015). Imaging studies have
revealed that allocentric information processing is associated
with elevated hippocampal activity (Bohbot et al., 2004; Parslow
et al., 2005; Zaehle et al., 2007) and patients with hippocampal
damage show impaired performance on tasks that require
allocentric processing (Holdstock et al., 2000; Bohbot et al., 2004;
Feigenbaum and Morris, 2004).

In Piaget’s original expositions, the ability to integrate and
coordinate relational aspects of place (allocentric learning)
emerged in 9 and 10-year-old (Inhelder and Piaget, 1958). One
study assessed spatial memory and orientation in children (5,
7 and 10 year olds) with the Kiel Locomotor Maze allowing
the determination as to whether children used a cue strategy
(goal localization with a local cue close to the goal) or a place
strategy, that relied on the ability to integrate distal sensory
cues for orientation (Lehnung et al., 1998). The authors reported
that during testing, the 5-year-old relied only on a cue strategy,
orientating to local cues. The 10-year-old, on the other hand,
used distal cues for orientation relying on a place strategy.
Interestingly, half of the 7-year-old used a non-spatial strategy
while the other half used a place strategy (Lehnung et al., 1998).
In another study, the emergence of cue and place learning and
retention were examined in six age groups (3, 4, 5, 7, 10 and
12 years) using three different tasks (radial arm maze, Morris
water maze, and open-field search-task) (Leplow et al., 2003).
Overall results revealed that place learning was fully developed
by the age of 10 whereas participants up to the age of 7 relied

on cue strategies. In a similar study, 7 and 10-year-old children
were tested on an object location memory task (Bullens et al.,
2010). In this study, two conditions were assessed: the direct cue
condition associated the target object with a specific landmark
cue to test non-spatial learning; the indirect cue condition
associated the target object with distal landmarks surrounding
the arena to measure place learning (see Figure 1A). Results
revealed the 7-year-old children performed significantly worse
than 10-year-old in the place learning task whereas both age
groups performed similarly in the non-spatial test condition
(Bullens et al., 2010). The Memory Island virtual maze task is a
human spatial memory assessment tool modeled after the Morris
water maze (see Figure 1B). Using this task, Piper et al. (2010)
noted a considerable improvement in spatial memory from ages
7 to 10. Because the distance traveled to reach the targets was
not affected by age, the authors suggested that the differences in
spatial memory were not due to age-associated differences in task
performance (Piper et al., 2010).

While none of these studies reported sex differences, one study
found that 9-year-old boys were significantly faster to acquire and
retain a virtual hidden platform water maze task then 9-year-old
girls (Newhouse et al., 2007). The authors reported a lack of sex
differences in navigating to the virtual visible platform ruling
out any performance factors. An interesting conclusion from
this study is that these sex differences in spatial processing are
present prior to puberty and are therefore not due to changes in
sex hormones that occur with the onset of puberty (Newhouse
et al., 2007). In a similar vein, a sex difference was noted on
the virtual Memory Island task such that males outperformed

FIGURE 1 | Examples of spatial tasks used to assess allocentric processing in
humans. (A) An example of a circular arena using indirect cues to locate a
goal. In the indirect test, the target object (bear in figure) remains at a fixed
location in relation to the indirect cues (images on the walls). The indirect cues
provide information as to where the target object is located but no one cue
indicates the precise location of the object. (B) Screen shots from the Memory
Island Navigation Task (open access from https://openi.nlm.nih.gov/
detailedresult?img=PMC3906800_abn_122_4_1189_fig1a&req=4). For this
task, subjects complete both visible (A) and hidden trials (B). In the visible
condition, target items (C–F) are marked by large flags, which can be seen
from far away. In the hidden condition, no flag markers are present and
subjects are required to locate the same target object (D) on each trial (the
location is identical to the visible trial). The hidden trials test for
allocentric/spatial learning.

Frontiers in Aging Neuroscience | www.frontiersin.org 4 September 2019 | Volume 11 | Article 253

https://openi.nlm.nih.gov/detailedresult?img=PMC3906800_abn_122_4_1189_fig1a&req=4
https://openi.nlm.nih.gov/detailedresult?img=PMC3906800_abn_122_4_1189_fig1a&req=4
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00253 September 9, 2019 Time: 15:31 # 5

Holahan et al. Sensitive Developmental Periods and the Lifespan

females at all age groups (6–11, 12–17, and 18–39; the 40–67-
year-old sex effect was not significant) (Piper et al., 2011). Once
again, sex hormones were ruled out as the sole factor because
differences in spatial processing were found in both pre- and
post-pubescent groups. Consistent with the above-cited studies,
this study also revealed a significant improvement in spatial
processing in the 12–17 group compared to the 6–11-year-old
group. A detailed presentation of the ages showed that this
improvement in spatial memory occurred around 11–12 years of
age (compared to 10 and under; for details see Figure 1 in the
paper) (Piper et al., 2011).

Development of Allocentric (Spatial)
Abilities in Rodents
Converging lines of evidence from a number of behavioral
studies using rats point to the postnatal period (PND) from
19 to 21 days as a sensitive developmental timeframe for the
emergence of spatial behavioral function. Using the hidden-
and visible-platform versions of the water maze task, PND19
rats showed improved performance on the visible platform
task (compared to PND17) but lacked spatial abilities as
evidence from a lack of improvement across training trials
and lack of 24-h retention on the probe test (Rudy et al.,
1987). At PND21, performance on the hidden-platform task
(see Figure 2A for task overview) was noted during acquisition
compared to the PND19 rats but also, intact spatial memory
retention as evidenced by the increased amount of time spent
in the target quadrant during the 24-h probe test (Rudy
et al., 1987). In tests of contextual fear conditioning, that rely
on spatial information processing, on the conditioning day,
PND18 rats showed as much freezing to the auditory cue as
PND23 rats but PND18 rats displayed much less freezing to

FIGURE 2 | Examples of spatial tasks used to asses allocentric processing in
rodents. (A) The water maze task. The basic procedure consists of placing a
rodent (mouse or rat) into a large circular pool filled with opaque water. In the
spatial version, the animal is required to swim to a platform that is slightly
submerged under the water making it hidden from view. The rodent locates
the platform (and remembers its location) by using various cues placed
around the room (indirect cues). (B) For the object in a novel location spatial
task, rats are individually placed into an arena and allowed to explore. Two
objects are placed in different quadrants and remain in the same location for
the training phase. At some time delay after training, rats are tested whereby
one of the objects is moved to a different quadrant of the arena. This
procedure takes advantage of a rats spontaneous tendency to explore
objects that have changed location within an otherwise stable environment.

the training context than PND23 rats (Rudy, 1993). A follow-
up study showed minimal freezing in the conditioned context
at a 24-h retention interval in the PND18 rats compared to
significant freezing in the PND23 rats (Rudy and Morledge,
1994; Pugh and Rudy, 1996). These results indicate that spatial-
contextual acquisition and retention emerge between PND18
and PND23 (Raineki et al., 2010) and as early as PND17
(Nair and Gonzalez-Lima, 1999).

While initial behavioral studies using spatial alternation
suggested spatial function emerged around PND28 (Douglas
et al., 1973), a number of subsequent studies measuring spatial
navigation on the water maze (Tonkiss et al., 1992; Kraemer
and Randall, 1995; Brown and Whishaw, 2000; Akers and
Hamilton, 2007; Akers et al., 2011), working memory (Green
and Stanton, 1989), spatial alternation (Dumas, 2004; Blair
et al., 2013) and the use of contextual representations in the
development of fear responses (Jablonski et al., 2012) point
to the emergence of spatial function being around PND20.
Optimal performance on a delayed alternation task has been
shown to emerge between PND19 and PND27 but in pups with
PND10 hippocampal lesions, this behavior fails to fully develop
(Freeman and Stanton, 1991) suggesting that hippocampal
integrity is important for the normal development of spatial
learning and other brain structures do not compensate when
the hippocampus is damaged during postnatal development
(Altemus and Almli, 1997). Likewise, PND22–PND24 rats
performed a spatial alternation task significantly better than
PND17–PND19 rats indicating optimal hippocampal function by
PND22 (Blair et al., 2013).

On both place and cued-place water maze tasks, PND19 and
PND20 rats showed good learning and probe trial responses
whereas PND18 rats did not (Brown and Whishaw, 2000). As
well, with only distal cues present, PND20 and PND24 but not
younger rats learned the location of a hidden platform (Akers
and Hamilton, 2007). Using male and female Long Evans rats,
spatial memory function was assessed in a water maze task
from PND16 to PND26. From PND16 to PND19, the stable
performance was observed with moderate improvements in
locating the hidden platform. From PND19 to PND21, there was
a dramatic improvement in locating the hidden platform to levels
seen in adult Long Evans rats (LER; Keeley et al., 2010; Wartman
et al., 2012a). In the Keeley et al. (2010) report, there were no
male-female sex differences found in the acquisition or retention
of the spatial information.

Behavioral results from Comba et al. (2015) revealed that
PND20 rats given 1 day of hidden-platform water maze
training had significantly lower latencies than the groups trained
on PND16 or PND18 suggesting the emergence of spatial
function by PND20. However, the PND20 group also showed
significantly faster swim speeds indicating that better water maze
performance in the PND20 group could be due to physicality
rather than spatial/cognitive function. To examine whether the
improvements seen at PND20 were due to cognitive/spatial or
motor development, an experiment was run on a dry maze (see
Figure 2B for overview). This task is less physically demanding
relying on exploration rather than swimming (Schapiro et al.,
1970; Altman and Sudarshan, 1975), and thus was hypothesized
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to rely more on cognitive functions. For the spatial dry maze task,
the rats performed significantly better than chance at PND19
and PND20 but younger rats (PND16, PND17, PND18) showed
chance performance (Comba et al., 2015). Because the dry maze
task takes advantage of a rat’s ability to detect changes in the
spatial relationship between the two objects but is physically less
demanding than the water maze task (Mumby et al., 2002; Gaskin
et al., 2009), a preliminary conclusion is that spatial-cognitive
behavioral function emerges around PND19/PND20, consistent
with numerous other studies.

Studies in other rodent species have revealed a similar
developmental time course for the emergence of allocentric-
spatial processing abilities. In one study (Chapillon and Roullet,
1996), three learning procedures were used (place learning; cue
learning; cue + place learning) with PND 22 mice. Results
revealed that PND22 mice showed the same capabilities as adults
and showed the ability to integrate distal cues by showing a
strong spatial bias during a probe test. Using the hidden platform
water maze task, short- and long-term memory retention was
assessed in mice that ranged in age from PND15 to PND150
at the beginning of training (Guskjolen et al., 2016). All age
groups showed spatial memory when tested 1 day after training,
but only PND20 and older mice showed spatial recall one
month later. Careful assessment of the memory deficit in the
younger mice revealed that it was not due to weaker encoding
and was likely due to a retrieval, rather than storage, deficit
(Guskjolen et al., 2016). In a study examining the spatial
processing capacities of meadow voles, there were significant
differences in acquisition rate of the spatial task between PND20
and PND10 and PND15 voles (Galea et al., 1994). This suggests
the emergence of allocentric-spatial processing abilities at PND20
in the meadow vole.

Human-Rat Comparison of
Developmental Emergence of
Spatial-Allocentric Ability
Compiling the data from the human and rat studies (mice
and vole studies excluded) as cited above (see Table 2 for
summary and Table 3 for analysis), spatial-allocentric learning
appears to emerge in humans around 11/12 years of age and
in rats, around PND20/PND21 (Figure 3). In a separate line of
investigation, we took the data reported from the human and
rat studies included above and developed a “memory function
curve.” Data from each paper from the youngest age group
included in the study were used as the baseline value. These
values were converted to 100%. From that, we calculated the
change from baseline for each of the ages as reported in the
studies up to the oldest age groups. This allowed us to present
a graphic of the change from the youngest group over time
and generate an asymptotic performance level (Figure 3, red
line). From the asymptotic performance level, we calculated
the half maximal value (50% of asymptotic performance –
Figure 3, dashed purple line) to determine the age of allocentric-
spatial emergence. As can be seen in Figure 3, the age
corresponds to the data cited in the studies whereby, allocentric
processing appears to emerge in 11/12-year-old humans and

spatial processing appears to emerge in rats at PND20/PND21
(Figure 3, green arrows).

NEURAL SUBSTRATES THAT SUPPORT
THE EMERGENCE OF
ALLOCENTRIC-SPATIAL FUNCTION

One brain region that shows connectivity-based changes during
sensitive, postnatal developmental periods and plays a critical role
in allocentric-spatial processing is the hippocampus. Based on the
behavioral data above, the hippocampus would be predicted to
show anatomical and functional changes that overlap with the
PND20/PND21 period in rats and, by extension, the 11/12-year-
old period in humans. There are numerous studies on the rat
that provide support for this contention (see references in the
following sections).

Axonal Remodeling
Neurogenesis in the dentate granule cell layer shows peak density
labeling as early as PND7/PND8 (Schlessinger et al., 1975) and
more consistently at PND13/PND15 (Altman and Das, 1965;
Cahill et al., 2017) and between PND19 and 25, the number of
granule cells increases dramatically (Bayer, 1980). More recent
results show that neurogenesis in the dentate gyrus shows adult-
like levels by PND21 (Ciric et al., 2019). In conjunction with
this, the mossy fibers, forming the connections between the
granule cells of the dentate gyrus and the pyramidal cells of
the CA3 subfield, show a late, postnatal period of remodeling
(Gaarskjaer, 1985, 1986). Using the Timm’s stain to analyze the
mossy fiber projection in LER rats, a mossy fiber projection
to the stratum oriens was seen to develop between PND18
and PND21. By PND21/PND24, the projection to the stratum
oriens resembled that seen in the adult (Amaral and Dent,
1981; Holahan et al., 2006, 2007). The pattern of synaptophysin
staining, indicative of axonal terminals, in the CA3 hippocampal
region, showed a similar developmental emergence and pattern
(Comba et al., 2015) suggesting the hippocampus undergoes a
period of remodeling that spans PND19–PND21.

