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Abstract

Maternal consumption of a high fat diet (HFD) during pregnancy is found to stimulate the genesis 

of hypothalamic orexigenic peptide neurons in the offspring, while HFD intake in adult animals 

produces a systemic low-grade inflammation which increases neuroimmune factors that may affect 

neurogenesis and neuronal migration. Building on this evidence and our recent study showing that 

the inflammatory chemokine, CCL2, stimulates the migration of hypothalamic neurons and 

expression of orexigenic neuropeptides, we tested here the possibility that prenatal exposure to a 

HFD affects this chemokine system, both CCL2 and its receptors, CCR2 and CCR4, and alters its 

actions on hypothalamic neurons, specifically those expressing the neuropeptides, enkephalin 

(ENK) and galanin (GAL). Using primary dissociated hypothalamic neurons extracted from 

embryos on embryonic day 19, we found that prenatal HFD exposure compared to chow control 

actually reduces the expression of CCL2 in these hypothalamic neurons, while increasing CCR2 

and CCR4 expression, and also reduces the sensitivity of hypothalamic neurons to CCL2. The 

HFD abolished the dose-dependent, stimulatory effect of CCL2 on the number of migrated 

neurons and even shifted its normal stimulatory effect on migrational velocity and distance 

traveled by control neurons to an inhibition of migration. Further, it abolished the dose-dependent, 

stimulatory effect of CCL2 on neuronal expression of ENK and GAL. These results demonstrate 

that prenatal HFD exposure greatly disturbs the functioning of the CCL2 chemokine system in 

embryonic hypothalamic neurons, reducing its endogenous levels and ability to promote the 

migration of neurons and their expression of orexigenic peptides.
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1. Introduction

The ingestion of a diet rich in fat is known to increase caloric intake that promotes obesity 

(Dourmashkin et al., 2006). This effect can be attributed to changes in the hypothalamus, a 

region of the brain that is important in controlling consumption and energy homeostasis. 

Two highly expressed neuropeptides, enkephalin (ENK) and galanin (GAL), are found to be 

stimulated by the ingestion of a high fat diet (HFD) (Akabayashi et al., 1994, Chang et al., 

2007) and are believed to contribute to the overconsumption of this diet, with central 

injection of these peptides found to preferentially stimulate the consumption dietary fat 

(Kyrkouli et al., 1990, Naleid et al., 2007). This effect of a HFD in adult animals is similarly 

evident with prenatal exposure to this diet, which predisposes the offspring to 

overconsuming dietary fat (Chang et al., 2008) and increases fat mass and body weight 

(Reynolds et al., 2014). These offspring and embryos exhibited increased expression and 

number of ENK and GAL neurons in the hypothalamus (Chang et al., 2008). While the 

molecular mechanisms involved in these changes are not known, recent studies suggest that 

neuroinflammatory systems may play a role.

The ingestion of a HFD and dietary obesity result in a state of systemic low-grade 

inflammation (Milanski et al., 2009, Takanabe-Mori et al., 2010). This state is characterized 

by an increase in the production of immune factors, such as the cytokines, interleukin 1-beta 

and tumor necrosis factor-alpha, and a superfamily of small chemotactic cytokines, also 

known as chemokines (Barbarroja et al., 2010, Gregor and Hotamisligil, 2011). Exposure to 

this diet during the prenatal period additionally increases placental inflammation (Reynolds 

et al., 2015). Neuroinflammatory mediators, in addition to recruiting immune cells to fight 

infection, have more recently been shown to affect neuronal function and development. In 

particular, the chemokine, C-C chemokine ligand 2 (CCL2), also called monocyte 

chemotactic protein-1 (MCP-1), along with its receptor, C-C chemokine receptor type 2 

(CCR2) (Craig and Loberg, 2006), has been singled out as an important regulator of 

neuropeptide function and development (Banisadr et al., 2005, Edman et al., 2008, 

