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Mapping of folic acid in the children brainstem
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Abstract: Using highly specific antisera, the neuroanatomical distribution of folic acid (FA) and retinoic acid (RA) has been
studied for the first time in the children brainstem. Neither immunoreactive structures containing RA nor immunoreactive
fibers containing FA were found. FA-immunoreactive perikarya (fusiform, small/medium in size, one short dendrite) were
only found in the pons in three regions: central gray, reticular formation, and locus coeruleus. The number of cell bodies
decreased with age. In the first case studied (2 years), a moderate density of cell bodies was observed in the central gray and
reticular formation, whereas a low density was found in the locus coeruleus. In the second case (6 years), a low density of these
perikarya was observed in the central gray, reticular formation, and locus coeruleus. In the third case (7 years), a low density
of FA-immunoreactive cell bodies was found in the central gray and reticular formation, whereas in the locus coeruleus no
immunoreactive cell bodies were observed. The distribution of FA in the central nervous system of humans and monkeys
is different and, in addition, in these species the vitamin was located in different parts of the nerve cells. The restricted
distribution of FA suggests that the vitamin is involved in specific physiological mechanisms.
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Introduction

Vitamins are complex structures with a variety of func-
tions and, in nature, show a wide distribution. Although
the metabolic role played by vitamins (acting as coenzymes
or cofactors) in many reactions is well known [1, 2], the
knowledge on the neuroanatomical localization of these
molecules in the mammalian brain is lesser. In recent years,
due to the development of new highly specific antibodies
against vitamins, the neuroanatomical distribution of these
compounds in the mammalian central nervous system has
become a promising line of research [3-10]. In this sense, the
distribution of fibers and cell bodies containing folic acid
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(FA), retinoic acid (RA) (a metabolite of retinol or vitamin A),
thiamine (vitamin B,)), riboflavin (vitamin B,), nicotinamide
(the amide of nicotinic acid or vitamin B,), pantothenic acid
(vitamin B;), pyridoxal/pyridoxine (natural forms of vitamin
By) or vitamin C has been reported in the brain of rats, mon-
keys and humans. Most of the previous studies were per-
formed in the central nervous system of monkeys [3-9, 11].
The knowledge on the anatomical distribution of vitamins
leads to gain insight into the role played by these compounds
(e.g. excitatory and/or neurotrophic actions) in the mamma-
lian central nervous system regions in which the presence of
vitamins is found. The neuroanatomical distribution of FA
and RA has been respectively reported in the monkey and
rat brains [6, 10] and vitamin C has been the only vitamin
studied to date in humans (children brainstem) [5]. Thus,
currently no study on the neuroanatomical distribution of
both FA and RA has been performed in the human central
nervous system.

FA acts as cofactor/coenzyme (e.g involved in the biosyn-
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thesis of thymidylate, methionine and purine nucleotides, in
the reduction/oxidation of single carbon units), it is widely
distributed in foods and its intake (high concentration) can
prevent defects in the neural tube, vascular diseases and
cancer and, in addition, FA has been involved in the prolif-
eration/apoptosis of astrocytes and in neurodegenerative dis-
eases (e.g. Parkinson, Alzheimer) [6, 12-16]. In Alzheimer’s
disease, FA dietary deficiency affected the accumulation of
B-amyloid [17, 18], whereas in Parkinson’s disease the in-
take of FA promoted a neuroprotective effect [19, 20]. In the
monkey brain [6], only immunoreactive fibers containing FA
were located in the brainstem and thalamus and the authors
of this study suggested that FA could be involved in somato-
sensorial, motor, visual and auditory mechanisms. Thus,
although it must be confirmed in future studies, it seems
that according to the neuroanatomical studies performed in
the mammalian brain vitamins could be involved in mecha-
nisms other than pure metabolic actions. Regarding the RA,
this vitamin is synthesized from retinol (vitamin A), which
in turn is required by vertebrates for normal tissue develop-
ment and maintenance [21-24]. In mammals, the distribu-
tion of RA has been indirectly detected by demonstrating the
presence of RA-synthesizing enzymes (retinaldehyde dehy-
drogenases); however, in 2012, an antiserum directed against
RA was developed by our group and the presence of RA was
directly detected by using immunohistochemical methods
in the rat brain [10]. In this study, only cell bodies containing
RA were detected in the hypothalamus. In addition, by using
high performance liquid chromatography this vitamin has
been also detected in the hippocampus, striatum, cerebel-
lum, testis, kidney and liver [25, 26].