Electrophysiological Plasticity
A number of electrophysiological studies are consistent with
the hypothesis that the emergence of hippocampal-based spatial
function occurs around the PND18–PND21 timeframe. Place
cells with specific spatial firing patterns have been recorded as
early as PND17 with place cell patterns conveying optimal spatial
information showing continued development up to PND35
(Langston et al., 2010; Ainge and Langston, 2012). Likewise,
place cell firing is present from PND16 to PND26 but continues
to improve throughout development with stable place cell
recordings (i.e., similar to adults) being made at PND28 (Wills
et al., 2010). Theta-modulated firing is present at PND16 in the
hippocampus CA1 region and these responses reach adult levels
by PND22 (Langston et al., 2010; Wills et al., 2010). After PND21,
both the magnitude and threshold for post-synaptic induction of
LTP are reduced with a corresponding increase in the threshold
for presynaptic induction (Dumas, 2012; Blair et al., 2013).
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TABLE 2 | Studies used to generate data for Figure 3.

Study design Age Main Results

Humans

Bullens
et al., 2010

Object-location memory task; learned a location
relative to a direct cue or to indirect cues

7 and 10 years
old

7-year old children made greater angular errors (performance score: 39.8)
than the 10-year-old (79.7) in the indirect test condition

Leplow
et al., 2003

Spatial behavior using a Radial Arm
Maze, the Morris Water Maze, and open-field
search-task

3, 4, 5, 7, 10
and 12 years

old

Reference memory errors showed a main effect of age:

Age 3 4 5 7 10 12

Errors 66.7 62.3 55.0 41.8 0 0

Lehnung
et al., 1998

Kiel Locomotor
Maze containing features of the Radial Arm
Maze and the Morris Water
Maze to assess spatial memory and orientation

5, 7 and 10
years old

Cue rotation test examined whether children used a cue strategy or whether
they were able to use a more complex place strategy. Main effect of age on
number of errors made (errors indexed as cue strategies)

Age 5 7 10

Errors 19 12 1

Piper et al.,
2010

Memory Island (MI) spatial memory assessment
modeled after the Morris water maze

7, 8, 9 and 10
years old

Percent time in target quadrant

Age 7 8 9 10

Percent time 45 46 45 75

Piper et al.,
2011

Memory Island and the Novel-Image
Novel-Location measures of spatial learning
and recognition-memory modeled after the
Morris water maze and the novel object
recognition tests.

6 up to 50
years old

Latency (seconds) on first visible and first hidden trial. Latency on first visible
trial showed no developmental changes. Latency on first hidden trial showed
developmental differences

Age 6 8 9 10 11 12 13 14 15 16 17

Latency seconds 220 175 130 135 150 85 115 115 110 70 60

Rats

Keeley
et al., 2010

Hidden platform water maze task – within
subject’s design

16–26 days old Latency to reach the hidden platform over days showed significant decrease at
day 20

Age 16 17 18 19 20 21 22 23 24 25 26

Latency seconds 55 50 40 35 19 15 11 11 11 9 9

Wartman
et al.,
2012a

Hidden platform water maze task – within
subject’s design

16–26 days old Latency to reach the hidden platform over days showed significant decrease at
day 20

Age 16 17 18 19 20 21 22 23 24 25 26

Latency seconds 52 51 50 49 40 35 20 21 30 20 19

Comba
et al., 2015

Rats were trained on a spatial water or dry
maze task for one day hypothesized to control
for behavioral topology.

16, 18 and
20 days old

Only at day 20 was there evidence of spatial-behavioral function for both tasks.

Age 16 18 20

Latency seconds water maze 54 52 37

Investigation ratio dry maze 0.5 0.5 0.75

The aim of collecting these studies was to allow comparisons of spatial/allocentric processing across early developmental time periods that corresponded to the
developmental time windows described in Table 1.

Vulnerability and Benefits
Additional support for the idea that PND19–PND21 is a sensitive
developmental period for hippocampal-based functioning comes
from work showing (1) administration of an NMDA-receptor
antagonist from PND17 to PND20 impairs the development
of the mossy fiber projection to stratum oriens in Long Evans
rats (Holahan et al., 2007) (2) training on spatial water or dry
maze tasks during this period results in improved adult spatial
performance compared to controls without this exposure (Keeley
et al., 2010; Wartman et al., 2012b) (3) exposure to environmental
toxins from PND16 to PND20 reduces the stratum oriens

projection in male Long Evans rats (Smith et al., 2011; Smith and
Holahan, 2014) and (4) estradiol treatment in female rats from
PND19 to PND22 improves spatial retention during adolescence
(Wartman et al., 2012b).

FUNCTIONAL PLASTICITY AND
CALCIUM

An important mediator of both pre- and post-synaptic functional
plasticity, and thereby crucial for the long-term changes that
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TABLE 3 | Data from the human and rat studies (extrapolated from studies listed in Table 2) were used to illustrate the developmental time when spatial memory function
emerged in both species.

Humans Age – Years

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

100 100 42.85 100 228.57 228.57

100 134 200

100 126 180

100 270.96

100 100

100 106.66 102.22 166.66

100 182.03

100 350 550 550 500 850 700 700 700 850 925

Average 100 100 85.71 107.5 228.33 326.11 266.03 500 420.20 700 700 700 850 925

SEM 10.10 4.96 60.83 111.94 50.91 131.85

Rats Age – Postnatal day

12 13 14 15 16 17 18 19 20 21 22 23 24

100 100 100 700 900

100 120 200 220 580 600 780 780 620

100 120 220 220 300 560 700 700 620

Average 100 113.33 173.33 180 526.66 580 740 740 713.33

SEM 0 6.66 37.11 40 118.50 16.32 32.65 32.65 93.33

Data from each paper from the youngest age group included in the study were used as the baseline value. These values were converted to 100%. From that, the change
from baseline for each of the ages as reported in the studies up to the oldest age groups was determined.

ensue following successful completion of sensitive developmental
periods is intracellular calcium (Ca2+). A depolarizing event
produced by stimulation of the presynaptic component leads
to an increase in the probability that VGCCs will open and
allow the influx of Ca2+ (Nanou and Catterall, 2018). One role
for Ca2+ influx through presynaptic VGCCs is the initiation of
secretory processes for neurotransmitter release from presynaptic
terminals (Ackermann et al., 2015). On the post-synaptic side,
rises in Ca2+ concentrations trigger a cascade of intracellular
processes involving activation of protein kinase C (PKC),
protein kinase M (PKM), Ca2+/calmodulin-dependent kinase
II (CaMKII), phospholipase A2 and other calcium-dependent
processes (Herring and Nicoll, 2016; Lisman, 2017; Borovac et al.,
2018) (Figure 4).

Intracellular Ca2+ dynamics are linked to the main cellular
mechanisms that may underlie learning and memory and
plasticity in general. Lasting changes in the strength/weakening
of the synapses, often brought about by changes in intracellular
Ca2+, are essential for memory storage (Izquierdo, 1993;
Bortolotto et al., 2001; Izquierdo et al., 2019) and causally
related to LTP and LTD. For example, spike timing-dependent
plasticity – STDP (for review, Sjöström and Nelson, 2002),
requires robust rises in intracellular Ca2+ and a combination
of pre- and post-synaptic activation to trigger intracellular
mechanisms leading to gene expression and protein synthesis
(Figure 5) (Sjöström and Nelson, 2002; Malenka and Bear, 2004;
Luscher and Malenka, 2012). In hippocampal CA1 pyramidal
neurons, Ca2+ enters the post-synaptic site throughout different

channels, such as NMDA and/or VGCC, to induce LTP (Evans
and Blackwell, 2015). LTP can be induced by high frequency
stimulation around 200 Hz, which would require VGCC. On the
other hand, frequencies of about 30 Hz activate NMDA receptors
to induce LTP (Sjöström and Nelson, 2002; Malenka and Bear,
2004; Luscher and Malenka, 2012). In this sense, Moosmang
et al. (2005) showed decreased VGCC-dependent LTP without
alteration on NMDA-dependent LTP in the CA1 hippocampal
neurons using L-Type VGCC (Cav1.2) knockout animals. Cav1.3
knockout mice, another subtype of L-Type VGCC, did not
change the 200Hz-induced LTP in CA1 hippocampal neurons
(Clark et al., 2003) but did impair NMDA-dependent LTP using a
100 Hz stimulation in amygdala neurons (McKinney et al., 2009).

Contrary to what a happens in LTP, LTD may be induced
by low-frequency synaptic stimulation (0.5–5 Hz) and a
combination of pre- and post-synaptic activation. These factors
together or alone will cause small intracellular Ca2+ elevation
that comes from glutamate receptors, leading to depression in the
post-synaptic response (Sjöström and Nelson, 2002; Evans and
Blackwell, 2015). Not only is Ca2+ influx amplitude important
for LTP/LTD, but cytoplasmic dynamic and intracellular event
location (for details see Sjöström and Nelson, 2002; Evans and
Blackwell, 2015) (Figure 5). Therefore, the neural attributes
(e.g., VGCCs or N-methyl-D-aspartate – NMDA receptors) that
allow Ca2+ influx into pre- and post-synaptic compartments
must be in place prior to the emergence of any sensitive
developmental period for these changes to have sustained, long-
lasting effects.
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FIGURE 3 | Human-rat comparison of developmental emergence of
spatial-allocentric ability. Data from the human (A) and rat (B) studies
(Table 2) were used to illustrate the developmental time when spatial memory
function emerged in both species. Data from each paper from the youngest
age group included in the study were used as the baseline value. These
values were converted to 100%. From that, the change from baseline for each
of the ages as reported in the studies up to the oldest age groups was
determined. The red line indicates asymptotic performance as reported in the
studies and from this value, the half maximal value (50% of asymptotic
performance – dashed purple line) was calculated to determine the age at
which allocentric-spatial learning emerges. Allocentric processing appears to
emerge in 11/12-year-old humans (A) and spatial processing appears to
emerge in rats (B) at PND20/PND21 (green arrows).

Calcium Channels in the Hippocampus
The development and expression of VGCCs within hippocampal
neurons has been reported to be phasic, and coincides with,
or may even mediate, increased cognitive processes. Using the
single-electrode voltage clamp technique, Krnjevic et al. (1989)
assessed the development of voltage-dependent inward and
outward currents of Ca2+ channels within the hippocampus.
While they did observe inward Ca2+ currents in rats as young
as PND1, the current in young rat pups (PND1-6) was 65–95%
lower than adult rats. Depolarizing pulses did, however, evoke
inward Ca2+ currents in PND7-13 rats that were not significantly
different than those in adult neurons (Krnjevic et al., 1989).
They further noted that there was no evidence of an initial
predominance of T-type current (predominantly somatic), with

an L-type current (predominantly dendritic) appearing later in
development coinciding with dendritic maturation (Krnjevic
et al., 1989; Erecinska et al., 2004).

Using radioligand binding of N-type Ca2+ channels, Jones
et al. (1997) aimed to establish a developmental timeline of
these Ca2+ channels from the hippocampus in rats. The earliest
binding was detected in embryonic (E)18. From E18 to PND6,
the binding increased at a constant rate of 0.025 pmol/mg
per day. Increases in binding were more gradual after PND6,
reaching a peak at PND16, then declining to levels seen in
adults (Jones et al., 1997). To complement these findings, N-type
Ca2+ channel expression within the hippocampus at similar
developmental time-points using Fl-ω-CgTx labeling was carried
out (Jones et al., 1997). Little to no labeling was observed at
E19, but by PND0, labeling was observed in CA3 and CA4, the
somata of the subiculum, and the external granule cell layer
of the dentate gyrus. Labeling in CA1 and CA2 only began
to appear at around PND4, along with the internal granule
cell layer of the dentate gyrus, with expression reaching adult
levels throughout all hippocampal subfields thereafter (Jones
et al., 1997). They postulated that the discrepancy in labeling
between CA1 and CA2 and adjacent regions may result from
differential translation and insertion of N-type Ca2+ channels at
the nerve surface of neurons. The lack of N-type Ca2+ channel
expression, despite the presence of dendrites, suggests that these
channels are also inserted into the dendritic membrane, and
are therefore expressed on dendrites only after these regions
are mature enough to support the mechanisms responsible
for trafficking, insertion, and immobilization of these channels
(Jones et al., 1997).

Calcium Channels in Other Structures
Development of VGCCs in other brain regions has been shown
to mirror that of the hippocampus. High-VGCCs within Cajal-
Retzius, subplate, and pyramidal cells of the somatosensory
cortex in PND0 – 5 rats were assessed using whole-cell patch-
clamp recordings (Luhmann et al., 2000). They reported that
high-voltage-gated Ca2+ currents were detected in cells within
the somatosensory cortex in rats as young as PND0. The
pyramidal neurons, which showed the highest Ca2+ current peak,
largest peak current density, and highest steady-state current
density, are migrating neurons, while non-migrating subplate
and Cajal-Retzius cells showed the lowest peak current density
(Luhmann et al., 2000). The differences in Ca2+ current peak
amplitude may outline the contribution of Ca2+ channels to
the early maturation of the cerebral cortex, given that cellular
migration, for example, has been shown to be highly dependent
on intracellular Ca2+ concentrations (Komuro and Rakic, 1992;
Luhmann et al., 2000).

