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Abstract

Small-for-gestational age (SGA) human newborns have an increased risk of hyperphagia and 

obesity, as well as a spectrum of neurologic and neurobehavioral abnormalities. We have shown 

that the SGA hypothalamic (appetite regulatory site) neuroprogenitor cells (NPCs) exhibit reduced 

proliferation and neuronal differentiation. DNA methylation (DNA methyltransferase; DNMT1) 

regulates neurogenesis by maintaining NPC proliferation and suppressing premature 

differentiation. Once differentiation ensues, DNMT1 preferentially promotes neuronal and inhibits 

astroglial fate. We hypothesized that the programmed dysfunction of NPC proliferation and 

differentiation in SGA offspring is epigenetically mediated via DNMT1. Pregnant rats received 

either ad libitum food (Control) or were 50% food-restricted to create SGA offspring. Primary 

hypothalamic NPCs from 1 day old SGA and Controls newborns were cultured and transfected 

with nonspecific or DNMT1-specific siRNA. NPC proliferation and protein expression of specific 

markers of NPC (nestin), neuroproliferative transcription factor (Hes1), neurons (Tuj1) and 

astrocytes (GFAP) were determined. Under basal conditions, SGA NPCs exhibited decreased 

DNMT1 and reduced proliferation and differentiation, as compared to Controls. In both SGA and 

Controls, DNMT1 siRNA in complete media inhibited NPC proliferation, consistent with reduced 

expression of nestin and Hes1. In differentiation media, DNMT1 siRNA decreased expression of 

Tuj1 but increased GFAP. In vivo data replicated these findings. In SGA offspring, impaired 

neurogenesis is epigenetically mediated, in part, via reduction in DNMT1 expression and 

suppression of Hes1 resulting in NPC differentiation. It is likely that the maturation of regions 

beyond the hypothalamus (e.g., cerebral cortex, hippocampus) may be impacted, contributing to 

poor cognitive and neurobehavioral competency in SGA offspring.
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INTRODUCTION

The fetal nutritional environment has been demonstrated to have a remarkable effect on 

potential neural programming, including effects on offspring appetite, reward function, 

addiction potential, neurobehavior, cognitive function, and a predisposition to Alzheimer's 

disease (Kyle & Pichard, 2006; Ross et al., 2007; Roseboom et al., 2011; Arcangeli et al., 

2012; O'Neill et al., 2017). Among the multiple associations, the small for gestational age 

(SGA) human newborn has clearly been demonstrated to have an increased risk of 

hyperphagia and obesity (Jaquet et al., 2005; Painter et al., 2005; Meas et al., 2010; Ross & 

Desai, 2014) as well as the aforementioned spectrum of neurologic and neurobehavioral 

abnormalities. Similar neurologic effects have been demonstrated in rodent models of SGA, 

utilizing either maternal undernutrition or uterine artery ligation (Vickers et al., 2000; Desai 

et al., 2005; Coupe et al., 2009; Goodspeed et al., 2015).

Our laboratory has utilized a model of maternal undernutrition during the second half of rat 

pregnancy, which consistently results in the birth of SGA newborns (Desai et al., 2005). 

Despite the low birth weight, the SGA newborns demonstrate a rapid catch-up growth when 

nursed by ad libitum fed dams, and exhibit hyperphagia and obesity as adults (Desai et al., 

2005; Desai et al., 2007a). We have confirmed that the increased food intake is a result of 

central dysregulation of appetite/satiety function within the hypothalamic arcuate nucleus 

(Fukami et al., 2012). Reduced responses to leptin (Desai et al., 2007b) and insulin (Fukami 

et al., 2013) with increased sensitivity to ghrelin (Yousheng et al., 2008) are among the 

physiologic associations, with cellular studies demonstrating a dysregulation of cellular 

energy sensors and epigenetic signal factors (Desai et al., 2011a). The hypothalamic arcuate 

nucleus of SGA offspring contains an increased ratio of appetite to satiety neurons 

suggesting an imbalance in early neural development (Desai et al., 2014).