According to the data reported above, no information is
currently available on the neuroanatomical distribution of
FA and RA in the human brain. Thus, in order to increase
our knowledge about this distribution our aim is to study by
using immunohistochemical techniques the distribution of
both vitamins in humans. The results of this study will serve
to gain information about the possible unsuspected physi-
ological actions mediated by both vitamins.

Materials and Methods

The experimental design, procedures and protocols of this
work have been performed under the guidelines of the ethic
and legal recommendations of the Colombian legislation
(Resol. 8430/1993) and in accordance with the Helsinki dec-
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laration. Furthermore, this work was approved by the Ethic
Committee of the University of Santander (UDES, Bucara-
manga, Colombia) (Act 023-17). In this study, three brains
of male children (2, 6, and 7 years old) who died respectively
from respiratory failure, dengue, and drowning by immer-
sion were used. According to the Colombian legislation
brains were collected, from routine autopsies, within 24-48
hours after death (University of Santander, Bucaramanga,
Colombia). In all cases, the pathological reports showed no
evidence of neurological diseases.

The brain of each subject was removed and later the
brainstem was dissected out. As previously described [5],
brainstems were immersed in 10% formalin (three weeks
at 4°C) to keep them preserved and then transferred to 4%
formaldehyde in 0.1 M phosphate buffer-saline (PBS; pH
7.4) (for 30 days at 4°C). After fixation, brainstems were kept
in PBS at 4°C and cryoprotected in increasing sucrose solu-
tions (5%-30%) until they sank. Brainstems were cut using
a cryostat (Leica CM1860): 50 um thick coronal sections
were taken, collected in PBS, kept at 4°C, and processed for
immunostaining. One-in-six sections were mounted onto

adhesive slides for Nissl staining.

Immunohistochemistry

As previously described [5, 6, 10, 27], free floating sections
were treated with distilled water containing H,0O, (30%),
NH, (20%) and NaOH (1%) for 20 minutes in order to avoid
interference with endogenous peroxidases [28]. Sections were
washed for 20 minutes in PBS (0.15 M; pH 7.2) and pre-incu-
bated for 30 minutes in PBS containing Triton X-100 (0.3%)
and normal horse serum (2%). Sections were incubated
overnight (4°C) in the above mixture containing the anti-FA
antiserum (diluted 1:500) or the anti-RA antiserum (diluted
1:500). Following this, sections were washed in PBS (30 min-
utes) and incubated at room temperature with biotinylated
anti-rat (FA) or anti-rabbit (RA) immunogammaglobulins
(Vector; Vector Laboratories, Burlingame, CA, USA) diluted
1/200 in PBS (60 minutes). Then, sections were washed in
PBS (30 minutes), incubated for 60 minutes with avidin-
biotin-peroxidase complex (Vectastain, Vectastain standard
ABC kit, diluted 1/100; Vector Laboratories), washed in PBS
(30 minutes) and Tris-HCI buffer (pH 7.6; 15 minutes) and
the tissue-bound peroxidase was developed with H,O, using
3, 3’ diaminobenzidine as chromogen. Finally, sections were
rinsed with PBS, dehydrated and coverslipped with Entellan.

In addition, in brainstem sections the heat-induced epi-
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tope retrieval (HIER) method was performed [29]. Thus, a
container with Tris-EDTA recovery buffer (10 nM Tris, 1
mM EDTA, 0.05% Triton X-100, pH 9.0) was preheated in a
rice cooker with water until reaching 97°C. Then, sections
were carefully soaked in the buffer for 40 minutes. Later, the
container with the samples was removed and the tap water
was allowed to run for about 10 minutes until it cools. Fi-
nally, sections were removed and immersed in PBS until the
immunohistochemistry technique was performed.

