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Brain, the most complex organ of the body with the largest neural network, associates its
various parts in memory formation. Hippocampus and neocortex are important for
answering problems with memorized mathematical facts. Hippocampus is more active in
children compared to teenagers and adults. Children use fingers for counting, whereas
adults depend on memory based information for solving a mathematical problem. Various
parts of brain and the connections between these parts like posterior parietal cortex,
ventrotemporal cortex, occipital cortex and prefrontal cortex are important for performance
in mathematics. Neurogenesis in hippocampus plays a significant role in memory and
learning. Exercise increases neurogenesis in hippocampus and in other parts of brain,
which improves learning. Sex hormones affect brain development differentially in male
and female. Sex hormones like estrogen promote neurogenesis by interacting with insulin-
like growth factor-I and also promote development of connections between hippocampus
and other parts of brain. Cathepsin B is a protein mainly involved in intracellular
proteolysis. Exercise increases the expression of Cathepsin B. It crosses the blood-brain
barrier and induces neurogenesis. The possible mechanism of its induction after exercise
might involve estrogen receptor signaling pathway. cathepsin B promoter has binding site
for transcription factors like Specificity protein 1 (Sp 1), Erythroblast Transformation
Specific family of transcription factors (ETS) and Upstream Stimulatory Factor (USF).
Estrogen receptor might form complex with Sp1 followed by USF binding on cathepsin B
promoter. Therefore, increase in exercise can induce Cathepsin B expression and promote
neurogenesis which along with practice of mathematical problems can improve
performance in mathematics.

Copyright©2017 Debjani Mandal et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

sums, whereas teenagers and adults with more connections

The most complex organ of our body is brain. It comprises of
the largest neural network of the body. Various parts of the
brain are associated with the formation of memory. For
instance, hippocampus deals with long term memory and
establishes a connection between memory and emotions.
Neocortex is associated with learning languages, sensory
perceptions, spatial reasoning and conscious thoughts.
Contrary to the adults and the teenagers, hippocampus in
children shows more activity. Children use fingers to count
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between hippocampus and neocortex, use memorized
mathematical facts or memory based information to solve a
problem [Geary DC et al., 2004; Quin S et al., 2014]. This is
due to the fact that, as the child ages the activity of the
hippocampus and the prefrontal-parietal engagement
decreases, whereas connections between multiple cortical
regions and hippocampus increase. This leads to a change in
the strategy used for solving mathematical problems, from
counting fingers to use of memorized mathematical facts
(Figure 1). Brain characteristics strongly affect the ability of
a person to solve mathematical problems. Proficiency in
mathematics can be predicted from the development of
posterior parietal cortex, ventrotemporal cortex, occipital
cortex and prefrontal cortex. Individuals show variation in
these regions in terms of volume; greater the gray matter
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better will be the performance in mathematics over time.
Therefore, various regions of the brain, their respective
volumes and the connections between these regions are
significant determinant of performance in mathematics. Girls
and boys can perform equally well in mathematics. There is
no gender bias with respect to performance in mathematics
[Devine A et al., 2012]. However, high levels of mathematics
anxiety have been reported in girls. An inverse relationship
has been suggested between mathematics anxiety and
performance in mathematics [Carey E et al., 2015].
Therefore, mathematics anxiety might reduce the performance
of girls in mathematics [Devine A et al., 2012].

Subject

Children | Teenagers Adults

Parts of brain l

Hippocampus Activity

Prefrontal-Parietal
Engagement
Connection of Hippocampus
with other parts of brain
Strategy used to solve a
mathematical problem

Uses memorized
mathematical facts

Count fingers

Figure 1. Activity, engagement and connection of various parts of the
brain in different age groups, while solving a mathematical problem

Exercise increases neurogenesis

Neurogenesis in hippocampus influences hippocampus
dependent learning and memory. Hippocampal neurogenesis
is induced by long term aerobic training. Exercise also
improves learning [Hwang DS et al., 2016]. Genetic
constitution of an individual regulates extent of response of

neurogenesis to physical exercise [Nokia MS et al., 2016].
Exercise promotes cell proliferation, neuron growth and
expression of various neurotrophic signaling molecules like
BDNF (Brain Derived Neurotrophic factor), GDNF (Glial cell
line Derived Neurotrophic Factor), VEGF (Vascular
Endothelial Growth Factor), IGF-I (Insulin-like Growth
Factor-I) and C-Fos [van Praag H et al., 1999; Lee TM et al.,
2014]. These signaling molecules promote blood vessels
formation in the brain and neurogenesis in adults. Aerobic
exercise also increases the volume of gray matter in various
parts of brain like in prefrontal cortex, hippocampus, parietal
cortex and cerebellum [Gomez-Pinilla F and Hillman C,
2013]. All these factors lead to improvement of cognitive
behavior, spatial memory and working memory with the
enhancement of academic performance in children (Figure 2).