We have further explored the process of neural proliferation and neural differentiation using 

an ex-vivo neural progenitor cell (NPC) culture model. When removed from the SGA 

somatic environment, NPCs from SGA newborns exhibit a marked reduction in neural 

proliferation, altered neural differentiation, and ultimately a reduced increased ratio of 

appetite to satiety neurons, replicating the in-vivo results (Desai et al., 2011a; Desai et al., 

2014). Thus, the developmental origins of adult obesity associated with SGA newborns may 

be a result in part of a programmed dysfunctional neurogenesis. In view of the significance 

of altered neurogenesis for both appetite regulation and the diversity of potential neural 

programming, we sought to examine mechanisms by which SGA neurodevelopment is 

altered, focusing on epigenetic regulation.

DNA methylation plays an important role in neurogenesis and DNA methyltransferases 

(DNMT1, 3a, 3b) are spatially and temporally expressed during neurogenesis (Hu et al., 

2012; Wang et al., 2016). Specifically, DNMT1 an enzyme responsible for the maintenance 

of DNA methylation, is highly expressed in proliferative cells (Goto et al., 1994; Noguchi et 
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al., 2015) and regulates neurogenesis by maintaining NSC proliferation and suppressing 

premature differentiation (Fan et al., 2005; Stricker & Gotz, 2018). Once differentiation 

ensues, DNMT1 preferentially promotes astroglial and inhibits neuronal fate (Fan et al., 

2005; Namihira et al., 2009; Stricker & Gotz, 2018). We hypothesized that the programmed 

dysfunction of NSC proliferation and differentiation in SGA offspring is epigenetically 

mediated via DNMT1. Using both DNMT1 silencing and pharmacologic inhibition 

approaches, the results demonstrate a critical role of SGA-associated reduced DNMT1 as a 

putative etiologic factor that may have widespread consequences.

EXPERIMENTAL PROCEDURES

SGA model

Studies were in accordance with the American Association for Accreditation of Laboratory 

Care (AALC) and National Institutes of Health (NIH) guidelines, and were approved by the 

Animal Research Committee of the Los Angeles Biomedical Research Institute at Harbor-

UCLA (LABioMed). All animals were housed in a facility with constant temperature and 

humidity and controlled 12:12 hour light/dark cycle. The rat model utilized for maternal 

food restriction during pregnancy and lactation has been previously described (Desai et al, 

2005). Briefly, first time pregnant Sprague Dawley rats were obtained from Charles River 

Laboratories, Hollister, California and provided standard laboratory chow (protein 23%, fat 

4.5%, metabolizable energy 3030 kcal/kg; Lab Diet 5001, Brentwood, MO). At day 10 of 

pregnancy, Control rats (N=17) were provided an ad libitum diet to term (21 days) whereas 

study group (N=16) were 50% food restricted diet to create small for gestation age newborns 

(SGA). The food restriction was determined by quantification of normal intake in ad libitum 

fed rats. All dams delivered normally and at 1 day of age, all litters were culled to four males 

and four females (to standardize nursing) and all offspring nursed by Control dams till 21 

days of age. Separate litters were used for in vivo and in vitro studies as stated below.

In Vivo Studies

NPC Cell Proliferation: N=4 pregnant dams per group were used for BrdU (5-

bromodeoxyuridine; incorporated during S-phase of cell cycle) labeling. Pregnant dams 

from gestational age e17-e19 (N=4 per group) were injected with BrdU (50mg/kg/day, i.p.) 

(Desai et al., 2011b). After birth at 1 day of age, four male newborns from each litter were 

euthanized for cell proliferation assessment (detailed below). Three sections per brain (5μm 

thickness) were immunostained for BrdU and PCNA (proliferating cell nuclear antigen; 

expression increases during G1-phase, peaks at the S-phase, and declines during G2/M-

phases of the cell cycle). Secondary antibodies used were donkey anti-rabbit IgG conjugated 

with Alexa 488 (Invitrogen, Carlsbad, CA). Florescence microscopy (Zeiss, Axioskop 40) 

was used to capture photomicrographs at ×20 magnification and Image PRO software 

(version 5.1) was used to for counting PCNA/BrdU positive cells in mid-line region per field 

(Mosmann, 1983).