Specificity of the antisera

The immunological properties of the polyclonal primary
FA and RA antisera used here have been reported previously
in monkeys (FA) [6] and rats (RA) [10]. Both antibodies were
purchased from commercial sources (Gemacbio S.A., Saint
Jean d’Illac, France) and were raised in rats (FA, reference
AP099) and rabbits (RA, reference: AP057) with their re-
spective bovine serum albumin (BSA) immunogens. Thus,
rats/rabbits were immunized by one injection every 2-3
weeks. Each administration (subcutaneous injection) con-
tained a mixture of 250 pl of complete (only used in the first
immunization)/incomplete Freund adjuvant and 250 pl of an
immunogenic NaCl solution [4, 8]. Serum samples were col-
lected every three weeks and the antisera were pre-purified
by immunoabsorption and precipitated. Later, the antibodies
raised were characterized in ELISA tests [6, 10]. In both cases
(FA and RA), the antibody avidity (IC,) was rather high (107 M).

As previously reported [6, 10] and in order to prevent non-
specific immunoreactivity due to the anti-carrier antibodies,
the first antiserum was preabsorbed (before the immunohis-
tochemical application) with the respective coupling agent
and carrier protein. Moreover, as previously reported [6], the
specificity of the anti-FA antibody was very high, since the
antiserum discriminated conjugated FA from other conju-
gated molecules (e.g. tetrahydrofolic acid, riboflavin, folinic
acid, methotrexate, BSA) very well. This also occurs for the
anti-RA antibody, since the antiserum discriminated conju-
gated RA from other conjugates molecules (e.g. trans-farne-
syl-cysteine, palmitic acid, myristic acid, oleic acid, BSA) [10].
In the present study, the specificity of the immunostaining
was in addition controlled by omitting the FA antiserum in
the first incubation bath (no residual immunoreactivity was
observed) and by treating the FA antiserum with an excess
(100 mg/ml diluted antiserum) of synthetic FA (no immuno-
reactivity was also observed).

https://doi.org/10.5115/acb.21.016

Ewing Duque-Diaz and Rafael Covenas

Mapping

According to previous works [5, 27, 30], the atlas of Haines
(2012) [31] was used for mapping and nomenclature. One out
of six sections was routinely stained for Nissl substance with
cresyl violet to delineate the brainstem nuclei in which the
immunoreactivity was observed. To determine the density
of the immunoreactive cell bodies in the children brainstem,
perikarya were graded into three categories as previously
reported [27]: high (more than 20 cell bodies/region/section),
moderate (10-20 cell bodies /region/section) and low (less
than 10 cell bodies/region/section). According to the size of
the cell body and, as previously described [27], immunoreac-
tive cell bodies were considered large (>25 um in diameter),
medium-size (15-25 um) and small (<15 pm). Photomicro-
graphs were obtained with an Olympus DP21 digital camera
attached to an Olympus BX43 microscope (Olympus, Tokyo,
Japan). To improve the visualization of the results, only the
contrast and brightness of the images were adjusted (Adobe
Photoshop CS6 Software; Adobe, San Jose, CA, USA), with-
out any further manipulation of the photographs.

Cell count

To determine the number and average of immunoreactive
cell bodies, images were digitized according to the image]
software (developed by the NIH) and available free of charge
on internet [32]. The colour images for each case (2, 6, and 7
years) were loaded into the imageJ software and a duplicate
was made to work on it. Then, a scale adjustment was made
according to the objective with which the images were cap-
tured to calibrate the section area. Following this, shadows
were eliminated and the region to be treated was delimited.
The photographs were converted into an 8-bit image type,
followed by a threshold adjustment and binarization so that
only the counting points remained. Finally, a particle analy-
sis was carried out, giving the sum and average of perikarya.