Chintawar et al., 2009, Poon et al., 2014). This chemokine, classically known to attract 

monocytes (Yoshimura et al., 1989, Rollins, 1996) and stimulate migration of these cells 

during an immune response (Lu et al., 1998), is increased in the brain, uterus and placenta 

during pregnancy (Meng et al., 1999, He et al., 2007), and its receptors that bind CCL2, both 

CCR2 and the less studied CCR4, are also expressed in the brain (Banisadr et al., 2002, 

Banisadr et al., 2005) and found in hippocampal neurons (Meucci et al., 1998). In the 

hypothalamus, CCL2 is shown to co-localize with the neuropeptides, melanin-concentrating 

hormone and arginine vasopressin (Banisadr et al., 2005). This chemokine also modulates 

the activity of neurons in the brain (Gosselin et al., 2005, Guyon et al., 2009a, Guyon et al., 

2009b) and has been linked to the migration of neurons into damaged brain areas (Liu et al., 

2007, Deng et al., 2008). In addition, our recent in vitro study of hypothalamic neurons 

cultured from embryonic day 19 (E19) embryos from dams consuming a low-fat chow diet 

showed that CCR2 co-expresses with ENK and that the colocalization of this chemokine and 

orexigenic peptide is increased in embryos exposed to a HFD (Poon et al., 2014). 

Additionally, in normal chow-exposed neurons, CCL2 produced a dose-dependent, 

stimulatory effect on the migration of neurons and on mRNA expression of ENK and GAL 
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in the hypothalamus (Poon et al., 2014). While reducing or knocking out CCL2 in adult 

mice is shown to trigger symptoms of increased ingestion and obesity (Inouye et al., 2007), 

there is other evidence showing that pharmacological blockade of the CCR2 receptor has the 

opposite effect of improving symptoms of obesity (Rull et al., 2010). These mixed findings 

leave unclear as to the specific functions of this chemokine system in dietary obesity and its 

specific relation to the orexigenic peptide neurons in the embryo when exposed to a fat-rich 

diet.

Thus, the objectives of the present study were to investigate whether prenatal exposure to a 

HFD affects the CCL2/CCR2 system and its normal functioning in relation to the expression 

of orexigenic peptides and the migratory behavior of neurons in the hypothalamus. To 

examine this after removing the endogenous CCL2 stimuli, we extracted and cultured 

hypothalamic neurons from embryos that were prenatally exposed to a HFD as compared to 

a low-fat chow diet and determined first whether this HFD exposure affects the expression of 

CCL2, CCR2, and CCR4 in the hypothalamus and then whether this diet alters the actions of 

exogenous CCL2 on the migratory behavior of these hypothalamic neurons and on the gene 

expression of the orexigenic peptides, ENK and GAL.

2. Experimental Procedures

2.1 Animals

Timed-pregnant Sprague-Dawley rats were acquired from Charles River Laboratories 

(Hartford, CT) on embryonic day 5 (E5). All experimental procedures were performed 

according to institutionally approved protocols as specified in the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and also with approval of the 

Rockefeller University Animal Care and Use Committee. The dams were individually 

housed in a fully accredited AAALAC facility (22°C, with a 12:12-h light-dark cycle with 

lights off at 12 pm). The rats were split into 2 groups of 8 dams each and maintained ad 
libitum from E7 on either a high-fat diet (HFD; 5.02 kcal/g) with 50% fat or a standard lab 

chow (3.36 kcal/g) with 13% fat (Purina, St. Louis, MO), as previously described 

(Dourmashkin et al., 2006, Chang et al., 2008, Poon et al., 2012). In the HFD group, 

standard lab chow was available for the first 3 days (until E9) before being completely 

removed, in order for the HFD group to overcome neophobia and adapt to the HFD. Over 

the course of the experiments, food intake was measured 3 times per week, and body weight 

was recorded weekly. There was no difference between the HFD and chow dams in their 

daily caloric intake during pregnancy (70–90 kcals). Dams were sacrificed on embryonic 

day 19 (E19), as previously described (Poon et al., 2012). The whole hypothalamus was 

extracted and dissociated for plating into cell culture, as previously described (Poon et al., 

2012, Poon et al., 2013), or placed in either RNAlater for mRNA purification. Whole 

hypothalamus was used since individual regions of the hypothalamus are not fully 

differentiated at this age.