Hypothalamus Tissue Protein Expression: Separate litters (Controls, N=6; food-

restricted, N=5) were used for determining offspring hypothalamic protein expression 

(Western Blot) at two ages (1 and 21 days). Excess 1 day old male pups during litter culling 
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were euthanized by decapitation and brains collected. At 21 days of age, one male offspring 

per litter was anesthetized by 5 % isoflurane/2 % oxygen by mask, subsequently euthanized 

by an overdose of pentobarbital (200 mg/kg i.p.) and brain collected. Hypothalami were 

obtained by dissecting semi-spheres adjunct to two sides of hypothalamus, the dorsal part 

removed, and the ventral part (~2 mm) used.

Western Blot was performed as previously reported by our group (Desai et al, 2008). Data 

were normalized to GAPDH (1:10,000, Chemicon). Primary antibodies used were DNMT1 

(1:500, Santa Cruz), rabbit anti-Hes1 (1:1000, Santa Cruz), rabbit anti-Tuj1 (1:5000, Sigma) 

and rabbit anti-GFAP (1:10,000, DAKO).

In Vitro Studies

Neurosphere cultures, DNMT1 silencing (siRNA) and treatment with DNMT1 
inhibitor: Separate litters (Controls, N=5; food-restricted, N=5) were used for NPC culture 

studies. From each litter, N=4 males at 1 day of age were euthanized and hypothalami 

pooled. NPC cultures were prepared as previously reported (Desai et al, 2011b; Erickson et 

al, 2008; Kelly et al, 2009). In brief, dissected hypothalamus in DMEM/F12 medium was 

subjected to trypsin, centrifuged and dissociated cells seeded at 5x104cell/ml in complete 

medium composing of NeurobasalTM medium with 1% anti-anti (Invitrogen), 2% B27 

(GIBCO, Cat#17504-044), 20ng/ml FGF2 (Sigma), 20ng/ml EGF (Sigma), 1μg/ml heparin 

(Lylli), and 2.5μg/ml L-glutamine (Invitrogen). Cultures were maintained for 8 days 

(passage 0), after which neurospheres were trypsinized and dissociated single-cells were 

reseeded at same cell density (passage 1) in complete medium. To induce differentiation, 

dissociated cells were re-suspended in differentiating medium which lacked FGF2, EGF and 

heparin and seeded in culture dishes pre-coated with 0.01% poly-L-lysine (Sigma).

For DNMT1 silencing (siRNA), hypothalamic NPCs were cultured in complete medium. At 

day 1 of passage 1 NPC seeding, the NPCs were transfected with rat DNMT1-specific 

siRNA (20 nM) or control siRNA (negative control) using siPORT™ NeoFX™ Reagent 

(Ambion). The transfected cells were reseeded in complete or differentiating medium. At 

day 5 of siRNA transfection, protein expression (Western blot) was determined as described 

above, and cell proliferation and immunostaining undertaken as described below.

For treatment with DNMT1 inhibitor, hypothalamic NPCs were cultured in complete or 

differentiating medium. At day 1 of passage 1 NPC seeding, the NPCs were treated with two 

doses of specific inhibitor for DNMT1 (5, 10 μM 5-Aza; 5-Azacytidine) for 5 days. 

Following treatment at day 5, protein expression (Western blot) was determined as described 

above, and cell proliferation and immunostaining undertaken as described below. .

Hypothalamic NPC cell proliferation: NPC cultured in complete medium were used 

for MTT (3-(4,5-dimethylthiazol-2-yl)-diphenyl tetrazolium bromide; Sigma) colorimetric 

assay (McLenachan et al, 2009). Cell proliferating index was expressed as value of OD 

570nm.