Results

Neither immunoreactive structures containing RA (fibers
or cell bodies) nor FA-immunoreactive fibers were observed
in the children brainstem. Thus, only cell bodies contain-
ing FA were found and they were exclusively located in the
pons at the level showed in Fig. 1. It is important to remark
that no difference was observed in the distribution of cell
bodies containing FA in the children brainstem when the
HIER method was applied or not. In addition, after applying
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Fig. 1. Distribution of folic acid (FA)-immunoreactive cell bodies in frontal planes of the human pons. Two (A), six (B), and seven years (C). Cell
bodies are represented by closed triangles (moderate density) and closed squares (low density). ALS, anterolateral system; CeGy, central gray;
CTT, central tegmental tract; DTTr, dorsal trigeminothalamic tract; LL, lateral lemniscus; LL/Nu, lateral lemniscus nucleus; LoCer, locus
coeruleus; ML, medial lemniscus; MLF, medial longitudinal fasciculus; SCP, superior cerebellar peduncle; RetF, reticular formation; RuSp,

rubrospinal tract; TecSp, tectospinal tract; TroNr, trochlear nerve, VT Tr, ventral trigeminothalamic tract.

Table 1. Folic acid-immunoreactive cell bodies in the children brainstem

2 years 6 years 7 years
Nuclei Mean ir CB/ . Mean ir CB/ . Mean ir CB/ .
Total no. . Density Total no. . Density Total no. . Density
section section section
GeGy 117 14.625 ++ 47 5.875 + 14 1.750 +
RetF 87 10.75 ++ 34 4.25 + 1 0.125 +
LoCer 12 1.50 + 8 1.00 + 0 0.00 -

ir, immunoreactive; CB, cell bodies; GeGy, central gray (pons); RetF, reticular formation (pons); LoCer, locus coeruleus. In all cases, eight sections were studied.

this method, no immunoreactive structure containing RA
was visualized. In all cases, cell bodies containing FA were
fusiform, small/medium in size and showed in general one
short dendrite. In addition, FA-immunoreactive cells bod-
ies showed a restricted distribution: they were only observed
in the central gray, locus coeruleus and reticular formation
(above the dorsal trigeminothalamic tract). It is important
to note that the number of the immunoreactive cell bodies
varied depending on the age (Table 1). Thus, it was observed
that as the age of the subjects increased, the number of the
immunoreactive-cell bodies decreased (Figs. 1, 2A-C, 3);
however, in the three cases studied the intensity of the im-
munoreactivity was similar.

In the first case (2 years), a moderate density of cell bodies
was observed in the central gray (Figs. 1A, 2A, 3A, B) and in
the reticular formation located above the dorsal trigemino-
thalamic tract (Fig. 2A), whereas a low density was found

in the locus coeruleus (Figs. 2A, 4A). In the second case (6
years), a low density of these perikarya was observed in the
central gray, above the dorsal trigeminothalamic tract (re-
ticular formation) and in the locus coeruleus (Figs. 1B, 2B,
3C, D, 4B). In the third case (7 years), a low density of FA-im-
munoreactive cell bodies was found in the central gray (Figs.
1C, 2C, 3E, F) and reticular formation, whereas in the locus
coeruleus no immunoreactive cell bodies were observed.
Table 1 shows the number and density of cell bodies con-
taining FA in the human brainstem. Thus, the digital analy-
sis of images obtained (eight for each age) showed that for the
two-year-old subject, the total number of immunoreactive
cell bodies in the central gray was 117 (mean 14.625), while
for the reticular formation and locus coeruleus was 87 (mean
10.75) and 12 (mean 1.50), respectively. For the six-year-
old subject, the total number of immunoreactive perikarya
observed was 47 (mean 5.875) in the central gray, 34 (mean
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4.25) in the reticular formation and 8 (mean 1.00) in the lo-
cus coeruleus. Finally, for the seven-year-old subject, a total
number of 14 (mean 1.750) immunoreactive cell bodies were
observed in the central gray, whereas in the reticular forma-
tion 1 (mean 0.125) immunoreactive cell body was observed.
At this age, no immunolabelled cell bodies were observed in
the locus coeruleus.