2.2 Diet

The standard lab chow diet (3.36 kcal/g) consisted of 13% fat and was acquired from Purina 

(St. Louis, MO), and the HFD used in this report has been described in detail in previous 
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publications (Dourmashkin et al., 2006, Chang et al., 2008, Poon et al., 2012). Briefly, the 

HFD consisted of 50% fat composed of 75% lard (Armour Star, Peoria, IL) and 25% 

vegetable oil (Crisco, Orrville, OH), of 25% carbohydrate composed of 30% dextrin (ICN 

Pharmaceuticals, Costa Mesa, CA), 30% cornstarch (ICN Pharmaceuticals, Costa Mesa, 

CA), and 40% sucrose (Domino Foods Inc., Yonkers, NY), and of 25% protein from casein 

(Bio-Serv, Frenchtown, NJ), and it was supplemented with minerals (USP XIV Salt Mixture 

Briggs; ICN Pharmaceuticals, Costa Mesa, CA) and vitamins (Vitamin Diet Fortification 

Mixture; ICN Pharmaceuticals, Costa Mesa, CA). This diet is nutritionally complete and is 

found to have no detrimental effects on the health of the animals.

2.3 Cell culture

Hypothalami from E19 embryos were micro-dissected and dissociated, as previously 

described (Poon et al., 2012, Poon et al., 2013). The cells (1 million / mL) were resuspended 

in Neurobasal Media containing B27 supplement (Life Technologies, Grand Island, NY) and 

cultured in either a 6-well plate (BD Biosciences, Sparks, MD), in a cell culture insert (BD 

Biosciences, Sparks, MD), or on a glass bottom dish (Greiner Bio-One, Monroe, NC). As 

previously measured (Poon et al., 2014), >95% of the cells were found to be positive for 

NeuN, a neuronal marker, with the astrocyte marker, GFAP, undetectable. Neurons were 

then treated with 0, 50, 100, or 200 ng/mL of CCL2, concentrations that are within the EC50 

range (Matsushima et al., 1989, Carr et al., 1994, Kao et al., 2012), as previously described 

(Poon et al., 2014). For each experiment, the hypothalami of embryos were taken from 8 

dams consuming either the low-fat chow diet (n=4) or the HFD (n=4), and their neurons 

were dissociated and placed into culture wells. From each experiment, four cultured wells 

were used for the no treatment group and for each group treated with CCL2 (50, 100, and 

200 ng/mL). While not directly compared here, a study of chow and HFD neurons cultured 

on the same experimental day has previously revealed a stimulatory effect of HFD on the 

expression and levels of ENK (Poon et al., 2012).

2.4 Migration Assay

A total of 200,000 neurons were seeded in a cell culture insert (BD Biosciences) and placed 

into media containing 0, 50, 100, or 200 ng/mL CCL2 for 24 h, as previously described 

(Poon et al., 2014). The neurons on top of the cell culture insert were carefully removed with 

a cotton swab, while those attached to the underside were stained with cresyl violet. These 

neurons were then manually blind-counted under a light microscope (Leitz Dialux 20; Leica 

Microsystems, Buffalo Grove, IL, USA) using a 10X objective, and the number of migrated 

neurons was calculated as a percentage relative to the no-treatment control group.

2.5 Real-time Imaging

Cells were plated at a density of 200,000 cells per 0.5 mL, as previously described (Poon et 

al., 2014). Media containing either 0, 50, 100, or 200 ng/mL of CCL2 was introduced to the 

plated neurons immediately before imaging. Neurons were continuously imaged every 2.5 

minutes for 3 hours using an Olympus LCV110 “VivaView” incubator microscope (Center 

Valley, PA) with a 20X DIC objective and MetaMorph acquisition software (Molecular 

Devices, Sunnyvale, CA). Individual neurons were manually tracked to determine the 

average velocity and distance traversed by treated and non-treated neurons. Approximately 1 
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microglia was found for every 30 neurons, and these were eliminated from the analysis. Data 

were analyzed using ImageJ plugins, manual tracking, and chemotaxis and migration tool 

(Schneider et al., 2012). The velocity and absolute distance travelled by individual cells 

sampled from each cell culture group were averaged, and the individual movements from 

four separate cell culture groups were binned into histograms. Although large variations 

were found, due to the fact that not all neurons respond to CCL2, all data across different 

cell culture groups yielded similar velocity and absolute distance traveled and thus were 

analyzed together.