For in vitro labeling, BrdU (3 μg/ml) was added to NPCs in complete medium and incubated 

at 37°C for 24h in CO2 incubator (Groszer et al., 2001; Fujimoto et al., 2009). Cells were 
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fixed in 4% paraformaldehyde in PBS for 30 min and processed for immunostaining using 

anti-BrdU (Sigma).

Hypothalamic Immunostaining of Neurons and Astrocyte: Disassociated Control 

NPCs in differentiating medium were seeded in 24 well plates with pre-placed cover glasses 

(Fisher, catalogue number: 12-545-84 18CIR-1D). Following 5 day treatments with DNMT 

siRNA and 5-Aza, cells were fixed in 4% paraformaldehyde in PBS for 30 min and stained 

using rabbit anti-Tuj1 (1:500, Sigma), rabbit anti-GFAP (1:500, DAKO) and secondary 

antibody donkey anti-rabbit IgG-Alexa 488 (1:250). Secondary antibodies were donkey anti-

rabbit IgG-Alexa 488 (1:250) or donkey antimouse IgG-Alexa 568 (1:250).

Data Analysis

For in vivo BrdU proliferation studies, N=4 litters of Controls and N-4 litters of SGA were 

studied. The average of BrdU-labeled cell numbers of three sections represented one brain 

and the average of four brain cell numbers represented one litter. For hypothalamic tissue 

studies, N=6 litters for Control and N=5 litters for SGA were studied. For NPC cultures, 

N=5 litters per group were studied and from each litter, hypothalami from 4 male pups were 

pooled. For protein expression, data are presented as fold change or percentage of Control. 

Differences between SGA and the Control males were compared using either unpaired t-test 

or two-way ANOVA with Dunnett’s post hoc tests.

RESULTS

Body Weights:

Male offspring born to undernourished dams had reduced birth weight as compared to 

controls (6.6 ± 0.2 vs 7.0 ± 0.2 g, P<0.01), as previously reported (Desai et al, 2005). 

However when nursed by Control dams, SGA male offspring at 21 days of age were 

significantly heavier than the Controls (51 ± 3 vs 43 ± 2 g, t value=4.038; P<0.01). There 

was no difference in gestational age at birth, litter size and/or gender distribution between 

SGA and control offspring.

In Vivo Cell Proliferation:

BrdU and PCNA staining was used to assess in vivo NPC proliferation in brain sections 

obtained from 1 day old newborns which demonstrated co-localization of BrdU and PCNA 

staining. Brain sections from SGA newborns showed significantly decreased BrdU and 

PCNA positive cells near the midline region (Figure 1A, B).

Hypothalamic Tissue Protein Expression:

At one day of age, SGA newborn demonstrated significantly decreased hypothalamic protein 

expression of DNMT1, Hes1 and Tuj1 with increased expression of GFAP (Figure 2). This 

pattern persisted and was evident in the hypothalamus of 21 day old male offspring (Figure 

3).
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Control and SGA NPC culture:

Under basal conditions, SGA NPCs in complete media exhibited significantly decreased 

DNMT1 expression (Figure 4A) though with unchanged DNMT3a expression (data not 

shown) as compared to Controls. In addition, the expression of cell proliferative measures 

Nestin (NPC cell marker) and Hes1 (proliferative transcription factor) was significantly less 

in SGA as compared to Control NPCs under basal conditions (Figure 4A). Consistent with 

these changes, SGA NPCs exhibited visually reduced colony density and BrdU staining with 

significantly decreased cell proliferation index as compared to Control NPCs (Figure 4B).

In differentiating media under basal conditions, SGA NPCs exhibited significantly decreased 

Tuj1 and GFAP expression as compared to Controls. Of note in SGA NPCs, the reduction in 

Tuj1 was 14% greater as compared to GFAP (Figure 5).