Discussion

According to the neuroanatomical distribution of vita-
mins in the mammalian brain, it has been suggested that
these compounds could play more important actions than
their well-known metabolic functions [3-6, 10]. Thus, stud-
ies focused on the neuroanatomical distribution of vitamins
in the mammalian central nervous system are important
because, according to this distribution, unexpected actions
of these compounds could be discovered. Here, the map-
ping of FA in the human brainstem is described for the first
time. Immunohistochemistry is a suitable tool to increase
the knowledge on the distribution of vitamins in the mam-
malian central nervous system and, in the future, the neu-
roanatomical findings reported here will contribute to know
the physiological functions in which FA is involved in the
human pons.
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In the last decade, the mapping of immunoreactive struc-
tures containing vitamins (e.g. FA, RA, thiamine, riboflavin,
vitamin C) has been carried out by using highly specific an-
tisera. These works were performed in rats [10, 11], monkeys
[3, 4, 6-9] and humans [5]. The presence of immunoreactive
fibers containing FA, but not cell bodies, has previously
been reported in the adult monkey central nervous system
in the following nuclei/regions: geniculate, pulvinar, ventral
posteromedial, parafascicular, dorsal mesencephalon and
medial thalamus [6]. However, in children, we observed the
presence of cell bodies in only three pontine regions (central
gray, reticular formation, locus coerulus); regions in which
FA immunoreactivity was not observed in monkeys. Thus,
the distribution of FA in the central nervous system of mon-
keys and children is different and, in addition, in these spe-
cies the vitamin was observed in different parts of the nerve
cells. Currently, the reason for the cellular distribution of FA
in humans (cell bodies) and monkeys (fibers) is unknown.
In both species, the distribution of FA-immunoreactive
structures is very restricted, although the distribution is
more widespread in monkeys than in humans. In general,
except in the case of vitamin C (humans), the distribution
of other studied vitamins (e.g pantothenic acid, thiamine,
riboflavin, pyridoxal) is restricted in the mammalian central
nervous system or even a lack of immunoreactivity for some
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vitamins (e.g. pyridoxine, nicotinamide) has been reported

[7-9, 11]. Here, we did not observe immunoreactivity for RA;
however, in rats, the presence of cell bodies containing this
vitamin has been demonstrated in two hypothalamic regions
(paraventricular hypothalamic nucleus, perifornical region)

www.acbjournal.org

Fig. 3. Folic acid (FA)-immunoreacive
cell bodies in the children pons central
gray (CeGy). Two (A), six (C), and seven
(E) years. (B, D, F) Higher magnifications
of the regions delimited by rectangles in
A,C,andE.

Fig. 4. Folic acid (FA)-immunoreactive
perikarya in the children pons. (A)
Locus coeruleus (LoCer) (2 years). (B)
LoCer and central gray (CeGy) (6 years).

[10]. In the latter study, no immunoreactive fibers contain-
ing RA were found. It is important to note that in the studies
performed in rats (RA) [10], monkeys (FA) [6] and here in
children (FA, RA), the same primary antisera and the same
immunohistochemical procedure were used and applied re-
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spectively. Thus, to date, it seems that the distribution of FA
and RA in the mammalian central nervous system is differ-
ent in the species studied and because, except perfusion, the
same methodological procedure (e.g. immunohistochemical
technique, first antisera used) was applied, it seems that the
differences found regarding the neuroanatomical distribu-
tion of FA and RA in the central nervous system of mam-
mals are due to species differences. This must be confirmed
in future studies. Although in general the distribution of
immunoreactive fibers and cell bodies containing vitamins
in the mammalian central nervous system is restricted [3, 4,
6-11], it is important to note that the restricted distribution
of the FA and the lack of immunoreactivity for RA in the
children brainstem could be due to methodological con-
siderations (e.g. cause of death, fixation procedure) that can
mask the epitopes and decrease the binding with the FA/RA
antisera, reducing the intensity/number of the immunoreac-
tive structures. However, it is also important to remark that
the distribution of FA-immunoreactive cell bodies observed
in the children brainstem was the same after applying or
not the HIER procedure. In addition, after applying this
procedure, no immunoreactive structure containing RA was
observed. The post-mortem delay (24-48 hours) could ex-
plain the absence of immunoreactive fibers containing FA/
RA in the children brainstem, the restricted distribution of
perikarya containing FA and the absence of RA-immunore-
active cell bodies. However, in other studies using perfused
experimental animals and in which the post-mortem time
was minimal, the absence of fibers containing vitamins (e.g.
vitamin C, RA) was reported in the mammalian central
nervous system; in these cases, as in the present study, the
immunoreactivity was exclusively observed in perikarya
which showed a very restricted distribution. Other possibil-
ity could be that the immunohistochemical technique used
here is insufficiently sensitive to visualize all the FA/RA
containing profiles because they contain a very low level of
both vitamins. It is also important to note that in our study,
after the post-mortem period, cell structure was well main-
tained. This is in agreement with other studies performed
on the distribution of neuropeptides in the human central
nervous system [33, 34], in which both post-mortem period
(24-48 hours) and experimental procedure (e.g., fixation,
immunohistochemistry) were identical to those performed
in the present study. Thus, in humans and using the same
experimental protocol, the distributions of neuropeptides
and vitamins were widespread and restricted respectively. In
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addition, in the three cases studied here the same distribu-
tion of FA-immunoreactive cell bodies was observed but the
density of these cell bodies was different (the number of cell
bodies decreased with age). Thus, altogether the data suggest
that the perfusion time after death (24-48 hours) did not
affect the distribution of vitamins (FA, RA) in the children
brainstem. However, a decrease in the immunoreactivity for
vitamins due to the post-mortem period (24-48 hours) must
not be discarded.