In cerebellar Purkinje cells, Liljelund et al. (2000) reported
sustained spontaneous oscillations of intracellular Ca2+ in rats as
early as PND4, a prominent feature of early developing Purkinje
cells. They used specific inhibitors for P/ Q-, N-, and L-type Ca2+

channels to determine whether these oscillations were dependent
on Ca2+ influx through VGCCs (Liljelund et al., 2000). While
there were no significant differences in oscillations in the P/Q-
or N-type channels, the amplitude of Ca2+ oscillations through
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FIGURE 4 | Cellular and molecular changes involved in synaptic plasticity. The figure illustrates numerous mechanisms that could be involved in synaptic plasticity.
Special attention is given to Ca2+, as its increase can trigger either the LTP or LTD occurrence with evident intracellular signaling cascade. On the post-synaptic site,
the illustrated receptor are NMDA and the silent receptors are AMPA. NMDA receptor: N-methyl-D-aspartate receptor; AMPA receptor:
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; VGCC: voltage-gated calcium channels; CaMKII: calcium/calmodulin-dependent protein kinase
type II; CaN: calcineurin; PKC: protein kinase C, PKM: protein kinase M.

the L-type channels significantly decreased. This was unexpected
as P-type channels are known to play a predominant role
in Ca2+ signaling in dendrites of mature Purkinje cells and
blockade of those channels have been shown to completely
inhibit Ca2+ currents in both immature and mature Purkinje
neurons (Hillman et al., 1991; Mintz et al., 1992; Usowicz et al.,
1992; Liljelund et al., 2000). To confirm the expression of these
subtypes at these early developmental stages, immunostaining
was used and equally intense staining on the soma for all
subtypes was reported (Liljelund et al., 2000). They concluded
that, while all three Ca2+ channel subtypes were expressed on
the soma of immature Purkinje neurons in PND4-7 rats, L-type
channels, but not P- nor N-type, were the predominant channel
involved in Ca2+ oscillation generation and L-type channel
activation increased the expression of immediate early genes,
which is important for signaling in developing Purkinje neurons
(Liljelund et al., 2000).

A more variable degree of expression and function of
Ca2+ channel subtypes within the cerebellum, thalamus, and
neocortex throughout various stages of development has been
reported (Iwasaki and Takahashi, 1998). Stimulating Purkinje
cell axons and inhibiting N-type Ca2+ channels at PND7 caused
a partial blockade of inhibitory post-synaptic current (IPSC)
amplitude, while P/Q-type channel inhibition abolished the
remaining fraction of IPSCs (Iwasaki and Takahashi, 1998).
However, inhibiting N-type channels resulted in a progressively
lessened effect on IPSCs, until it was eventually lost at PND16,
whereas inhibiting P/Q-type channels abolished IPSCs in rats
older than PND16 (Iwasaki and Takahashi, 1998). These results
suggest that, while multiple Ca2+ channels are involved in
synaptic transmission in Purkinje cells at PND6 – 8, a switch
occurs during development, whereby inhibitory transmission
from Purkinje cells to deep nuclear cells is exclusively mediated
by P/Q-type channels. The same observations were reported
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FIGURE 5 | Intracellular calcium dynamics to induce LTP/LTD. Several factors related to Ca2+ dynamics influence long-term changes in synapses, strengthening or
weakening the transmission of information in this structure. LTP or LTD are influenced by the amplitude, duration and location of calcium signaling. Variations in these
factors allow different paradigms that may explain how the same signaling element may lead to different cellular and molecular responses. NMDA receptor:
N-methyl-D-aspartate receptor; VGCC: voltage-gated calcium channels.

in thalamocortical relay neurons in the laterodorsal thalamic
nucleus, indicating that this switch may be common among
many central synapses (Iwasaki and Takahashi, 1998). To
establish whether the disappearance of these channels or a
decoupling of presynaptic Ca2+ channels caused the reduced
effect of N-type channel blockade, they recorded Ca2+ currents
directly from the presynaptic terminal, the calyx of Held, in
the brainstem. The N-type channels were still present at PND7
at the presynaptic terminal but were significantly reduced at
PND10, while the expression of P/Q-type channels increased
(Iwasaki and Takahashi, 1998). At PND13, the N-type channels
were completely lost from the calyceal presynaptic terminals and
replaced by P/Q channels. This reduction in the contribution of
N-type channels at various central synapses was not found to
be universal. No change in the relative contribution of N-type
calcium channels to excitatory post-synaptic currents (EPSC) in
geniculo-cortical synapses was observed between PND10 and
PND40, suggesting that both N-type and P/Q-type channels
mediate synaptic transmissions at this synapse throughout
postnatal development (Iwasaki and Takahashi, 1998).

These reports demonstrate that VGCCs are present and
functionally active well before the sensitive developmental period
for the emergence of spatial function in rodents. This would allow
for the requirement of elevated Ca2+ levels and downstream
actions for the sustained maintenance of the plastic processes that
occur during this sensitive developmental period.

GLUCOSE-MEDIATED CALCIUM
REGULATION

Different levels of Ca2+ can influence whether a neuron
undergoes LTP or LTD (Sjöström and Nelson, 2002; Evans and
Blackwell, 2015). It is also well-established that supra-high levels
of intracellular Ca2+ will set up conditions whereby the neuron
becomes vulnerable to cell death processes (Núñez and Hidalgo,
2019). To control for supra-high Ca2+ levels, appropriate energy
resources are required to regulate Ca2+ so that there are
beneficial outcomes such as sustained plasticity. An important
component of this regulatory mechanism is the transport of
glucose (Figure 6) (Thayer et al., 2002; Ivannikov et al., 2010;
James et al., 2013; Mergenthaler et al., 2013; Dienel, 2019).

Glucose Changes During Development
One neural attribute whose function may be altered during
development, in response to early life experience and provide a
mechanism to preserve memory through the lifespan is glucose
utilization. Glucose is a carbohydrate that fuels neural activity to
permit functional and structural changes in neurons associated
with plasticity and memory processes. Several reports have shown
that glucose metabolism increases from birth to adulthood with
a significant peak around PND14 to PND17 (Nehlig, 1997;
Vannucci and Vannucci, 2000). Because these peak increases
in glucose utilization overlap with the timeframe during which
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FIGURE 6 | Glucose-regulation of Calcium. In the physiological situation,
glucose is mainly transported by glucose transporters (GLUTs) located in the
neuronal plasma membrane. The glucose is then converted to ATP by
glycolysis and tricarboxylic acid cycle (TCA). The produced ATP will serve as a
substrate for two ATPases, SERCA and PMCA, which pump Ca2+ into the
endoplasmic reticulum and out of the cell, respectively. Ca2+ has its influx into
the cytoplasm by various cellular mechanisms, however only VGCC
(voltage-gated calcium channel) and NMDA (N-methyl-D-aspartate) receptors
are represented by their importance to LTP/LTD. Changes in the glucose
transport or metabolism by the neuron are expected to impact
ATP-dependent mechanisms leading to intracellular Ca2+ deregulation. SR:
sarcoplasmic reticulum; PMCA: plasma membrane Ca2+-ATPase; SERCA:
sarco/endoplasmic reticulum Ca2+-ATPase; Gly: glycolysis; ATP: adenosine
triphosphate.

spatial training can enhance later memory processing (Keeley
et al., 2010; Wartman et al., 2012a), it might be the case that
learning-associated changes in glucose utilization would provide
an important neural functional change to preserve memory
function throughout the lifespan.

It has been shown that increased glucose ingestion during
childhood can positively impact functional plasticity in humans
as measured via enhanced learning and memory (Benton
and Stevens, 2008). However, sustained hyperglycemia can
have detrimental effects during development on later cognitive
function (Ryan and Williams, 1993; Malone et al., 2006).
Likewise, hypoglycemia during development can lead to
abnormalities in neurocognitive function from mild dysfunction
to severe mental retardation (Flykanaka-Gantenbein, 2004). The
importance of a glucose-dependent regulated period during
childhood becomes more evident when following Type 1 diabetes
patients (insulin-dependent; juvenile diabetes) who experience
hypo- or hyperglycemic states (Hershey et al., 2003, 2005;
Perantie et al., 2008) and show marked decline in brain function
and cognitive tasks later in life.

Previously, we have shown that impairment in glucose
metabolism can have a detrimental impact on neurons and their
intrinsic properties leading to cell death (Oliveira et al., 2007;
Cruz et al., 2012; Moreira-Lobo et al., 2017). By reducing
thiamine which works as a cofactor required for glucose
metabolism, we impaired ion channel properties and functional
cellular outcomes ultimately leading to neural cell death

(Cruz et al., 2012). Curiously, thiamine deficiency in pregnant
female rats leads to similar neurodegenerative changes in the
neurons of offspring as those seen in vitro (Oliveira et al., 2007).

Glucose Availability and Intracellular
Calcium
Glucose is the main source of energy for neural function,
so any reduction in glucose metabolism or availability will
affect ATP-dependent cellular mechanisms. One of the most
important ATP-dependent neuronal mechanism includes the
intracellular Ca2+ buffering, which is tightly adjusted to maintain
intracellular Ca2+ levels at rest and during cellular activity
(Mergenthaler et al., 2013; Chen et al., 2015; Stincone et al., 2015;
Szablewski, 2017; Dienel, 2019). Neurons use ATPases to pump
the cytoplasmic increase of Ca2+ to the endoplasmic reticulum
and out of the cell. This pumping occurs through two ATPases:
the PMCA (Plasma Membrane Ca2+-ATPase) and SERCA
(Sarco/Endoplasmic Ca2+-ATPase) (Brini and Carafoli, 2009;
Schnellmann and Covington, 2010; Calì et al., 2017; Chemaly
et al., 2017). For this reason, in the absence of an adequate supply
of ATP, which is mainly provided by glycolysis and mitochondria,
Ca2+ levels may increase leading to deleterious cellular effects
or loss of function (Figure 6) (Berridge, 1998; Blass, 2000;
Calì et al., 2017, 2018).

Serum Ca2+ concentrations are highest in neonates and
infants, decreasing over childhood and adolescence, and become
stable at the age of 17 years (Naganathan and Gossman, 2017).
However, it’s not clear how Ca2+ is handled by the cell during
the childhood period (Liu et al., 2014; Dai et al., 2015; Alviña
et al., 2016), essentially due to drastic changes in glucose over this
period of time (Nehlig, 1997; Vannucci and Vannucci, 2000).

Glucose-Regulation of Calcium and the
Lifespan
Progress in understanding the changes in neural glucose
metabolism during the pathological processes of AD has grown
rapidly in recent decades leading to the conclusion that there
is hypometabolism in certain brain regions following cognitive
decline associated with AD pathology (Costantini et al., 2008;
Cunnane et al., 2011). Because glucose hypometabolism is a
contributing factor during the asymptomatic stage and the initial
development of AD, enhancing glucose utilization during critical
stages of development (e.g., preadolescence) may serve to protect
against cognitive decline as observed in AD.

Dysfunction of glucose metabolism may be a confluent point
in several brain diseases (Pratt et al., 2008; Nijland et al., 2014,
2015; Dean et al., 2016; Anandhan et al., 2017; Lauretti et al.,
2017; Szablewski, 2017). One of the most important dementias
related to glucose hypometabolism is AD (Costantini et al.,
2008; Cunnane et al., 2011; Jack et al., 2013, 2014), which
interestedly also presents disturbances in the regulation of the
dynamics and signaling of cellular Ca2+ (Disterhoft et al., 1994;
Mattson and Chan, 2003; Bezprozvanny and Mattson, 2008;
Wykes et al., 2012; Gibson et al., 2017). However is unclear if
reduced glucose metabolism and Ca2+ deregulation have any
causal relationship in AD, though both conditions can directly
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impact cognition (McKay et al., 2009; Owen and Sunram-Lea,
2011; Oh et al., 2013; Berridge, 2014; Morris et al., 2014). It will
be possible that early experience establishes not only multiple
neuronal pathways within the hippocampus, which will help
protect against memory decline later in life (Wartman et al.,
2012a) but also changes in glucose utilization that will aid in
optimal Ca2+ regulation during the aging/neurodegenerative
process. From other perspectives, several papers show that stress
or disturbing during childhood can directly impact the following
life (Dunn et al., 2013; Watt et al., 2017; Andersen, 2019), showing
that the period of childhood might subside important changes in
adulthood or later.

FUTURE DIRECTIONS AND
CONCLUSION

One important question in the context of preserving functional
plasticity over the lifespan is the determination of the
neurobiological functional changes that occur during sensitive
developmental periods that might protect against later memory
dysfunction by promoting the establishment of redundant neural
pathways. The main question being, if plasticity during the
childhood period does strengthen and preserve memory stability
over the lifespan, what are the neurobiological structural or
functional substrates that mediate this effect? In previous work
from our lab (Wartman et al., 2012b), separate groups of
preadolescent (18–26 days old) Long Evans rats were given spatial
training on either a water-maze or a dry-maze or received no
exposure to the spatial cues. Three weeks later, rats were tested
on the water maze or dry maze tasks. When animals experienced
any spatial training during the preadolescent period, there was
improved performance during the adolescent period compared
to animals with no preadolescent spatial training. Compared
to groups with no preadolescent spatial exposure, groups
with preadolescent spatial training showed elevated neural
connectivity patterns in the hippocampus during adolescence
indicating an expanded neural network in this region. It was
hypothesized that preadolescent training may confer a more
complex neural network that facilitates information processing
thereby leading to enhanced memory function during the
adolescent period. The initial and end time point of the beneficial
learning window couple perfectly within the beginning and the
end of the childhood period described and discussed above.
Based on these results it is clear that childhood is a labile
time period where any influence could modulate cellular and
molecular signaling shaping later behavioral outputs. Together
these data show that during the childhood period, we may
have opportunities to control cellular and molecular pathways to
enhance cognition throughout the lifespan.