Effects of DNMT Silencing on NPC Proliferation and Differentiation:

When both Control and SGA NPC’s were transfected with DNMT1 specific siRNA, 

DNMT1 expression decreased as expected, with Control NPCs showing suppression of 

DNMT1 to the levels equivalent to that seen in SGA NPCs (Figure 4A).

In Control NPCs, DNMT1 specific siRNA significantly decreased Nestin and Hes1 

expression including cell proliferative index. In SGA NPCs, there was a further reduction in 

all factors and the proliferation remained below that of Controls in both non-specific and 

DNMT1 specific siRNA (Figures 4A, B). This was consistent with visual images of reduced 

colony density and BrdU staining in both Control and SGA DNMT1 siRNA (Figures 4B).

In differentiating media, DNMT1 siRNA decreased expression of Tuj1 but increased GFAP 

in both Control and SGA (Figure 5A). The immunostaining images of Tuj1 and GFAP 

showed similar changes (Figure 5B).

Effects of DNMT1 Inhibition on NPC Proliferation and Differentiation:

DNMT1 pharmacologic inhibition with 5-Aza resulted in similar responses to DNMT1 

siRNA.

Both Control and SGA NPCs cultured in complete media showed a progressive decline in 

protein expression of Nestin and Hes1 with increasing dose of 5-Aza. Consistent with this, 

both control and SGA NPCs demonstrated a dose-dependent reduction of NPC proliferation 

index and BrdU staining (Figure 6A, B). Overall in SGA NPCs, Nestin, Hes1 and 

proliferation remained significantly less than that of Controls.

5-Aza exposure in differentiation media significantly decreased Tuj1 though increased 

GFAP expression above respective untreated NPCs. SGA continued to show reduced Tuj1 

and GFAP (Figure 6A). The immunostaining images of Tuj1 and GFAP showed similar 

changes (Figure 6B).
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DISCUSSION:

Early embryogenesis is the most critical period for the establishment of the epigenome and 

any disruption leads to dysregulation of gene expression (Sebert et al., 2011; Desai et al., 

2015). Importantly, this period is especially vulnerable to environmental cues (e.g., 

nutrition) that can alter epigenetic marks and ultimately influence outcomes. Whilst previous 

studies have demonstrated the effects of early nutrition on offspring DNA methylation with 

respect to specific genes, metabolism, including brain cognitive abilities and disorders of the 

brain, (Lillycrop, 2011; Weaver, 2014; Desai et al., 2015) this is the first study to document 

changes in newborn hypothalamic NPCs as a result of in utero exposure to maternal 

undernutrition.

Maternal undernutrition produced the expected reduced birth weight of newborns with 

postnatal catch-up growth and increased body weight at 21 days of age as we have 

previously reported. (Desai et al., 2005) Although sacrificed at an earlier age in the present 

study, prior studies have demonstrated offspring hyperphagia and the development of 

obesity, when nursed by ad libitum fed dams (Desai et al., 2007b). In the present study, 

newborn and 21 day old SGA male offspring had significantly reduced expression of 

hypothalamic DNMT1, suggesting a reduced potential for gene silencing. Although there 

was no change in levels of DNMT3A, these DNA methyltransferases are primarily involved 

in de novo methylation during embryogenesis, whereas DNMT1 primarily functions to 

maintain demethylation. Prior studies have demonstrated effects of induced or spontaneous 

SGA on DNMT1 in a diversity of organs. In intrauterine growth-restricted piglets, DNMT1 

was significantly lower in the jejunum in association with mucosal atrophy and reduced 

villous height (Liu et al., 2011). In comparison, ileum DNMT1 in growth-restricted piglets 

and testes DNMT1 from growth-restricted bores were reported to be increased (Hu et al., 

2015; Lin et al., 2017). Despite this variation of results, these findings clearly demonstrate 

that the developmental nutrient environment may have marked impact on DNMT1. Notably, 

maternal obesity also reduces hypothalamic DNMT1 expression in the newborns (Desai et 

al., 2016). Further, early exposure to environmental toxins (polychlorinated biphenyls) or 

stress reduces Dnmt1 mRNA abundance levels in the hypothalamus of rats (Desaulniers et 

al., 2005; Kashimoto et al., 2016).