To determine the average movements and the number of independent variables or neuronal 

populations, the velocity and absolute distance of all neurons was plotted as a frequency 

count histogram and fitted to a Gaussian distribution. The number of peaks that resulted in 

an R2 value closest to one was used. The number of fitted distributions to the histogram 

reflects the number of populations, the median peak of each distribution reflects the mean 

velocity or distance traveled, with higher velocity or larger distance reflecting faster 

movements, and the area under the curve reflects the percentage of neurons within that 

distribution. Between 300 and 400 cells were measured for each group.

2.6 mRNA and qRT-PCR

Primary hypothalamic neuronal cultures were allowed to settle for 5 days before being 

treated with 0, 50, 100, or 200 ng/mL CCL2 for 3 hours. The mRNA from each micro-

dissected sample was purified using a QiagenRNeasy kit (Qiagen, Valencia, CA), cDNA was 

synthesized using Superscript VILO Master Mix (Life Technologies, Grand Island, NY), 

and the SYBR Green PCR core reagents kit (Applied Biosystems) was used for qRT-PCR 

and performed in MicroAmp Optic 96-well Reaction Plates (Applied Biosystems) under the 

conditions of 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 

60°C, as previously described (Poon et al., 2014). The levels of target gene expression were 

quantified relative to the level of cyclophilin-A, using the relative quantification method. 

Each sample was run in triplicate and included a no-template control and a negative RT 

control. The primers used were: CCL2 forward: 5′-
GTGCTGTCTCAGCCAGATGCAGTT-3′, reverse: 5′-
AGTTCTCCAGCCGACTCATTGGG-3′; CCR2 forward: 5′-
GGGGGCCACCACACCGTATGAC-3′, reverse: 5′-
AGGGAGTAGAGTGGGGGCAGGAT-3′; CCR4 forward: 5′-
CACCCAGGATGAAGCCGCGTA-3′, reverse: 5′-CGCCGAACGCCTTGATGCCT-3′; 
ENK forward: 5′-GGACTGCGCTAAATGCAGCTA-3′, reverse: 5′-
GTGTGCATGCCAGGAAGTTG-3′; GAL forward: 5′-
TTCCCACCACTGCTCAAGATG-3′, reverse: 5′-TGGCTGACAGGGTTGCAA-3′; 
cyclophilin-A forward: 5′-GTGTTCTTCGACATCACGGCT-3′, reverse: 5′-
CTGTCTTTGGAACTTTGTCTGCA-3′, as previously described (Poon et al., 2014). The 

specificities of PCR products were confirmed by a single band of corresponding molecular 

weight revealed by agarose gel electrophoresis. The concentration of all target primers was 

100 nM, and the CYC primer was 200 nM. Primers were acquired from Life Technologies 

(Grand Island, NY).
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2.7 Data analysis

For qPCR analysis, the ddCT values were averaged from four neuronal culture wells for 

each CCL2 treatment and the percent change was calculated relative to the no treatment 

control. The percent change was then averaged across all four embryonic groups. Statistical 

analyses with multiple comparisons between CCL2 treatments were completed using a one-

way ANOVA, followed by a Bonferroni post-hoc test to determine significant differences 

between the groups. Statistical analyses comparing multiple mRNA expression from the 

same chow or HFD samples were completed using a two-way ANOVA, followed by a 

Bonferroni post-hoc test to determine significant differences for each gene between the two 

groups. Direct comparison between two groups was made using an unpaired, two-tailed 