While these studies only examined the adolescent time
point, future studies should address the stability of these neural
circuit reorganizations that may serve to facilitate information
processing over the lifespan, in particular, during the aging
process or neurodegenerative processes. In addition, these studies
mainly focused on structural changes so one remaining question
is whether there are concurrent functional changes in glucose

metabolism or Ca2+ homeostasis that would serve to preserve
memory function over the lifespan.

One neural function that might be altered with early life
experience and provide a mechanism to preserve memory
through the neurodegenerative process is glucose utilization.
Several reports have shown that glucose metabolism increases
from birth to adulthood with a significant peak around
14–17 days old (Nehlig, 1997; Vannucci and Vannucci, 2000).
Because these peak increases in glucose utilization overlap with
the timeframe during which spatial training can enhance later
memory processing, it might be the case that learning-associated
changes in glucose utilization would provide an important neural
functional change to preserve memory function throughout the
lifespan. In this sense, data about glucose metabolism during
the pathological processes of AD have grown rapidly in recent
decades leading to the conclusion that there is hypometabolism
in certain brain regions following cognitive decline associated
with AD pathology (Costantini et al., 2008; Cunnane et al.,
2011). Because glucose hypometabolism is a contributing factor
during the asymptomatic stage and the initial development
of AD, enhancing glucose utilization during critical stages of
development (e.g., preadolescence) may serve to protect against
cognitive decline as observed in AD.

Based on assumption that glucose hypometabolism and
Ca2+ clearance in the cell have a functional link, it is not
clear as to whether dysregulated Ca2+ signaling via changes
in glucose utilization are the primary cause or secondary
effect of memory loss associated with AD, we hypothesize that
enhancing glucose utilization with spatial training during the
preadolescent period would provide a functional enhancement
that regulates glucose-dependent Ca2+ regulation during aging
or neurodegeneration and provide essential neural resources
to preserve memory function. Specifically, we hypothesize
that early experience establishes not only multiple neuronal
pathways within the hippocampus, which will help protect
against memory decline later in life, but also changes in glucose
utilization that will aid in optimal Ca2+ regulation during the
aging/neurodegenerative process.

We also predict that early cognitive training can mitigate the
memory-associated deficits associated with AD neuropathology.
Training animals on a spatial task during the preadolescence
period would relieve/retard the memory associated deficits of
AD pathology later in life. Besides that, we hypothesize that AD
animals would show memory deficits and associated reductions
in levels of GLUT3, GLUT1 and Cav1.2 while animals given early
training would show persevered levels of GLUT3, GLUT1 and
Cav1.2 compared to animals that are not given early training and
are not under the memory loss spectrum.

The combination of neuroanatomical and behavioral
results from the reviewed work leads to the hypothesis
that PND18–PND21 represents a sensitive period for
hippocampal development and modification and the emergence
of allocentric/spatial cognitive function. Glucose-mediated
regulation of Ca2+ concentrations inside the cell appears to be
a critical factor in stabilizing this time of high plasticity. One
might speculate that with high rates of synaptic modification
occurring during this developmental period, memory formation,
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thought to depend on synaptogenesis, would proceed efficiently.
Yet, because of the ever-changing neuronal landscape due to
pruning, some structural modifications hypothesized to underlie
memory formation (e.g., axon and spine synaptogenesis) might
be lost with ensuing memory deficits. A question for future
research would be to determine the relative memory storage
versus loss that might occur during this period of postnatal
hippocampal modification.

This review has aimed to uncover how, amidst constant
metabolic turnover in the brain, memories are stored and
become stable, durable and persistent through time. The novelty
and significance of this information are that little is known
concerning the mechanisms underlying memories processed
and stored by the juvenile, developing the mammalian brain.
Experiments on this topic will contribute to the field of memory
by identifying the crucial structures, proteins and metabolic
changes that maintain functional plasticity throughout the
lifespan. This approach is innovative in that it represents a
new idea in the study of early life memory processing during
development related to early changes in synaptic organization
and glucose metabolism. Characterizing these changes via
a longitudinal study across many days will contribute to

understanding shifts in memory storage. Combined, these
contributions will help provide the basic knowledge required to
address issues of memory enhancements and deficits.

AUTHOR CONTRIBUTIONS

FO and MH initiated a collaboration to explore this topic of
development and plasticity through the lifespan and contribution
of glucose-mediated Ca2+ regulation. FO wrote the sections
on aging and glucose. MH wrote the developmental sections
and concluding remarks. NT wrote the section on VGCCs.
All authors edited and revised the manuscript and approved
the final version.

FUNDING

This study was funded by São Paulo Research Foundation
(FAPESP), project number 2012/50336-2 to FO and 2016/50484-
2 to FO and MH. This review was also supported by an NSERC
Discovery Grant (RGPIN-2018-05307) to MH.

REFERENCES
Ackermann, F., Waites, C. L., and Garner, C. C. (2015). Presynaptic active zones

in invertebrates and vertebrates. EMBO Rep. 16, 923–938. doi: 10.15252/embr.
201540434

Ainge, J. A., and Langston, R. F. (2012). Ontogeny of neural circuits underlying
spatial memory in the rat. Front. Neural. Circuits. 6:8. doi: 10.3389/fncir.2012.
00008

Akers, K. G., Candelaria-Cook, F. T., Rice, J. P., Johnson, T. E., and Hamilton,
D. A. (2011). Cued platform training reveals early development of directional
responding among preweanling rats in the morris water task. Dev. Psychobiol.
53, 1–12. doi: 10.1002/dev.20480

Akers, K. G., and Hamilton, D. A. (2007). Comparison of developmental
trajectories for place and cued navigation in the morris water task. Dev.
Psychobiol. 49, 553–564. doi: 10.1002/dev.20227

Altemus, K. L., and Almli, C. R. (1997). Neonatal hippocampal damage in
rats: long-term spatial memory deficits and associations with magnitude of
hippocampal damage. Hippocampus 7, 403–415. doi: 10.1002/(sici)1098-
1063(1997)7:4<403::aid-hipo6>3.0.co;2-j

Altman, J., and Das, G. D. (1965). Autoradiographic and histological evidence of
postnatal hippocampal neurogenesis in rats. J. Comp. Neurol. 124, 319–335.
doi: 10.1002/cne.901240303

Altman, J., and Sudarshan, K. (1975). Postnatal development of locomotion in the
laboratory rat. Anim. Behav. 23, 896–920. doi: 10.1016/0003-3472(75)90114-1

Alviña, K., Tara, E., and Khodakhah, K. (2016). Developmental change in
the contribution of voltage-gated Ca2+ channels to the pacemaking of
deep cerebellar nuclei neurons. Neuroscience 322, 171–177. doi: 10.1016/j.
neuroscience.2016.02.031

Amaral, D. G., and Dent, J. A. (1981). Development of the mossy fibers of the
dentate gyrus: I. A light and electron microscopic study of the mossy fibers and
their expansions. J. Comp. Neurol. 195, 51–86. doi: 10.1002/cne.901950106

An, Y., Varma, V. R., Varma, S., Casanova, R., Dammer, E., Pletnikova, O.,
et al. (2018). Evidence for brain glucose dysregulation in Alzheimer’s disease.
Alzheimer’s Dement. 14, 318–329. doi: 10.1016/j.jalz.2017.09.011

Anandhan, A., Jacome, M. S., Lei, S., Hernandez-Franco, P., Pappa, A.,
Panayiotidis, M. I., et al. (2017). Metabolic dysfunction in Parkinson’s disease:
bioenergetics, redox homeostasis and central carbon metabolism. Brain Res.
Bull. 133, 12–30. doi: 10.1016/j.brainresbull.2017.03.009

Andersen, S. L. (2019). Stress, sensitive periods, and substance abuse. Neurobiol.
Stress 10, 100140. doi: 10.1016/j.ynstr.2018.100140

Anderson, V., Spencer-Smith, M., and Wood, A. (2011). Do children really recover
better? Neurobehavioural plasticity after early brain insult. Brain 134, 2197–
2221. doi: 10.1093/brain/awr103

Art, J. (2012). “Calcium,” in Basic Neurochemistry, eds S. Brady, G. Siegel, R. W.
Albers, D. Price, (Amsterdam: Elsevier), 455–466.

Bayer, S. A. (1980). Development of the hippocampal region in the rat I.
Neurogenesis examined with3H-thymidine autoradiography. J. Comp. Neurol.
190, 87–114. doi: 10.1002/cne.901900107

Benowitz, L. I., and Routtenberg, A. (1997). GAP-43: an intrinsic determinant of
neuronal development and plasticity. Trends Neurosci. 20, 84–91. doi: 10.1016/
s0166-2236(96)10072-2

Benton, D., and Stevens, M. K. (2008). The influence of a glucose containing
drink on the behavior of children in school. Biol. Psychol. 78, 242–245. doi:
10.1016/j.biopsycho.2008.03.007

Bernardinelli, Y., Nikonenko, I., and Muller, D. (2014). Structural plasticity:
mechanisms and contribution to developmental psychiatric disorders. Front.
Neuroanat. 8:123. doi: 10.3389/fnana.2014.00123

Berridge, M. J. (1998). Neuronal calcium signaling. Neuron 21, 13–26. doi: 10.1126/
science.1067020

Berridge, M. J. (2014). Calcium regulation of neural rhythms, memory and
Alzheimer’s disease. J. Physiol. 592, 281–293. doi: 10.1113/jphysiol.2013.257527

Berridge, M. J., Lipp, P., and Bootman, M. D. (2000). The versatility and
universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 1, 11–21. doi: 10.
1038/35036035

Bezprozvanny, I., and Mattson, M. P. (2008). Neuronal calcium mishandling and
the pathogenesis of Alzheimer ’ s disease. Trends Neurosci. 31, 454–463. doi:
10.1016/j.tins.2008.06.005

Blair, M. G., Nguyen, N. N.-Q., Albani, S. H., L’Etoile, M. M., Andrawis, M. M.,
Owen, L. M., et al. (2013). Developmental changes in structural and functional
properties of hippocampal AMPARs parallels the emergence of deliberative
spatial navigation in juvenile rats. J. Neurosci. 33, 12218–12228. doi: 10.1523/
JNEUROSCI.4827-12.2013

Blass, J. P. (2000). The mitochondrial spiral. Ann. N. Y. Acad. Sci. 924, 170–183.
doi: 10.1111/j.1749-6632.2000.tb05576.x

Bock, J., and Sellen, D. W. (2002). Childhood and the evolution of the human life
course. Hum. Nat. 13, 153–159. doi: 10.1007/s12110-002-1006-5

Frontiers in Aging Neuroscience | www.frontiersin.org 14 September 2019 | Volume 11 | Article 253

https://doi.org/10.15252/embr.201540434
https://doi.org/10.15252/embr.201540434
https://doi.org/10.3389/fncir.2012.00008
https://doi.org/10.3389/fncir.2012.00008
https://doi.org/10.1002/dev.20480
https://doi.org/10.1002/dev.20227
https://doi.org/10.1002/(sici)1098-1063(1997)7:4<403::aid-hipo6>3.0.co;2-j
https://doi.org/10.1002/(sici)1098-1063(1997)7:4<403::aid-hipo6>3.0.co;2-j
https://doi.org/10.1002/cne.901240303
https://doi.org/10.1016/0003-3472(75)90114-1
https://doi.org/10.1016/j.neuroscience.2016.02.031
https://doi.org/10.1016/j.neuroscience.2016.02.031
https://doi.org/10.1002/cne.901950106
https://doi.org/10.1016/j.jalz.2017.09.011
https://doi.org/10.1016/j.brainresbull.2017.03.009
https://doi.org/10.1016/j.ynstr.2018.100140
https://doi.org/10.1093/brain/awr103
https://doi.org/10.1002/cne.901900107
https://doi.org/10.1016/s0166-2236(96)10072-2
https://doi.org/10.1016/s0166-2236(96)10072-2
https://doi.org/10.1016/j.biopsycho.2008.03.007
https://doi.org/10.1016/j.biopsycho.2008.03.007
https://doi.org/10.3389/fnana.2014.00123
https://doi.org/10.1126/science.1067020
https://doi.org/10.1126/science.1067020
https://doi.org/10.1113/jphysiol.2013.257527
https://doi.org/10.1038/35036035
https://doi.org/10.1038/35036035
https://doi.org/10.1016/j.tins.2008.06.005
https://doi.org/10.1016/j.tins.2008.06.005
https://doi.org/10.1523/JNEUROSCI.4827-12.2013
https://doi.org/10.1523/JNEUROSCI.4827-12.2013
https://doi.org/10.1111/j.1749-6632.2000.tb05576.x
https://doi.org/10.1007/s12110-002-1006-5
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00253 September 9, 2019 Time: 15:31 # 15

Holahan et al. Sensitive Developmental Periods and the Lifespan

Bohbot, V. D., Iaria, G., and Petrides, M. (2004). Hippocampal function and spatial
memory: evidence from functional neuroimaging in healthy participants and
performance of patients with medial temporal lobe resections. Neuropsychology
18, 418–425. doi: 10.1037/0894-4105.18.3.418

Borovac, J., Bosch, M., and Okamoto, K. (2018). Regulation of actin dynamics
during structural plasticity of dendritic spines: signaling messengers and actin-
binding proteins. Mol. Cell. Neurosci. 91, 122–130. doi: 10.1016/J.MCN.2018.
07.001

Bortolotto, Z. A., Anderson, W. W., Isaac, J. T. R. R., Collingridge, G. L., Amici,
M., Anderson, W. W., et al. (2001). Synaptic Plasticity in the Hippocampal Slice
Preparation. Curr. Protoc. Neurosci. 16, 6.13.1–6.13.23.