The reduction in hypothalamic DNMT1 was associated with a reduced expression of the 

basic helix-loop-helix factor (bHLH) Hes1, a neuroproliferative transcription factor. The 

reduction in Hes1 associated with decreased DNMT1 would suggest an indirect effect of 

gene methylation, perhaps mediated by increased expression of Hes1 suppressive factors. Of 

note, prenatal alcohol exposure has been demonstrated to reduce expression of both NPC 

DNMT1 and Hes1 (Tyler & Allan, 2014).

To explore the association of reduced DNMT with programmed neurogenesis, we utilized 

NPC cell culture, as previously reported. When grown in complete media, NPCs proliferate 

whereas when select growth factors are removed from the media (differentiating media), 

NPCs differentiate into neurons and glia, ultimately expressing more specific 

neurophenotypes. As demonstrated previously, there was a visually reduced colony density 

and BrdU staining in SGA as compared to control NPCs in complete media, (Desai et al., 
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2011a) a finding confirmed by quantification of Nestin and proliferative index. Similar to the 

reduction in Hes1 in hypothalamic tissue, SGA NPCs similarly demonstrated a reduction in 

Hes1 in neurosphere culture. Previous studies have shown that Hes1 promotes NPC self-

renewal and inhibits differentiation by repressing neuronal differentiation genes Mash1, 

neurogenin (Kageyama et al., 2007) and as such, Hes1 levels decrease as neural 

differentiation proceeds (Hisahara et al., 2008). Notably, in Hes1-deficient brains, NPCs 

prematurely differentiate (Hatakeyama & Kageyama, 2006; Kageyama et al., 2007) reducing 

the NPC pool.

When grown in differentiating media and controlled for the number of cultured cells, SGA 

NPCs demonstrated significantly decreased TUJ1 and GFAP expression, suggesting reduced 

differentiation to both neurons and astrocytes, respectively. Importantly, the reduction in 

TUJ1 was greater than that seen in GFAP. Although not demonstrated by the current study, 

we speculate that there may be a preferential differentiation towards GFAP in SGA NPCs.

The in vitro NPC data corresponded with in vivo data in which SGA newborns showed 

reduced cell proliferation consistent with decreased expression of hypothalamic Hes1, 

increased neurons as evident by decreased Tuj1expression and decreased astrocytes as 

evident by increased GFAP. Notably, these changes were persistent in 21 day old SGA 

offspring.

We sought to determine if DNMT was a putative factor in the perinatal nutrient 

programming. Both control and SGA NPCs transfected with DNMT1-specific siRNA 

showed a reduction in DNMT1. Although not completely silenced, we achieved a reduction 

in control NPC DNMT1 to the level of SGA NPC DNMT1. Consistent with our findings in 

SGA versus control NPC, DNMT1 silencing resulted in a reduction in visual colony counts 

and BrdU staining in both control and SGA NPCs and further decreased Nestin,Hes1 and 

proliferative index in both groups. Within differentiation media DNMT1 silencing resulted 

in a marked shift in the neuronal to astrocyte ratio, decreasing the expression of the neuronal 

factor TUJ1, but increasing GFAP in both control and NPCs. The pharmacologic inhibition 

of DNMT with 5-AZA confirmed the responses to DNMT1 siRNA, demonstrating reduced 

proliferation in complete media and evidence of increasing astrocytes as compared to 

neurons in differentiation media.