Student’s t-test. The criterion for statistical significance was p < 0.05. Log-dose analysis was 

performed using the following equation: , and was considered a 

good fit if it produced significance of p < 0.05. The velocity or absolute distance traveled for 

each individual neuron from live imaging studies were placed in a histogram and statistically 

fitted to a Gaussian curve until a max reduced chi-squared value was achieved. This analysis 

allows theoretical identification of different populations of neurons by using the physical 

characteristics of migration but does not differentiate specific differences between individual 

neurons. Only curves producing a significance of p < 0.05 were considered a good fit. To 

determine the number of independent variables or neuronal populations, the data were 

plotted as a frequency count and fitted to a Gaussian distribution. The number of peaks that 

resulted in an R2 value closest to 1 was used. To determine the goodness of fit, X2 values 

corresponding to p < 0.05 were considered significant. The number of fitted distributions to 

the histogram reflects the number of populations, the peak of each distribution reflects the 

average velocity or absolute distance traveled, and the area under the curve reflects the 

percentage of cells within that distribution. Velocity and absolute distance values were 

obtained from 500 to 1000 neurons for each condition.

3. Results

3.1 Prenatal HFD exposure affects endogenous CCL2 chemokine receptor system in 
hypothalamic neurons

Examination of hypothalamic neurons revealed a significant interaction effect between 

prenatal HFD exposure and gene expression [F(1, 3) = 507.03, p < 0.001] and a significant 

main effect of prenatal HFD exposure on the expression of the CCL2 chemokine system and 

its receptors [F(2, 6) = 12.46, p < 0.05]. The HFD compared to low fat chow diet caused a 

significant decrease in the expression of CCL2 [−70%, t(6) = 7.18, p < 0.01], which was 

accompanied by an increase in the expression of CCR2 [+85%, t(6) = 4.64, p < 0.01] and 

CCR4 [+100%, t(6) = 7.09, p < 0.01] (Fig. 1). These results show that prenatal exposure to a 

HFD markedly alters the CCL2 chemokine system in hypothalamic neurons during 

embryonic development, causing a marked reduction in endogenous CCL2.
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3.2 Prenatal HFD exposure reduces the number of migrating hypothalamic neurons toward 
CCL2

A migration assay using a cell culture insert was used to measure the number of neurons that 

migrate toward CCL2 in both the chow and HFD-exposed embryos. In chow neurons, a 

significant effect of CCL2 was observed when comparing the CCL2-treated neurons to the 

no treatment neurons [F(3,12) = 20.67, p < 0.001; Fig. 2A]. A significant increase in the 

number of migrated chow neurons was induced by CCL2 at all doses, 50 ng/mL [+55%, t(7) 

= 9.64, p < 0.01], 100 ng/mL [+120%, t(7) = 6.46, p < 0.01], and 200 ng/mL [+136%, t(7) = 

7.07, p < 0.01], with an EC50 value of 55 ng/mL (Fig. 2B), indicating that the hypothalamic 

neurons are attracted to and migrate toward CCL2 in a dose-dependent manner. The HFD 

neurons, in contrast, exhibited a very different response to CCL2. While a significant effect 

was observed between CCL2-treated neurons and no treatment neurons [F(3,16) = 6.77, p < 

0.01], this reflected an inhibition of migration at all doses of CCL2 (Fig. 2C). In the HFD-

exposed neurons, CCL2 significantly decreased the number of migrated neurons at 50 

ng/mL [−42%, t(8) = −5.00, p < 0.01], 100 ng/mL [−29%, t(8) = −3.96, p < 0.01], and 200 

ng/mL [−23%, t(8) = −3.10, p < 0.05]. These results show that prenatal HFD exposure 

negatively impacts the normal stimulatory effect of CCL2 on embryonic hypothalamic 

neurons, leading this chemokine to cause a reduction in their migration in vitro.