Role of estrogen in neurogenesis

Neurogenesis in hippocampus is also affected by sex
hormones, differentially in male and female [Barker JM and
Galea LA, 2008]. Choroid plexus is the interface between
blood and cerebrospinal fluid. It releases various signaling
molecules which regulate behavior of neural stem cells
[Johansson PA, 2014]. Estrogen and androgen influence the
biological functions of choroid plexus, thereby playing a vital
role in brain development [Santos CR et al, 2017]. Adult
hippocampal neurogenesis can also be regulated by
interaction between growth factors and hormones. For
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example, insulin-like growth factor-I and estradiol (the
predominant estrogen during reproductive years in terms of
estrogenic activity) has been found to promote neurogenesis
in hippocampus [Garcia-Segura LM et al, 2010]. Such kind
of interactions may also regulate various brain development
and neuroplastic events. Estradiol can increase the
proliferation and differentiation of new neurons, which
promotes the connections of hippocampus with other parts of
the brain in a sex specific manner [Kight KE and McCarthy
MM, 2017]. Thus, sex hormones like estrogen can influence
hippocampus dependent cognition, spatial and contextual
memory by promoting neurogenesis.
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Figure 2 Role of exercise andestrogen in neurogenesis and
subsequent performance in mathematics

Cathepsin B and Neurogenesis under Estrogen Receptor
Signaling

Cathepsin B is a lysosomal cysteine protease mainly involved
in intracellular proteolysis. It is encoded by ctsb gene. It is
over expressed in various cancers. Recently, Cathepsin B
protein expression has been found to be upregulated in muscle
and blood of mice, monkey and human after doing exercise
[Moon HY et al., 2016]. Cathepsin B can cross blood-brain
barrier and can increase the expression of molecules
important for neurogenesis. Increased Cathepsin B level
improves performance on complex recall tasks, such as
drawing from memory. Though no previous study have
reported that Cathepsin B expression is induced downstream
to estrogen signaling, transcription of ctsd gene (encodes a
lysosomal aspartyl protease Cathepsin D) is induced by
formation of estrogen receptor- Spl (transcription factor
Specificity protein 1) complex followed by binding of USF
(Upstream Stimulatory Factor) 1 and 2 on ctsd promoter in
breast cancer cells [Xing W and Archer TK, 1998; Safe S,
2001; Wang F et al., 2001]. ctsb promoter possesses the
binding sites for Spl, ETS (Erythroblast Transformation
Specific family of transcription factors) and USF (Figure 2)
[Yan S et al., 2000]. Also, Cathepsin B expression increases
with increase in expression of estrogen receptor in breast
cancer cells [Sun T et al., 2016]. Therefore, from the above
evidences it can be hypothesized that Cathepsin B over
expression can be induced downstream of estrogen signaling
pathway upon exercise, leading to neurogenesis in
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hippocampus and other parts of brain. This along with
practice of mathematical problems can improve performance
in mathematics.

DISCUSSION

Brain, the most complex organ of our body determines our
performance in mathematics. Children have more active
hippocampus compared to adults and teenagers. They use
fingers to count sums, whereas adults depend on memory
based mathematical facts for solving a mathematical problem.
There is no gender bias with respect to performance in
mathematics. However, girls are reported to show high level
of mathematics anxiety, which can decrease their performance
in mathematics. Various studies have highlighted the
significance of neurogenesis in memory and learning.
Neurogenesis in hippocampus and other parts of brain is
induced by exercise. Aerobic training promotes cell
proliferation, neuron growth and expression of various
neurotrophic signaling molecules in brain. It also increases
gray matter volume in various parts of the brain like in
prefrontal cortex, hippocampus, parietal cortex and
cerebellum. This improves cognitive behaviour, spatial
memory and working memory leading to better academic
performance in children. Sex hormones like estrogen
influence hippocampus dependent cognition, spatial and
contextual memory, by promoting neurogenesis. Estrogen and
androgen influence the biological functions of choroid plexus.
Estradiol interacts with IGF-I and promotes neurogenesis in
hippocampus. Cathepsin B is a lysosomal cysteine protease
involved in intracellular proteolysis. Cathepsin B can increase
the expression of various molecules important for
neurogenesis. Increase in Cathepsin B level improves the
performance on complex recall tasks, such as drawing from
memory. Cathepsin B is encoded by ctsb gene, which has
Spl, ETS and USF binding elements on its promoter.
Cathepsin B expression increases with increase in expression
of estrogen receptor in breast cancer cells. It can be
hypothesized that Cathepsin B expression can be induced
downstream of estrogen receptor signaling pathway upon
exercise, by formation of Spl-estrogen receptor complex
followed by binding of USF 1 and 2 on the ctsh gene
promoter, as it happens in case of ctsd gene (gene encoding
Cathepsin D protein). Further research is needed to
understand the role of Cathepsin B in neurogenesis and how it
leads to better performance in mathematics.
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