The similarities of in-vivo and ex-vivo results support a putative role of DNMT1 in neural 

programming. The mechanism by which maternal and thus fetal undernutrition reduces the 

DNMT1 is unclear, but may involve a reduced supply of methyl donors. For example, in 

IUGR piglets, folic acid supplementation has been demonstrated to increase DNMT1 

expression (Liu et al., 2011). Furthermore, folate has been demonstrated to increase DNMT1 

and NPC proliferation in cell culture with upregulation of Hes1 (Zhang et al., 2008; Li et al., 

2013; Yu et al., 2014). Whether methyl donor supplementation (e.g., folate, choline, B 

vitamins) may reverse the epigenetic and neural differentiation findings associated with 

SGA would be of tremendous interest.

Consistent with their role in maintaining DNA methylation patterns throughout cell 

replication, DNMT1 is ubiquitously expressed in both dividing neural precursor cells and 
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post-mitotic neurons in mouse brains (Goto et al., 1994). In contrast, DNMT3b is expressed 

in the subventricular zone (SVZ) between E10.5 and E13.5, and then gradually diminishes, 

becoming undetectable after E15.5 (Feng et al., 2005). DNMT3a is expressed in the SVZ of 

NPCs from E10.5 to E17.5 and is also detected in postnatal neurons in all regions of the 

brain (Feng et al., 2005; Yao & Jin, 2014). Neurogenesis which precedes astrogliosis occurs 

mainly during early to mid-gestational period. To facilitate this process, astrocytic gene 

promoters are hypermethylated (Takizawa et al., 2001). The mechanism for demethylation 

of astrogenic genes is due in part to the loss of methyltransferase activity of DNMT1. 

Conditional deletion of DNMT1 from mouse neural lineage shows precocious shift toward 

astroglial differentiation (Fan et al., 2005) and demethylation of GFAP promoter regions 

(Katai et al., 1997).

The alteration in the neuronal to glial ratio raises significant implications for programming 

of neural disorders associated with SGA. Reduced DMNT1 associated with BrdU 

administration has been demonstrated to increase GFAP expression and glial differentiation 

in NPC culture (Schneider & d'Adda di Fagagna, 2012). Similarly, folate mediated increased 

DNMT1 results in an increase in neuronal differentiation and reduced astrocyte 

differentiation, effects which are blocked by DNMT inhibition (Luo et al., 2013). Although 

glial cells represent nearly ten-fold the number of neurons in the human brain, the 

hypothalamic region and cortical gray matter are neuron dense. Clearly, a reduction in 

neuronal differentiation and the neuron/astrocyte ratio can raise significant concerns for 

neural programming.

Maternal nutrition-modified developmental neurogenesis in the offspring extends well 

beyond hypothalamic NPCs, to effects on cortical NPCs which influence behavior, cognition 

and diverse neurologic functions (Gould et al., 2018). Studies show that early nutrition alters 

neurogenesis in the hippocampus, cerebellum, and likely the cerebral cortex (Hoeijmakers et 

al., 2014; Gould et al., 2018).

In summary, the present findings confirm a significant fetal/newborn epigenetic effect of 

maternal nutrient restriction, which results in reduced neural proliferation and altered 

neurogenesis, evidenced by a reduced neuron/astrocyte ratio. DNMT1 molecular and/or 

pharmacologic inhibition simulates the results of maternal undernutrition, suggesting a 

putative role for DNA methylation. Additional clarification of the mechanism of nutrient 

neural programming and potential therapeutic approaches may have marked translational 

value.
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ABBREVIATIONS

SGA Small-for-gestational age
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DNMT1 DNA methyltransferase 1

NPCs neuroprogenitor cells

Hes1 hairy and enhancer of split-1

Tuj1 Neuron-specific class III beta-tubulin

GFAP Glial fibrillary acidic protein

5-Aza 5-Azacytidine

MTT 3-(4,5-dimethylthiazol-2-yl)-diphenyl tetrazolium bromide.
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Figure 1: In Vivo Cell Proliferation
Mid-line immunostaining of PCNA (green) and BrdU (red) incorporation in 1 day old 

Control (■) and SGA (■) males. (B) Quantification of PCNA and BrdU positive cells of 4 

litters in each group and N=4 male pups per litter were studied. PCNA: t-value = 11.226, 

*P<0.001; BrdU: t-value = 3.208; *P<0.01 vs Control.