Boutet, I., Collin, C. A., MacLeod, L. S., Messier, C., Holahan, M. R., Berry-Kravis,
E., et al. (2018). Utility of the hebb-williams maze paradigm for translational
research in fragile X syndrome: a direct comparison of mice and humans. Front.
Mol. Neurosci. 11:99. doi: 10.3389/fnmol.2018.00099

Brini, M., and Carafoli, E. (2009). Calcium pumps in health and disease. Physiol.
Rev. 89, 1341–1378. doi: 10.1152/physrev.00032.2008

Brown, R. W., and Whishaw, I. Q. (2000). Similarities in the development of place
and cue navigation by rats in a swimming pool. Dev. Psychobiol. 37, 238–245.
doi: 10.1002/1098-2302(2000)37:4<238::aid-dev4>3.0.co;2-j

Bullens, J., Székely, E., Vedder, A., and Postma, A. (2010). The effect of experience
on children’s ability to show response and place learning. Br. J. Dev. Psychol. 28,
909–920. doi: 10.1348/026151010x487285

Burgess, N. (2006). Spatial memory: how egocentric and allocentric combine.
Trends Cogn. Sci. 10, 551–557. doi: 10.1016/J.TICS.2006.10.005

Cahill, S. P., Yu, R. Q., Green, D., Todorova, E. V., and Snyder, J. S. (2017). Early
survival and delayed death of developmentally-born dentate gyrus neurons.
Hippocampus 27, 1155–1167. doi: 10.1002/hipo.22760

Calì, T., Brini, M., and Carafoli, E. (2017). Regulation of cell calcium and role
of plasma membrane calcium ATPases. Int. Rev. Cell Mol. Biol. 332, 259–296.
doi: 10.1016/bs.ircmb.2017.01.002

Calì, T., Brini, M., and Carafoli, E. (2018). The PMCA pumps in genetically
determined neuronal pathologies. Neurosci. Lett. 663, 2–11. doi: 10.1016/j.
neulet.2017.11.005

Carafoli, E., and Krebs, J. (2016). Why calcium? How calcium became the
best communicator. J. Biol. Chem. 291, 20849–20857. doi: 10.1074/jbc.R116.
735894

Caroni, P., Chowdhury, A., and Lahr, M. (2014). Synapse rearrangements upon
learning: from divergent–sparse connectivity to dedicated sub-circuits. Trends
Neurosci. 37, 604–614. doi: 10.1016/J.TINS.2014.08.011

Chapillon, P., and Roullet, P. (1996). Use of proximal and distal cues in place
navigation by mice changes during ontogeny. Dev. Psychobiol. 29, 529–545.
doi: 10.1002/(sici)1098-2302(199609)29:6<529::aid-dev5>3.3.co;2-b

Chemaly, E. R., Troncone, L., and Lebeche, D. (2017). SERCA control of cell death
and survival. Cell Calcium. 69, 46–61. doi: 10.1016/j.ceca.2017.07.001

Chen, L.-Q., Cheung, L. S., Feng, L., Tanner, W., and Frommer, W. B. (2015).
Transport of sugars. Annu. Rev. Biochem. 84, 865–894. doi: 10.1146/annurev-
biochem-060614-033904

Chersi, F., and Burgess, N. (2015). The cognitive architecture of spatial navigation:
hippocampal and striatal contributions. Neuron 88, 64–77. doi: 10.1016/J.
NEURON.2015.09.021

Ciric, T., Cahill, S. P., and Snyder, J. S. (2019). Dentate gyrus neurons that are born
at the peak of development, but not before or after, die in adulthood. bioRxiv
650309. doi: 10.1101/650309

Citri, A., and Malenka, R. C. (2008). Synaptic plasticity: multiple forms, functions,
and mechanisms. Neuropsychopharmacology 33, 18–41. doi: 10.1038/sj.npp.
1301559

Clark, B. R., and Price, E. O. (1981). Sexual maturation and fecundity of wild
and domestic norway rats (Rattus norvegicus). Reproduction 63, 215–220. doi:
10.1530/jrf.0.0630215

Clark, N., Nagano, N., Kuenzi, F., Jarolimek, W., Huber, I., Walter, D., et al. (2003).
Neurological phenotype and synaptic function in mice lacking the CaV1.3 α

subunit of neuronal L-type voltage-dependent Ca2+ channels. Neuroscience
120, 435–442. doi: 10.1016/S0306-4522(03)00329-4

Coleman, M. (2005). Axon degeneration mechanisms: commonality amid
diversity. Nat. Rev. Neurosci. 6, 889–898. doi: 10.1038/nrn1788

Colombo, D., Serino, S., Tuena, C., Pedroli, E., Dakanalis, A., Cipresso, P., et al.
(2017). Egocentric and allocentric spatial reference frames in aging: a systematic

review. Neurosci. Biobehav. Rev. 80, 605–621. doi: 10.1016/J.NEUBIOREV.
2017.07.012

Comba, R., Gervais, N., Mumby, D., and Holahan, M. (2015). Emergence of
spatial behavioral function and associated mossy fiber connectivity and c-Fos
labeling patterns in the hippocampus of rats. F1000Research 4:396. doi: 10.
12688/f1000research.6822.1

Costantini, L. C., Barr, L. J., Vogel, J. L., and Henderson, S. T. (2008).
Hypometabolism as a therapeutic target in Alzheimer’s disease. BMC Neurosci.
9:S16. doi: 10.1186/1471-2202-9-S2-S16

Cruz, J. S., Kushmerick, C., Moreira-Lobo, D. C., and Oliveira, F. A. (2012).
Thiamine deficiency in vitro accelerates A-type potassium current inactivation
in cerebellar granule neurons. Neuroscience 221, 108–114. doi: 10.1016/j.
neuroscience.2012.06.053

Cunnane, S., Nugent, S., Roy, M., Courchesne-Loyer, A., Croteau, E., Tremblay, S.,
et al. (2011). Brain fuel metabolism, aging, and Alzheimer’s disease. Nutrition
27, 3–20. doi: 10.1016/j.nut.2010.07.021

Dai, J., Chen, P., Tian, H., and Sun, J. (2015). Spontaneous vesicle release is not
tightly coupled to voltage-gated calcium channel-mediated Ca2+ influx and is
triggered by a Ca2+ sensor other than synaptotagmin-2 at the juvenile mice
calyx of held synapses. J. Neurosci. 35, 9632–9637. doi: 10.1523/JNEUROSCI.
0457-15.2015

Daulatzai, M. A. (2017). Cerebral hypoperfusion and glucose hypometabolism:
key pathophysiological modulators promote neurodegeneration, cognitive
impairment, and Alzheimer’s disease. J. Neurosci. Res. 95, 943–972. doi: 10.1002/
jnr.23777

Dean, B., Thomas, N., Scarr, E., and Udawela, M. (2016). Evidence for impaired
glucose metabolism in the striatum, obtained postmortem, from some subjects
with schizophrenia. Transl. Psychiatry 6:e949. doi: 10.1038/tp.2016.226

Deboer, M. D., and Li, Y. (2011). Puberty is delayed in male mice with dextran
sodium sulfate colitis out of proportion to changes in food intake, body
weight, and serum levels of leptin. Pediatr. Res. 69, 34–39. doi: 10.1203/PDR.
0b013e3181ffee6c

Dienel, G. A. (2019). Brain glucose metabolism: integration of energetics with
function. Physiol. Rev. 99, 949–1045. doi: 10.1152/physrev.00062.2017

Disterhoft, J. F., Moyer, J. R., and Thompson, L. T. (1994). The calcium rationale in
aging and Alzheimer’s disease. Evidence from an animal model of normal aging.
Ann. N. Y. Acad. Sci. 747, 382–406. doi: 10.1111/j.1749-6632.1994.tb44424.x

Douglas, R. J., Peterson, J. J., and Douglas, D. P. (1973). The ontogeny of a
hippocampus-dependent response in two rodent species. Behav. Biol. 8, 27–37.
doi: 10.1016/s0091-6773(73)80003-3

Dumas, T. C. (2004). Early eyelid opening enhances spontaneous alternation
and accelerates the development of perforant path synaptic strength in the
hippocampus of juvenile rats. Dev. Psychobiol. 45, 1–9. doi: 10.1002/dev.20011

Dumas, T. C. (2012). Postnatal alterations in induction threshold and expression
magnitude of long-term potentiation and long-term depression at hippocampal
synapses. Hippocampus 22, 188–199. doi: 10.1002/hipo.20881

Dunn, E. C., McLaughlin, K. A., Slopen, N., Rosand, J., and Smoller, J. W. (2013).
Developmental timing of child maltreatment and symptoms of depression and
suicidal ideation in young adulthood: results from the national longitudinal
study of adolescent health. Depress. Anxiety 30, 955–964. doi: 10.1002/da.22102

Duran-Aniotz, C., and Hetz, C. (2016). Glucose MEtabolism: a Sweet relief of
Alzheimer’s Disease. Curr. Biol. 26, R806–R809. doi: 10.1016/j.cub.2016.07.060

Dutta, S., and Sengupta, P. (2016). Men and mice: relating their ages. Life Sci. 152,
244–248. doi: 10.1016/J.LFS.2015.10.025

Erecinska, M., Cherian, S., and Silver, I. A. (2004). Energy metabolism in
mammalian brain during development. Prog. Neurobiol. 73, 397–445. doi: 10.
1016/j.pneurobio.2004.06.003

Evans, R. C., and Blackwell, K. T. (2015). Calcium: amplitude, duration, or
location? Biol. Bull. 228, 75–83. doi: 10.1086/BBLv228n1p75

Evans, T., Bicanski, A., Bush, D., and Burgess, N. (2016). How environment
and self-motion combine in neural representations of space. J. Physiol. 594,
6535–6546. doi: 10.1113/JP270666

Feigenbaum, J. D., and Morris, R. G. (2004). Allocentric versus egocentric spatial
memory after unilateral temporal lobectomy in humans. Neuropsychology 18,
462–472. doi: 10.1037/0894-4105.18.3.462

Fenoglio, K. A., Brunson, K. L., and Baram, T. Z. (2006). Hippocampal
neuroplasticity induced by early-life stress: functional and molecular aspects.
Front. Neuroendocrinol. 27:180–192. doi: 10.1016/J.YFRNE.2006.02.001

Frontiers in Aging Neuroscience | www.frontiersin.org 15 September 2019 | Volume 11 | Article 253

https://doi.org/10.1037/0894-4105.18.3.418
https://doi.org/10.1016/J.MCN.2018.07.001
https://doi.org/10.1016/J.MCN.2018.07.001
https://doi.org/10.3389/fnmol.2018.00099
https://doi.org/10.1152/physrev.00032.2008
https://doi.org/10.1002/1098-2302(2000)37:4<238::aid-dev4>3.0.co;2-j
https://doi.org/10.1348/026151010x487285
https://doi.org/10.1016/J.TICS.2006.10.005
https://doi.org/10.1002/hipo.22760
https://doi.org/10.1016/bs.ircmb.2017.01.002
https://doi.org/10.1016/j.neulet.2017.11.005
https://doi.org/10.1016/j.neulet.2017.11.005
https://doi.org/10.1074/jbc.R116.735894
https://doi.org/10.1074/jbc.R116.735894
https://doi.org/10.1016/J.TINS.2014.08.011
https://doi.org/10.1002/(sici)1098-2302(199609)29:6<529::aid-dev5>3.3.co;2-b
https://doi.org/10.1016/j.ceca.2017.07.001
https://doi.org/10.1146/annurev-biochem-060614-033904
https://doi.org/10.1146/annurev-biochem-060614-033904
https://doi.org/10.1016/J.NEURON.2015.09.021
https://doi.org/10.1016/J.NEURON.2015.09.021
https://doi.org/10.1101/650309
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1530/jrf.0.0630215
https://doi.org/10.1530/jrf.0.0630215
https://doi.org/10.1016/S0306-4522(03)00329-4
https://doi.org/10.1038/nrn1788
https://doi.org/10.1016/J.NEUBIOREV.2017.07.012
https://doi.org/10.1016/J.NEUBIOREV.2017.07.012
https://doi.org/10.12688/f1000research.6822.1
https://doi.org/10.12688/f1000research.6822.1
https://doi.org/10.1186/1471-2202-9-S2-S16
https://doi.org/10.1016/j.neuroscience.2012.06.053
https://doi.org/10.1016/j.neuroscience.2012.06.053
https://doi.org/10.1016/j.nut.2010.07.021
https://doi.org/10.1523/JNEUROSCI.0457-15.2015
https://doi.org/10.1523/JNEUROSCI.0457-15.2015
https://doi.org/10.1002/jnr.23777
https://doi.org/10.1002/jnr.23777
https://doi.org/10.1038/tp.2016.226
https://doi.org/10.1203/PDR.0b013e3181ffee6c
https://doi.org/10.1203/PDR.0b013e3181ffee6c
https://doi.org/10.1152/physrev.00062.2017
https://doi.org/10.1111/j.1749-6632.1994.tb44424.x
https://doi.org/10.1016/s0091-6773(73)80003-3
https://doi.org/10.1002/dev.20011
https://doi.org/10.1002/hipo.20881
https://doi.org/10.1002/da.22102
https://doi.org/10.1016/j.cub.2016.07.060
https://doi.org/10.1016/J.LFS.2015.10.025
https://doi.org/10.1016/j.pneurobio.2004.06.003
https://doi.org/10.1016/j.pneurobio.2004.06.003
https://doi.org/10.1086/BBLv228n1p75
https://doi.org/10.1113/JP270666
https://doi.org/10.1037/0894-4105.18.3.462
https://doi.org/10.1016/J.YFRNE.2006.02.001
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00253 September 9, 2019 Time: 15:31 # 16

Holahan et al. Sensitive Developmental Periods and the Lifespan

Flykanaka-Gantenbein, C. (2004). Hypoglycemia in childhood: long-term effects.
Pediatr. Endocrinol. Rev. 3(1 Supp l), 530–536.