To date, only one study has reported the neuroanatomi-
cal distribution of a vitamin in humans [5]; in this case, the
distribution of vitamin C was performed in the brainstem of
children during postnatal development [5]. In the latter study
two groups of ages (younger and older than one year of life)
were compared. Like here, immunoreactivity for vitamin C
was only found in cell bodies, but the distribution/number of
these perikarya was more widespread in older children and
this means that the ability to retain vitamin C is maintained
or increased with age. However, the opposite effect was ob-
served for FA: the number of neurons containing FA was
higher in younger children. Although, due to the low num-
ber of cases studied here (one per age), the latter observation
must be confirmed in future studies. Moreover, the distribu-
tion of cell bodies containing vitamin C was widespread in
the brainstem of children, whereas in the same region of the
central nervous system the distribution of FA-immunore-
active perikarya was very restricted. In fact, to date, in the
children brainstem vitamin C showed the most widespread
distribution of a vitamin in the mammalian central nervous
system. It is important to note that cell bodies containing vi-
tamin C were observed in the three pontine regions in which
FA-immunoreactive perikarya were observed; thus, a colo-
calization of cell bodies containing FA or vitamin C occurs.
According to the morphological characteristics of the immu-
noreactive perikarya (e.g. one short dendrite, size), it seems
that FA and vitamin C are located in the same cell bodies
placed, for example, in the pontine central gray; however, the
possible coexistence of both vitamins in nerve cells must be
confirmed in future studies. Another important observation
is that, in general, the neuroanatomical distribution of vita-
mins in the central nervous system of mammals is different
and it seems that the distributions of those fibers/perikarya
containing vitamins are exclusively due to the different pat-
terns of distribution of these vitamins. It is important to note
that in the case of the distribution of vitamin C in the mon-
key brain, cell bodies containing this vitamin was only found



FA in children brainstem

in the somatosensorial cortex (precentral gyrus); thus, the
neuroanatomical distribution of vitamin C is quite different
in monkeys and humans as it has been also mentioned above
regarding the distribution of FA in both species.

The specificity of the immunoreactivity observed here, in
addition to the histological controls performed, has previ-
ously been confirmed by using other techniques (e.g. ELISA)
(6, 10]. Applying the latter method, antibody specificity and
avidity were confirmed. The protein carrier-coupling agent
was considered as a competitor to avoid background and this
means that the immunoreactivity observed for FA is specific
and that it has nothing to do with the methodological pro-
tocol or with the previous processing of the tissue. Thus, the
FA antiserum recognizes the target in a very specific man-
ner because the antiserum shows a low cross-reactivity with
molecules with similar structures (e.g. tetrahydrofolic acid,
folinic acid) [6]. FA antiserum was pre-purified by immuno-
absorption and no change in the specificity of the antibody
was found as a result of this process.