Desai et al. Page 14

Neuroscience. Author manuscript; available in PMC 2021 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Hypothalamic Tissue Protein Expression in 1 Day Old Newborns
Hypothalamic protein expression of DNMT1 and Hes1 from 1 day old Control (■) and SGA 

(■) males. Control: N=6 male pups from 6 litters; SGA: N=5 male pups from 5 litters. 

DNMT1: t-value=3.401, P<0.001; Hes1: t-value=4.373, P<0.001; Tuj1: t value=4.2514, 

P<0.002; GFAP: t-value=2.548, P<0.05 vs Control.
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Figure 3: Hypothalamic Tissue Protein Expression in 3 Week Old Offspring
Hypothalamic protein expression of DNMT1 and Hes1 from 3 week old Control (■) and 

SGA (■) males. Control: N=6 male pups from 6 litters; SGA: N=5 male pups from 5 litters. 

DNMT1: t-value=3.122, P<0.01; Hes1: t value=4.297; P<0.002; Tuj1: t value=3.661; 

P<0.005; GFAP: t-value=6.538, P<0.001 vs Control.
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Figure 4: DNMT1 Silencing (siRNA) Effect on Neurosphere Proliferation
NPCs from Control (■) and SGA (■) were transfected with non-specific or DNMT1-

specific siRNA (20 nM) in complete media. (A) Protein expression of DNMT1, Hes1 and 

Nestin, and Immunoblots. (B) Images of neurospheres (x20), BrdU staining and 

proliferation index. (NS=non-specific siRNA). 5 litters were studied in each group. From 

each litter, hypothalami from N=4 male pups were pooled representing N=1. F-values: 

DNMT1=15.35; Hes1=28.45; Nestin=15.47; Proliferative Index=23.4. * p<0.001 vs non-

specific siRNA and c p<0.01 SGA vs Control.
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Figure 5: DNMT1 Silencing (siRNA) Effect on Neurosphere Differentiation
NPCs from Control (■) and SGA (■) were transfected with non-specific or DNMT1-

specific siRNA (20 nM) in differentiating media. (A) Protein expression of Tuj1 and GFAP. 

(B) Immunostaining of Tuj1 and GFAP. (NS=non-specific siRNA). 5 litters were studied in 

each group. From each litter, hypothalami from N=4 male pups were pooled representing 

N=1. F-values: Tuj1=31.36 and GFAP=21.47. * p<0.001 vs non-specific siRNA and c 

p<0.001 SGA vs Control.
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Figure 6: Effects of Pharmacologic Inhibitor on NPC Proliferation
Control (■) and SGA (■) p1 hypothalamic neurospheres were cultured in complete media 

and treated for 4 days with DNMT1 inhibitor 5-Aza. (A) Protein expression of Hes1 and 

Nestin, and Immunoblots. (B) Images of BrdU staining and proliferation index. (NS=non-

specific siRNA). 5 litters were studied in each group. From each litter, hypothalami from 

N=4 male pups were pooled representing N=1. F-values: Hes1=36.84; Nestin=46.4; 

Proliferative Index=21.35. * p<0.001 vs non-specific siRNA and c p<0.001 SGA vs Control.
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Figure 7: Effects of Pharmacologic Inhibitor on NPC Differentiation
Control (■) and SGA (■) p1 hypothalamic neurospheres were cultured in differentiating 

media and treated for 4 days with DNMT1 inhibitor 5-Aza. (A) Protein expression of Tuj1 

and GFAP. (B) Immunostaining of Tuj1 and GFAP. (NS=non-specific siRNA). 5 litters were 

studied in each group. From each litter, hypothalami from N=4 male pups were pooled 

representing N=1. F-values: Tuj1=52.7 and GFAP=31.62. * p<0.0001 vs non-specific siRNA 

and c p<0.001 SGA vs Control.
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