Freeman, J. H., and Stanton, M. E. (1991). Fimbria-fornix transections disrupt
the ontogeny of delayed alternation but not position discrimination in the rat.
Behav. Neurosci. 105, 386–395. doi: 10.1037/0735-7044.105.3.386

Freitas, C., Farzan, F., and Pascual-Leone, A. (2013). Assessing brain plasticity
across the lifespan with transcranial magnetic stimulation: why, how, and what
is the ultimate goal? Front. Neurosci. 7:42. doi: 10.3389/fnins.2013.00042

Gaarskjaer, F. B. (1985). The development of the dentate area and the hippocampal
mossy fiber projection of the rat. J. Comp. Neurol. 241, 154–170. doi: 10.1002/
cne.902410204

Gaarskjaer, F. B. (1986). The organization and development of the hippocampal
mossy fiber system. Brain Res. 396, 335–357. doi: 10.1016/0165-0173(86)
90004-4

Galea, L. A. M., Ossenkopp, K.-P., and Kavaliers, M. (1994). Developmental
changes in spatial learning in the morris water-maze in young meadow voles,
Microtus pennsylvanicus. Behav. Brain Res. 60, 43–50. doi: 10.1016/0166-
4328(94)90061-2

Gaskin, S., Gamliel, A., Tardif, M., Cole, E., and Mumby, D. G. (2009). Incidental
(unreinforced) and reinforced spatial learning in rats with ventral and dorsal
lesions of the hippocampus. Behav. Brain Res. 202, 64–70. doi: 10.1016/J.BBR.
2009.03.016

Gibson, G., Cotman, C., Lynch, G., Blass, J., Coleman, P., and Buell, S. (2017).
Calcium Hypothesis of Alzheimer’s disease and brain aging: a framework
for integrating new evidence into a comprehensive theory of pathogenesis.
Alzheimer’s Dement. 13, 178.e17–182.e17. doi: 10.1016/j.jalz.2016.12.006

Granger, A. J., and Nicoll, R. A. (2014). Expression mechanisms underlying long-
term potentiation: a postsynaptic view, 10 years on. Philos. Trans. R. Soc. B Biol.
Sci. 369:20130136. doi: 10.1098/RSTB.2013.0136

Green, R. J., and Stanton, M. E. (1989). Differential ontogeny of working memory
and reference memory in the rat. Behav. Neurosci. 103, 98–105. doi: 10.1037/
0735-7044.103.1.98

Guskjolen, A., Josselyn, S. A., and Frankland, P. W. (2016). Age-dependent changes
in spatial memory retention and flexibility in mice. Neurobiol. Learn. Mem. 143,
59–66. doi: 10.1016/j.nlm.2016.12.006

Herman-Giddens, M. E., Slora, E. J., Wasserman, R. C., Bourdony, C. J., Bhapkar,
M. V., Koch, G. G., et al. (1997). Secondary sexual characteristics and menses in
young girls seen in office practice: a study from the pediatric research in office
settings network. Pediatrics 99, 505–512. doi: 10.1542/peds.99.4.505

Herman-Giddens, M. E., Steffes, J., Harris, D., Slora, E., Hussey, M., Dowshen,
S. A., et al. (2012). Secondary sexual characteristics in boys: data from the
pediatric research in office settings network. Pediatrics 130, e1058–e1068. doi:
10.1542/peds.2011-3291

Herring, B. E., and Nicoll, R. A. (2016). Long-term potentiation: from CaMKII
to AMPA receptor trafficking. Annu. Rev. Physiol. 78, 351–365. doi: 10.1146/
annurev-physiol-021014-071753

Hershey, T., Lillie, R., Sadler, M., and White, N. H. (2003). Severe hypoglycemia
and long-term spatial memory in children with type 1 diabetes mellitus:
a retrospective study. J. Int. Neuropsychol. Soc. 9, 740–750. doi: 10.1017/
S1355617703950077

Hershey, T., Perantie, D. C., Warren, S. L., Zimmerman, E. C., Sadler, M., and
White, N. H. (2005). Frequency and timing of severe hypoglycemia affects
spatial memory in children with type 1 diabetes. Diabetes Care 28, 2372–23776.
doi: 10.2337/diacare.28.10.2372

Hillman, D., Chen, S., Aung, T. T., Cherksey, B., Sugimori, M., and Llinás,
R. R. (1991). Localization of P-type calcium channels in the central nervous
system. Proc. Natl. Acad. Sci. U.S.A. 88, 7076–7080. doi: 10.1073/pnas.88.16.
7076

Holahan, M. R., Honegger, K. S., and Routtenberg, A. (2007). Expansion and
retraction of hippocampal mossy fibers during postweaning development:
strain-specific effects of NMDA receptor blockade. Hippocampus 17, 58–67.
doi: 10.1002/hipo.20242

Holahan, M. R., Rekart, J. L., Sandoval, J., and Routtenberg, A. (2006). Spatial
learning induces presynaptic structural remodeling in the hippocampal mossy
fiber system of two rat strains. Hippocampus 16, 560–570. doi: 10.1002/hipo.
20185

Holdstock, J., Mayes, A., Cezayirli, E., Isaac, C., Aggleton, J., and Roberts, N. (2000).
A comparison of egocentric and allocentric spatial memory in a patient with

selective hippocampal damage. Neuropsychologia 38, 410–425. doi: 10.1016/
s0028-3932(99)00099-8

Inhelder, B., and Piaget, J. (1958). The Growth of Logical Thinking: From Childhood
to Adolescence. New York, NY: Basic Books.

Ivannikov, M. V., Sugimori, M., and Llinás, R. R. (2010). Calcium clearance and
its energy requirements in cerebellar neurons. Cell Calcium. 47, 507–513. doi:
10.1016/j.ceca.2010.04.004

Iwasaki, S., and Takahashi, T. (1998). Developmental changes in calcium channel
types mediating synaptic transmission in rat auditory brainstem. J. Physiol. 509,
419–423. doi: 10.1111/j.1469-7793.1998.419bn.x

Izquierdo, I. (1993). Long-term potentiation and the mechanisms of memory. Drug
Dev. Res. 30, 1–17. doi: 10.1002/ddr.430300102

Izquierdo, P., Attwell, D., and Madry, C. (2019). Ion channels and receptors as
determinants of microglial function. Trends Neurosci. 42, 278–292. doi: 10.
1016/j.tins.2018.12.007

Jablonski, S. A., Schiffino, F. L., and Stanton, M. E. (2012). Role of age, post-training
consolidation, and conjunctive associations in the ontogeny of the context
preexposure facilitation effect. Dev. Psychobiol. 54, 714–722. doi: 10.1002/dev.
20621

Jack, C. R., Knopman, D. S., Jagust, W. J., Petersen, R. C., Weiner, M. W., Aisen,
P. S., et al. (2013). Tracking pathophysiological processes in Alzheimer’s disease:
an updated hypothetical model of dynamic biomarkers. Lancet Neurol. 12,
207–216. doi: 10.1016/S1474-4422(12)70291-0

Jack, C. R., Knopman, D. S., Jagust, W. J., Petersen, R. C., Weiner, M. W.,
Aisen, P. S., et al. (2014). Updated hypothetical model of Alzheimer’s disease
biomarkers. Lancet Neurol. 12, 207–216. doi: 10.1016/S1474-4422(12)70291-0

James, A. D., Chan, A., Erice, O., Siriwardena, A. K., and Bruce, J. I. E. (2013).
Glycolytic ATP fuels the plasma membrane calcium pump critical for pancreatic
cancer cell survival. J. Biol. Chem. 288, 36007–36019. doi: 10.1074/jbc.M113.
502948

Jones, O. T., Bernstein, G. M., Jones, E. J., Jugloff, D. G., Law, M., Wong, W.,
et al. (1997). N-Type calcium channels in the developing rat hippocampus:
subunit, complex, and regional expression. J. Neurosci. 17, 6152–6164. doi:
10.1523/jneurosci.17-16-06152.1997

Juraska, J. M., and Willing, J. (2017). Pubertal onset as a critical transition for neural
development and cognition. Brain Res. 1654, 87–94. doi: 10.1016/j.brainres.
2016.04.012

Kantor, D. B., and Kolodkin, A. L. (2003). Curbing the excesses of youth: molecular
insights into axonal pruning. Neuron 38, 849–852. doi: 10.1016/S0896-6273(03)
00364-7

Keeley, R. J., Wartman, B. C., Hausler, A. N., and Holahan, M. R. (2010). Effect
of juvenile pretraining on adolescent structural hippocampal attributes as a
substrate for enhanced spatial performance. Learn. Mem. 17, 344–354. doi:
10.1101/lm.1849910

Kempermann, G. (2019). Environmental enrichment, new neurons and the
neurobiology of individuality. Nat. Rev. Neurosci. 20, 235–245. doi: 10.1038/
s41583-019-0120-x

Kerchner, G. A., and Nicoll, R. A. (2008). Silent synapses and the emergence of a
postsynaptic mechanism for LTP. Nat. Rev. Neurosci. 9, 813–825. doi: 10.1038/
nrn2501

Kilborn, S. H., Trudel, G., and Uhthoff, H. (2002). Review of growth plate closure
compared with age at sexual maturity and lifespan in laboratory animals.
Contemp. Top. Lab. Anim. Sci. 41, 21–26.

Komuro, H., and Rakic, P. (1992). Selective role of N-type calcium channels in
neuronal migration. Science 257, 806–809. doi: 10.1126/science.1323145

Konner, M. (2010). The Evolution of Childhood: Relationships, Emotion, Mind.
Cambridge, MA: Belknap Press of Harvard University Press.

Korenbrot, C. C., Huhtaniemi, I. T., and Weiner, R. I. (1977). Preputial separation
as an external sign of pubertal development in the male rat. Biol. Reprod. 17,
298–303. doi: 10.1095/biolreprod17.2.298

Kraemer, P. J., and Randall, C. K. (1995). Spatial learning in preweanling rats
trained in a morris water maze. Psychobiology 23, 144–152.

Krnjevic, K., Cherubini, E., and Ben-Ari, Y. (1989). Anoxia on slow inward currents
of immature hippocampal neurons. J. Neurophysiol. 62, 896–906. doi: 10.1152/
jn.1989.62.4.896

Langston, R. F., Ainge, J. A., Couey, J. J., Canto, C. B., Bjerknes, T. L., Witter, M. P.,
et al. (2010). Development of the spatial representation system in the rat. Science
328, 1576–1580. doi: 10.1126/science.1188210

Frontiers in Aging Neuroscience | www.frontiersin.org 16 September 2019 | Volume 11 | Article 253

https://doi.org/10.1037/0735-7044.105.3.386
https://doi.org/10.3389/fnins.2013.00042
https://doi.org/10.1002/cne.902410204
https://doi.org/10.1002/cne.902410204
https://doi.org/10.1016/0165-0173(86)90004-4
https://doi.org/10.1016/0165-0173(86)90004-4
https://doi.org/10.1016/0166-4328(94)90061-2
https://doi.org/10.1016/0166-4328(94)90061-2
https://doi.org/10.1016/J.BBR.2009.03.016
https://doi.org/10.1016/J.BBR.2009.03.016
https://doi.org/10.1016/j.jalz.2016.12.006
https://doi.org/10.1098/RSTB.2013.0136
https://doi.org/10.1037/0735-7044.103.1.98
https://doi.org/10.1037/0735-7044.103.1.98
https://doi.org/10.1016/j.nlm.2016.12.006
https://doi.org/10.1542/peds.99.4.505
https://doi.org/10.1542/peds.2011-3291
https://doi.org/10.1542/peds.2011-3291
https://doi.org/10.1146/annurev-physiol-021014-071753
https://doi.org/10.1146/annurev-physiol-021014-071753
https://doi.org/10.1017/S1355617703950077
https://doi.org/10.1017/S1355617703950077
https://doi.org/10.2337/diacare.28.10.2372
https://doi.org/10.1073/pnas.88.16.7076
https://doi.org/10.1073/pnas.88.16.7076
https://doi.org/10.1002/hipo.20242
https://doi.org/10.1002/hipo.20185
https://doi.org/10.1002/hipo.20185
https://doi.org/10.1016/s0028-3932(99)00099-8
https://doi.org/10.1016/s0028-3932(99)00099-8
https://doi.org/10.1016/j.ceca.2010.04.004
https://doi.org/10.1016/j.ceca.2010.04.004
https://doi.org/10.1111/j.1469-7793.1998.419bn.x
https://doi.org/10.1002/ddr.430300102
https://doi.org/10.1016/j.tins.2018.12.007
https://doi.org/10.1016/j.tins.2018.12.007
https://doi.org/10.1002/dev.20621
https://doi.org/10.1002/dev.20621
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1074/jbc.M113.502948
https://doi.org/10.1074/jbc.M113.502948
https://doi.org/10.1523/jneurosci.17-16-06152.1997
https://doi.org/10.1523/jneurosci.17-16-06152.1997
https://doi.org/10.1016/j.brainres.2016.04.012
https://doi.org/10.1016/j.brainres.2016.04.012
https://doi.org/10.1016/S0896-6273(03)00364-7
https://doi.org/10.1016/S0896-6273(03)00364-7
https://doi.org/10.1101/lm.1849910
https://doi.org/10.1101/lm.1849910
https://doi.org/10.1038/s41583-019-0120-x
https://doi.org/10.1038/s41583-019-0120-x
https://doi.org/10.1038/nrn2501
https://doi.org/10.1038/nrn2501
https://doi.org/10.1126/science.1323145
https://doi.org/10.1095/biolreprod17.2.298
https://doi.org/10.1152/jn.1989.62.4.896
https://doi.org/10.1152/jn.1989.62.4.896
https://doi.org/10.1126/science.1188210
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00253 September 9, 2019 Time: 15:31 # 17