Currently, the functional and specific roles of FA in the
children brainstem are unknown. Thus, more neuroanatom-
ical and physiological studies are required to know the func-
tional roles played by FA; however, the restricted distribution
of the vitamin in the children brainstem suggests that FA is
involved in specific physiological actions which may vary
according to the nuclei/regions in which this vitamin was lo-
cated. For example, the presence of FA in the locus coeruleus
suggests that the vitamin could be involved in the modula-
tion of catecholaminergic function (e.g. synthesis of nor-
adrenaline, at least during the first years of life) [5, 27]. The
antioxidant properties of FA have been linked to the preven-
tion of various disorders and it is known that the develop-
ment of the vertebrate central nervous system depends on FA
optimal levels because the vitamin prevents neural tube de-
fects and for this reason a diet containing FA is required for
a normal brain function [35]. In humans, FA deficiency has
been associated with neural tube defects (spina bifida, anen-
cephaly, encephalocele) during early embryonic development
[36]. These defects are induced by the monoubiquitination of
the histone H2A (H2AK119ubl) which, in turn, affects the
expression of genes related to neural tube closure [15]. The
administration of FA stimulates pyrimidine and purine syn-
thesis and the methylation of key macromolecules contribut-
ing to an early development of the nervous system [37]. In
rats, it has been reported that the imbalance of nutrients (e.g.
folates) in pregnant females showing normal or excess levels
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of FA leads to a reduction in the level of mRNAs/proteins
(e.g nerve growth factor, brain-derived neurotrophic factor)
in the neonate brains [38]. In rodents, FA modulates cellu-
lar behavior in the nervous system, for example, generating
chemotactic responses in the glia, inducing the release of
neurotrophins and stimulating the cell differentiation of the
PC-12 system [39]. It has been reported that a high metabolic
rate of folates (including FA) does not allow their long-term
storage in the body [40] and it seems that brainstem neurons
metabolize FA during gestation periods (fetal and placen-
tal periods) allowing neurogenesis and neuroprotection, as
well as avoiding the risk of malformations. FA and folate
deficiencies have been related to neurodegenerative diseases
and psychiatric disorders [17, 18, 20, 41]. In this sense, using
a murine model of Alzheimer’s disease it has been reported
that a dietary folate deficiency significantly increased ho-
mocysteine levels, which allowed a significant acceleration
of the amyloidotic phenotype [18]. Moreover, in a mouse
experimental model, it has been reported that a deficit in FA
allowed a modulation of microRNAs (miR-106a-5p, miR-
200b-3p, miR-339-5p) associated with the accumulation of
the amyloid precursor protein [17]. In rodents, a dietary FA
supplementation promoted a neuroprotective effect and at-
tenuated the severity of 6-OHDA-induced Parkinsonism
[19] and in patients diagnosed with a first episode of schizo-
phrenia, low folate and high homocysteine levels have been
reported, compounds that can play an important role in the
process of neurological development and in the clinical man-
ifestation of this disorder [41]. Several studies have reported a
relationship between FA deficiency and cerebral ischemia [16,
42]. Thus, in rodents with brain injury (after cerebral isch-
emia) and with a poor FA diet, the deficiency in this vitamin
promoted an important injury in cortical neurons and the
up-regulation of the LC3-II/LC3-I ratio and the expression
of beclin-1 in these cells [16]. In addition, the combination of
hypoxia-ischemia and dietary FA deficiency caused severe
neural injury and a hippocampal microglial inflammatory
response compared to hypoxia-ischemia alone [42]. In in vivo
and in vitro experimental models, it has been reported that
(after focal cerebral ischemia) a FA supplementation promot-
ed the proliferation and migration of transplanted neural cell
stem cells to the ischemic sites [14]. Finally, in a knockdown
model of parkin (drosophila), the FA supplement produced
a neuroprotective effect in dopaminergic neurons reducing
motor disability, oxidative stress, adenosine triphosphate,
and p53 [20].
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In summary, the presence and distribution of cell bodies
(fusiform, small/medium in size, showing one short den-
drite) containing FA in the children brainstem have been
described. It seems that the number of cell bodies decreases
with age. This distribution was very restricted and immuno-
reactive perikarya were only observed in three regions of the
pons. The distribution of FA in the central nervous system of
humans and monkeys is different and, in addition, in these
species FA was located in different parts of the nerve cells.
In the children pons, the presence of FA suggests that the vi-
tamin is involved in specific physiological mechanisms that
must be elucidated in future studies.
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