Holahan et al. Sensitive Developmental Periods and the Lifespan

Lauretti, E., Li, J.-G., Di Meco, A., and Praticò, D. (2017). Glucose deficit triggers
tau pathology and synaptic dysfunction in a tauopathy mouse model. Transl.
Psychiatry 7, e1020–e1020. doi: 10.1038/tp.2016.296

Lehnung, M., Leplow, B., Friege, L., Herzog, A., Ferstl, R., and Mehdorn, M. (1998).
Development of spatial memory and spatial orientation in preschoolers and
primary school children. Br. J. Psychol. 89(Pt 3), 463–480. doi: 10.1111/j.2044-
8295.1998.tb02697.x

Leplow, B., Lehnung, M., Pohl, J., Herzog, A., Ferstl, R., and Mehdorn, M. (2003).
Navigational place learning in children and young adults as assessed with a
standardized locomotor search task. Br. J. Psychol. 94, 299–317. doi: 10.1348/
000712603767876244

Liljelund, P., Netzeband, J. G., and Gruol, D. L. (2000). L-type calcium channels
mediate calcium oscillations in early postnatal purkinje neurons. J. Neurosci.
20, 7394–7403. doi: 10.1523/JNEUROSCI.20-19-07394.2000

Lisman, J. (2017). Criteria for identifying the molecular basis of the engram
(CaMKII, PKMzeta). Mol. Brain 10:55. doi: 10.1186/s13041-017-0337-4

Liu, A., Li, Y., Tan, T., and Tian, X. (2014). Early exposure to sevoflurane inhibits
Ca2+ channels activity in hippocampal CA1 pyramidal neurons of developing
rats. Brain Res. 1557, 1–11. doi: 10.1016/j.brainres.2014.02.008

Luhmann, H. J., Reiprich, R. A., Hanganu, I., and Kilb, W. (2000). Cellular
physiology of the neonatal rat cerebral cortex: intrinsic membrane properties,
sodium and calcium currents. J. Neurosci. Res. 62, 574–584. doi: 10.1002/1097-
4547(20001115)62:4<574::aid-jnr12>3.0.co;2-0

Luscher, C., and Malenka, R. C. (2012). NMDA receptor-dependent long-term
potentiation and long-term depression (LTP/LTD). Cold Spring Harb. Perspect
Biol. 4, 1–16. doi: 10.1101/cshperspect.a005710

MacDonald, J. F., Jackson, M. F., and Beazely, M. A. (2006). Hippocampal long-
term synaptic plasticity and signal amplification of NMDA receptors. Crit. Rev.
Neurobiol. 18, 71–84. doi: 10.1615/CritRevNeurobiol.v18.i1-2.80

Magistretti, P. J. (2006). Neuron-glia metabolic coupling and plasticity. J. Exp. Biol.
209, 2304–2311. doi: 10.1242/jeb.02208

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD. Neuron 44, 5–21. doi:
10.1016/j.neuron.2004.09.012

Malone, J. I., Hanna, S. K., and Saporta, S. (2006). Hyperglycemic brain injury in
the rat. Brain Res. 1076, 9–15. doi: 10.1016/j.brainres.2005.12.072

Maren, S. (2015). Out with the old and in with the new: synaptic mechanisms of
extinction in the amygdala. Brain Res. 1621, 231–238. doi: 10.1016/j.brainres.
2014.10.010

Mattson, M. P. (2007). Calcium and neurodegeneration. Aging Cell 6, 337–350.
doi: 10.1111/j.1474-9726.2007.00275.x

Mattson, M. P., and Chan, S. L. (2003). Neuronal and glial calcium signaling in
Alzheimer’s disease. Cell Calcium. 34, 385–397. doi: 10.1016/S0143-4160(03)
00128-3

McKay, B. M., Matthews, E. A., Oliveira, F. A., and Disterhoft, J. F. (2009). Intrinsic
Neuronal Excitability Is Reversibly Altered by a Single Experience in Fear
Conditioning. J. Neurophysiol. 102, 2763–2770. doi: 10.1152/jn.00347.2009

McKinney, B. C., Sze, W., Lee, B., and Murphy, G. G. (2009). Impaired long-term
potentiation and enhanced neuronal excitability in the amygdala of CaV1.3
knockout mice. Neurobiol. Learn. Mem. 92, 519–528. doi: 10.1016/j.nlm.2009.
06.012

McLeod, S. (2018). Jean Piaget’s Theory of Cognitive Development. Avalible at:
https://www.simplypsychology.org/piaget.html (accessed May 22, 2019).

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for
the brain: the role of glucose in physiological and pathological brain function.
Trends Neurosci. 36, 587–597. doi: 10.1016/j.tins.2013.07.001

Mintz, I. M., Adams, M. E., and Bean, B. P. (1992). P-type calcium channels in rat
central and peripheral neurons. Neuron 9, 85–95. doi: 10.1016/0896-6273(92)
90223-z

Moosmang, S., Haider, N., Klugbauer, N., Adelsberger, H., Langwieser, N., Müller,
J., et al. (2005). Role of hippocampal Cav1.2 Ca2+ channels in NMDA receptor-
independent synaptic plasticity and spatial memory. J. Neurosci. 25, 9883–9892.
doi: 10.1523/JNEUROSCI.1531-05.2005

Moreira-Lobo, D. C., Cruz, J. S., Silva, F. R., Ribeiro, F. M., Kushmerick, C.,
and Oliveira, F. A. (2017). Thiamine deficiency increases Ca2+ current and
CaV1.2 L-type Ca2+ channel levels in cerebellum granular neurons. Cell. Mol.
Neurobiol. 37, 453–460. doi: 10.1007/s10571-016-0378-8

Morris, J. K., Vidoni, E. D., Honea, R. A., and Burns, J. M. (2014).
Impaired glycemia increases disease progression in mild cognitive impairment.
Neurobiol. Aging 35, 585–589. doi: 10.1016/j.neurobiolaging.2013.09.033

Mumby, D. G., Gaskin, S., Glenn, M. J., Schramek, T. E., and Lehmann, H. (2002).
Hippocampal damage and exploratory preferences in rats: memory for objects,
places, and contexts. Learn. Mem. 9, 49–57. doi: 10.1101/lm.41302

Muramatsu, R., Ueno, M., and Yamashita, T. (2009). Intrinsic regenerative
mechanisms of central nervous system neurons. Biosci. Trends 3, 179–183.

Nadel, L., and Hardt, O. (2004). The spatial brain. Neuropsychology 18, 473–476.
doi: 10.1037/0894-4105.18.3.473

Naganathan, S., and Gossman, W. (2017). Hypercalcemia. Available at: http://www.
ncbi.nlm.nih.gov/pubmed/28613465 (accessed May 22, 2019).

Nair, H. P., and Gonzalez-Lima, F. (1999). Extinction of behavior in infant rats:
development of functional coupling between septal, hippocampal, and ventral
tegmental regions. J. Neurosci. 19, 8646–8655. doi: 10.1523/JNEUROSCI.19-
19-08646.1999

Nanou, E., and Catterall, W. A. (2018). Calcium channels, synaptic plasticity,
and Neuropsychiatric Disease. Neuron 98, 466–481. doi: 10.1016/j.neuron.2018.
03.017

Nehlig, A. (1997). Cerebral energy metabolism, glucose transport and blood flow:
changes with maturation and adaptation to hypoglycaemia. Diabetes Metab.
851, 18–29.

Newhouse, P., Newhouse, C., and Astur, R. S. (2007). Sex differences in visual-
spatial learning using a virtual water maze in pre-pubertal children. Behav.
Brain Res. 183, 1–7. doi: 10.1016/J.BBR.2007.05.011

Nijland, P. G., Michailidou, I., Witte, M. E., Mizee, M. R., Van Der Pol, S. M. A., Van
Het Hof, B., et al. (2014). Cellular distribution of glucose and monocarboxylate
transporters in human brain white matter and multiple sclerosis lesions. GLIA
62, 1125–1141. doi: 10.1002/glia.22667

Nijland, P. G., Molenaar, R. J., van der Pol, S. M. A., van der Valk, P., van
Noorden, C. J. F., de Vries, H. E., et al. (2015). Differential expression of glucose-
metabolizing enzymes in multiple sclerosis lesions.Acta Neuropathol. Commun.
3:79. doi: 10.1186/s40478-015-0261-8

Núñez, M. T., and Hidalgo, C. (2019). Noxious iron-calcium connections in
neurodegeneration. Front. Neurosci. 13:48. doi: 10.3389/fnins.2019.00048

Oh, M. M., Oliveira, F. A., Waters, J., and Disterhoft, J. F. (2013). Altered calcium
metabolism in aging CA1 hippocampal pyramidal neurons. J. Neurosci. 33,
7905–7911. doi: 10.1523/JNEUROSCI.5457-12.2013

O’Keefe, J., and Nadel, L. (1978). The Hippocampus as a Cognitive Map. Oxford:
Oxford University.

Oliveira, F. A., Galan, D. T., Ribeiro, A. M., and Santos Cruz, J. (2007). Thiamine
deficiency during pregnancy leads to cerebellar neuronal death in rat offspring:
role of voltage-dependent K+ channels. Brain Res. 1134, 79–86. doi: 10.1016/j.
brainres.2006.11.064

Owen, L., and Sunram-Lea, S. I. (2011). Metabolic agents that enhance ATP
can improve cognitive functioning: a review of the evidence for glucose,
oxygen, pyruvate, creatine, and l-carnitine. Nutrients 3, 735–755. doi: 10.3390/
nu3080735

Park, P., Volianskis, A., Sanderson, T. M., Bortolotto, Z. A., Jane, D. E., Zhuo, M.,
et al. (2014). NMDA receptor-dependent long-term potentiation comprises a
family of temporally overlapping forms of synaptic plasticity that are induced
by different patterns of stimulation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369,
20130131. doi: 10.1098/rstb.2013.0131

Parslow, D. M., Morris, R. G., Fleminger, S., Rahman, Q., Abrahams, S., and Recce,
M. (2005). Allocentric spatial memory in humans with hippocampal lesions.
Acta Psychol. 118, 123–147. doi: 10.1016/J.ACTPSY.2004.10.006

Pearson-Leary, J., and McNay, E. C. (2016). Novel roles for the insulin-regulated
glucose transporter-4 in hippocampally dependent memory. J. Neurosci. 36,
11851–11864. doi: 10.1523/JNEUROSCI.1700-16.2016

Perantie, D. C., Lim, A., Wu, J., Weaver, P., Warren, S. L., Sadler, M., et al. (2008).
Effects of prior hypoglycemia and hyperglycemia on cognition in children with
type 1 diabetes mellitus. Pediatr. Diabetes 9, 87–95. doi: 10.1111/j.1399-5448.
2007.00274.x

Piaget, J. (1936). Origins of Intelligence in the Child. London: Routledge & Kegan
Paul.

Piekarski, D. J., Johnson, C. M., Boivin, J. R., Thomas, A. W., Lin, W. C., Delevich,
K., et al. (2017). Does puberty mark a transition in sensitive periods for plasticity
in the associative neocortex? Brain Res. 1654, 123–144. doi: 10.1016/j.brainres.
2016.08.042

Piper, B. J., Acevedo, S. F., Craytor, M. J., Murray, P. W., and Raber, J. (2010).
The use and validation of the spatial navigation memory Island test in primary
school children. Behav. Brain Res. 210, 257. doi: 10.1016/J.BBR.2010.02.040

Frontiers in Aging Neuroscience | www.frontiersin.org 17 September 2019 | Volume 11 | Article 253

https://doi.org/10.1038/tp.2016.296
https://doi.org/10.1111/j.2044-8295.1998.tb02697.x
https://doi.org/10.1111/j.2044-8295.1998.tb02697.x
https://doi.org/10.1348/000712603767876244
https://doi.org/10.1348/000712603767876244
https://doi.org/10.1523/JNEUROSCI.20-19-07394.2000
https://doi.org/10.1186/s13041-017-0337-4
https://doi.org/10.1016/j.brainres.2014.02.008
https://doi.org/10.1002/1097-4547(20001115)62:4<574::aid-jnr12>3.0.co;2-0
https://doi.org/10.1002/1097-4547(20001115)62:4<574::aid-jnr12>3.0.co;2-0
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.1615/CritRevNeurobiol.v18.i1-2.80
https://doi.org/10.1242/jeb.02208
https://doi.org/10.1016/j.neuron.2004.09.012
https://doi.org/10.1016/j.neuron.2004.09.012
https://doi.org/10.1016/j.brainres.2005.12.072
https://doi.org/10.1016/j.brainres.2014.10.010
https://doi.org/10.1016/j.brainres.2014.10.010
https://doi.org/10.1111/j.1474-9726.2007.00275.x
https://doi.org/10.1016/S0143-4160(03)00128-3
https://doi.org/10.1016/S0143-4160(03)00128-3
https://doi.org/10.1152/jn.00347.2009
https://doi.org/10.1016/j.nlm.2009.06.012
https://doi.org/10.1016/j.nlm.2009.06.012
https://www.simplypsychology.org/piaget.html
https://doi.org/10.1016/j.tins.2013.07.001
https://doi.org/10.1016/0896-6273(92)90223-z
https://doi.org/10.1016/0896-6273(92)90223-z
https://doi.org/10.1523/JNEUROSCI.1531-05.2005
https://doi.org/10.1007/s10571-016-0378-8
https://doi.org/10.1016/j.neurobiolaging.2013.09.033
https://doi.org/10.1101/lm.41302
https://doi.org/10.1037/0894-4105.18.3.473
http://www.ncbi.nlm.nih.gov/pubmed/28613465
http://www.ncbi.nlm.nih.gov/pubmed/28613465
https://doi.org/10.1523/JNEUROSCI.19-19-08646.1999
https://doi.org/10.1523/JNEUROSCI.19-19-08646.1999
https://doi.org/10.1016/j.neuron.2018.03.017
https://doi.org/10.1016/j.neuron.2018.03.017
https://doi.org/10.1016/J.BBR.2007.05.011
https://doi.org/10.1002/glia.22667
https://doi.org/10.1186/s40478-015-0261-8
https://doi.org/10.3389/fnins.2019.00048
https://doi.org/10.1523/JNEUROSCI.5457-12.2013
https://doi.org/10.1016/j.brainres.2006.11.064
https://doi.org/10.1016/j.brainres.2006.11.064
https://doi.org/10.3390/nu3080735
https://doi.org/10.3390/nu3080735
https://doi.org/10.1098/rstb.2013.0131
https://doi.org/10.1016/J.ACTPSY.2004.10.006
https://doi.org/10.1523/JNEUROSCI.1700-16.2016
https://doi.org/10.1111/j.1399-5448.2007.00274.x
https://doi.org/10.1111/j.1399-5448.2007.00274.x
https://doi.org/10.1016/j.brainres.2016.08.042
https://doi.org/10.1016/j.brainres.2016.08.042
https://doi.org/10.1016/J.BBR.2010.02.040
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00253 September 9, 2019 Time: 15:31 # 18

Holahan et al. Sensitive Developmental Periods and the Lifespan

Piper, B. J., Acevedo, S. F., Edwards, K. R., Curtiss, A. B., McGinnis, G. J., and Raber,
J. (2011). Age, sex, and handedness differentially contribute to neurospatial
function on the memory Island and novel-image novel-location tests. Physiol.
Behav. 103, 513–522. doi: 10.1016/j.physbeh.2011.03.024

Pratt, J., Winchester, C., Egerton, A., Cochran, S., and Morris, B. (2008). Modelling
prefrontal cortex deficits in schizophrenia: implications for treatment. Br. J.
Pharmacol. 153, 465–470. doi: 10.1038/bjp.2008.24

Pugh, C. R., and Rudy, J. W. (1996). A developmental analysis of contextual
fear conditioning. Dev. Psychobiol. 29, 87–100. doi: 10.1002/(sici)1098-
2302(199603)29:2<87::aid-dev1>3.0.co;2-h

Raineki, C., Holman, P. J., Debiec, J., Bugg, M., Beasley, A., and Sullivan, R. M.
(2010). Functional emergence of the hippocampus in context fear learning in
infant rats. Hippocampus 20, 1037–1046. doi: 10.1002/hipo.20702

Rudy, J. W. (1993). Contextual conditioning and auditory cue conditioning
dissociate during development. Behav. Neurosci. 107, 887–891. doi: 10.1037/
0735-7044.107.5.887

Rudy, J. W., and Morledge, P. (1994). Ontogeny of contextual fear conditioning in
rats: implications for consolidation, infantile amnesia, and hippocampal system
function. Behav. Neurosci. 108, 227–234. doi: 10.1037/0735-7044.108.2.227

Rudy, J. W., Stadler-Morris, S., and Albert, P. (1987). Ontogeny of spatial
navigation behaviors in the rat: dissociation of "proximal"- and "distal"-
cue-based behaviors. Behav. Neurosci. 101, 62–73. doi: 10.1037/0735-7044.
101.1.62

Ryan, C. M., and Williams, T. M. (1993). Effects of insulin-dependent diabetes
on learning and memory efficiency in adults. J. Clin. Exp. Neuropsychol. 15,
685–700. doi: 10.1080/01688639308402589

Schapiro, S., Salas, M., and Vukovich, K. (1970). Hormonal effects on ontogeny of
swimming ability in the rat: assessment of central nervous system development.
Science 168, 147–150.

Schlessinger, A. R., Cowan, W. M., and Gottlieb, D. I. (1975). An autoradiographic
study of the time of origin and the pattern of granule cell migration in the
dentate gyrus of the rat. J. Comp. Neurol. 159, 149–175. doi: 10.1002/cne.
901590202

Schnellmann, R. G., and Covington, M. D. (2010). “Calcium and Proteases,” in
Comprehensive Toxicology. Amsterdam: Elsevier:, 587–608.

Sengupta, P. (2013). The laboratory rat: relating its age with human’s. Int. J. Prev.
Med. 4, 624–630.

Shonkoff, J. P., Boyce, W. T., and McEwen, B. S. (2009). Neuroscience, molecular
biology, and the childhood roots of health disparities. JAMA 301, 2252. doi:
10.1001/jama.2009.754

Shonkoff, J. P., and Phillips, D. A. (2000). From Neurons to Neighborhoods:
The Science of Early Childhood Development. Available at: http://www.nap.edu
(accessed May 23, 2019).

Simpson, I. A., Chundu, K. R., Davies-Hill, T., Honer, W. G., and Davies, P.
(1994). Decreased concentrations of GLUT1 and GLUT3 glucose transporters
in the brains of patients with Alzheimer’s disease. Ann. Neurol. 35, 546–551.
doi: 10.1002/ana.410350507

Sjöström, P., and Nelson, S. (2002). Spike timing, calcium signals and synaptic
plasticity. Curr. Opin. Neurobiol. 12, 305–314. doi: 10.1016/S0959-4388(02)
00325-2

Smith, C. A., and Holahan, M. R. (2014). Reduced hippocampal dendritic spine
density and BDNF expression following acute postnatal exposure to di(2-
ethylhexyl) phthalate in male long evans rats. PLoS One 9:e109522. doi: 10.1371/
journal.pone.0109522

Smith, C. A., MacDonald, A., and Holahan, M. R. (2011). Acute postnatal exposure
to di(2-ethylhexyl) phthalate adversely impacts hippocampal development in
the male rat.Neuroscience 193, 100–108. doi: 10.1016/J.NEUROSCIENCE.2011.
06.082

Stincone, A., Prigione, A., Cramer, T., Wamelink, M. M. C., Campbell, K., Cheung,
E., et al. (2015). The return of metabolism: biochemistry and physiology

of the pentose phosphate pathway. Biol. Rev. 90, 927–963. doi: 10.1111/brv.
12140

Sur, M., and Rubenstein, J. L. R. (2005). Patterning and plasticity of the cerebral
cortex. Science 310, 805–810. doi: 10.1126/science.1112070

Szablewski, L. (2017). Glucose transporters in brain: in health and in Alzheimer’s
Disease. J. Alzheimer’s Dis. 55, 1307–1320. doi: 10.3233/JAD-160841

Thayer, S. A., Usachev, Y. M., and Pottorf, W. J. (2002). Modulating Ca2+
clearance from neurons. Front. Biosci. 7, d1255–d1279. doi: 10.3143/geriatrics.
56.Contents1

Tonkiss, J., Shultz, P., and Galler, J. R. (1992). Long-evans and sprague-dawley rats
differ in their spatial navigation performance during ontogeny and at maturity.
Dev. Psychobiol. 25, 567–579. doi: 10.1002/dev.420250804

Usowicz, M. M., Sugimori, M., Cherksey, B., and Llinás, R. (1992). P-type calcium
channels in the somata and dendrites of adult cerebellar Purkinje cells. Neuron
9, 1185–1199. doi: 10.1016/0896-6273(92)90076-p

van Dyck, L. I., and Morrow, E. M. (2017). Genetic control of postnatal
human brain growth. Curr. Opin. Neurol. 30, 114–124. doi: 10.1097/WCO.
0000000000000405

Vannucci, R. C., and Vannucci, S. J. (2000). Glucose metabolism in the developing
brain. Semin Perinatol 24, 107–115. doi: 10.1053/sp.2000.6361

Verkhratsky, A., and Parpura, V. (2014). Calcium signalling and calcium channels:
evolution and general principles. Eur. J. Pharmacol. 0, 1. doi: 10.1016/J.
EJPHAR.2013.11.013

Verkhratsky, A., and Toescu, E. C. (2003). Endoplasmic reticulum Ca 2+
homeostasis and neuronal death. J. Cell. Mol. Med. 7, 351–361. doi: 10.1111/
j.1582-4934.2003.tb00238.x

Wartman, B. C., Gervais, N. J., Smith, C., Comba, R., Mumby, D. G., and
Holahan, M. R. (2012a). Enhanced adolescent learning and hippocampal axonal
projections following preadolescent spatial exposure to a water or dry maze.
Brain Res. 1475, 37–48. doi: 10.1016/j.brainres.2012.08.012

Wartman, B. C., Keeley, R. J., and Holahan, M. R. (2012b). Estradiol
treatment in preadolescent females enhances adolescent spatial memory and
differentially modulates hippocampal region-specific phosphorylated ERK
labeling. Neurosci. Lett. 528, 114–119. doi: 10.1016/j.neulet.2012.09.018

Watt, M. J., Weber, M. A., Davies, S. R., and Forster, G. L. (2017). Impact of juvenile
chronic stress on adult cortico-accumbal function: implications for cognition
and addiction. Prog. Neuro Psychopharmacol. Biol. Psychiatry 79, 136–154. doi:
10.1016/j.pnpbp.2017.06.015

Wills, T. J., Cacucci, F., Burgess, N., and O’Keefe, J. (2010). Development of the
hippocampal cognitive map in preweanling rats. Science 328, 1573–1576. doi:
10.1126/science.1188224

Wykes, R., Kalmbach, A., Eliava, M., and Waters, J. (2012). Changes in the
physiology of CA1 hippocampal pyramidal neurons in preplaque CRND8 mice.
Neurobiol. Aging 33, 1609–1623. doi: 10.1016/j.neurobiolaging.2011.05.001

Yiu, G., and He, Z. (2006). Glial inhibition of CNS axon regeneration. Nat. Rev.
Neurosci. 7, 617–627. doi: 10.1038/nrn1956

Zaehle, T., Jordan, K., Wüstenberg, T., Baudewig, J., Dechent, P., and Mast, F. W.
(2007). The neural basis of the egocentric and allocentric spatial frame of
reference. Brain Res. 1137, 92–103. doi: 10.1016/J.BRAINRES.2006.12.044

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Holahan, Tzakis and Oliveira. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 18 September 2019 | Volume 11 | Article 253

https://doi.org/10.1016/j.physbeh.2011.03.024
https://doi.org/10.1038/bjp.2008.24
https://doi.org/10.1002/(sici)1098-2302(199603)29:2<87::aid-dev1>3.0.co;2-h
https://doi.org/10.1002/(sici)1098-2302(199603)29:2<87::aid-dev1>3.0.co;2-h
https://doi.org/10.1002/hipo.20702
https://doi.org/10.1037/0735-7044.107.5.887
https://doi.org/10.1037/0735-7044.107.5.887
https://doi.org/10.1037/0735-7044.108.2.227
https://doi.org/10.1037/0735-7044.101.1.62
https://doi.org/10.1037/0735-7044.101.1.62
https://doi.org/10.1080/01688639308402589
https://doi.org/10.1002/cne.901590202
https://doi.org/10.1002/cne.901590202
https://doi.org/10.1001/jama.2009.754
https://doi.org/10.1001/jama.2009.754
http://www.nap.edu
https://doi.org/10.1002/ana.410350507
https://doi.org/10.1016/S0959-4388(02)00325-2
https://doi.org/10.1016/S0959-4388(02)00325-2
https://doi.org/10.1371/journal.pone.0109522
https://doi.org/10.1371/journal.pone.0109522
https://doi.org/10.1016/J.NEUROSCIENCE.2011.06.082
https://doi.org/10.1016/J.NEUROSCIENCE.2011.06.082
https://doi.org/10.1111/brv.12140
https://doi.org/10.1111/brv.12140
https://doi.org/10.1126/science.1112070
https://doi.org/10.3233/JAD-160841
https://doi.org/10.3143/geriatrics.56.Contents1
https://doi.org/10.3143/geriatrics.56.Contents1
https://doi.org/10.1002/dev.420250804
https://doi.org/10.1016/0896-6273(92)90076-p
https://doi.org/10.1097/WCO.0000000000000405
https://doi.org/10.1097/WCO.0000000000000405
https://doi.org/10.1053/sp.2000.6361
https://doi.org/10.1016/J.EJPHAR.2013.11.013
https://doi.org/10.1016/J.EJPHAR.2013.11.013
https://doi.org/10.1111/j.1582-4934.2003.tb00238.x
https://doi.org/10.1111/j.1582-4934.2003.tb00238.x
https://doi.org/10.1016/j.brainres.2012.08.012
https://doi.org/10.1016/j.neulet.2012.09.018
https://doi.org/10.1016/j.pnpbp.2017.06.015
https://doi.org/10.1016/j.pnpbp.2017.06.015
https://doi.org/10.1126/science.1188224
https://doi.org/10.1126/science.1188224
https://doi.org/10.1016/j.neurobiolaging.2011.05.001
https://doi.org/10.1038/nrn1956
https://doi.org/10.1016/J.BRAINRES.2006.12.044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Developmental Aspects of Glucose and Calcium Availability on the Persistence of Memory Function Over the Lifespan
	Overview
	Functional Plasticity
	Glucose Metabolism

	Precis
	Developmental Definitions
	Cognitive Development
	Development of Allocentric Abilities in Humans
	Development of Allocentric (Spatial) Abilities in Rodents
	Human-Rat Comparison of Developmental Emergence of Spatial-Allocentric Ability

	Neural Substrates That Support the Emergence of Allocentric-Spatial Function
	Axonal Remodeling
	Electrophysiological Plasticity
	Vulnerability and Benefits

	Functional Plasticity and Calcium
	Calcium Channels in the Hippocampus
	Calcium Channels in Other Structures

	Glucose-Mediated Calcium Regulation
	Glucose Changes During Development
	Glucose Availability and Intracellular Calcium
	Glucose-Regulation of Calcium and the Lifespan

	Future Directions and Conclusion
	Author Contributions
	Funding
	References