3.3 Prenatal HFD exposure reduces migrational behavior of hypothalamic neurons to a 
CCL2 stimulus

This experiment further examined the effect of CCL2 on the migratory behavior of 

hypothalamic neurons from the chow- and HFD-exposed embryos. Real-time imaging was 

used to measure neuronal movements of these neurons, as shown in the animated clip 

(Supplemental Videos S1–S8), with the cell bodies of neurons tracked to determine their 

velocity and absolute distance traveled (Fig. 3). In the chow neurons, the results showed a 

significant effect of CCL2 treatment compared to no treatment on the velocity [F(3,1178) = 

19.83, p < 0.001] and absolute distance traveled [F(3,1178) = 13.48, p < 0.001] (Fig. 4A). 

Post-hoc tests revealed in these chow neurons a significant increase, with effects of similar 

magnitude at all CCL2 concentrations, in the velocity [50 ng/mL: t(616) = 5.44, p < 0.001; 

100 ng/mL: t(625) = 6.44, p < 0.001; 200 ng/mL: t(605) = 7.21, p < 0.001] and the absolute 

distance traveled [50 ng/mL: t(616) = 5.42, p < 0.001; 100 ng/mL: t(625) = 4.43, p < 0.001; 

200 ng/mL: t(605) = 5.39, p < 0.001]. In contrast, in the HFD neurons, analyses of these 

measures revealed very different results, indicating a strong effect of prenatal HFD exposure 

on the responsiveness of neurons to CCL2. In the HFD neurons, CCL2 treatment compared 

to no treatment had no overall effect on velocity [F(3,1301) = 1.26, p = 0.28, not significant] 
at any of the concentrations examined (Fig. 4B). A similar analysis of absolute distance 

traveled revealed a significant effect of CCL2 treatment on the HFD neurons [F(3,1302) = 

5.42, p < 0.01]. The post-hoc tests showed a significant difference between the doses (p < 

0.05), which reflected a decrease in the absolute distance traveled at 100 and 200 ng/mL 

CCL2 when compared to 50 ng/mL CCL2 (p < 0.01) but no difference when compared to no 

treatment control (p = 0.27). While this analysis of average velocity and absolute distance 

travelled across all HFD neurons reveals a significant inhibition only in the latter measure, a 

further population analysis described in the next section (see 3.4) confirms an inhibitory 

effect of CCL2 on neuronal migration with both measures. Taken together, these results 
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demonstrate that CCL2, while having a stimulatory effect on the migration of neurons 

exposed to a low-fat chow diet, has the opposite effect on neurons exposed to a HFD, 

causing a reduction in their migrational behavior.

3.4 Prenatal HFD exposure shifts neuronal populations while inhibiting the stimulatory 
effect of CCL2 on migration

A population analysis was performed here to further characterize the specific neurons that 

are sensitive to CCL2. The velocity and distance traveled for each individual neuron were 

plotted as a probability density function (see Methods), to determine whether the chow- and 

HFD-exposed neurons have specific populations of neurons that are sensitive to CCL2 and 

also whether they differ in their responsiveness to CCL2. In the chow neurons, this data 

analysis identified a population of neurons specifically affected by CCL2 (Fig. 5A; Table 

1A). Whereas the no-treatment group had only one population of neurons with an average 

velocity of 0.09 ± 0.01 μm/min assigned as Slow (S), the CCL2-treated groups had two 

populations of neurons, one that moved with a similar average velocity of 0.09 – 0.10 

μm/min assigned as S and the other that moved with a faster average velocity of 0.16 – 0.22 

μm/min assigned as Fast (F) (Table 1A). Thus, while the slower moving population of 

neurons evident in both the treatment and no-treatment groups presumably reflects the basal 

movements of neurons that were insensitive to CCL2, the second population of faster 

neurons seen only in the treated groups reflected specific neurons that were affected by 

CCL2 (Fig. 5A). These same distinct populations of chow neurons were also evident when 

the measure of absolute distance traveled was similarly analyzed, with the CCL2-treated 

groups but not the no treatment group having a second population of neurons that traveled a 

significantly greater absolute distance (Table 1A). These results, consistent with a previous 

report (Poon et al., 2014), reveal a stimulatory effect of CCL2 on the migration of a specific 

population of neurons exposed to a low-fat chow diet.

In the neurons exposed to a HFD, very different results were obtained when these measures 

of velocity and distance traveled were plotted as a probability density function (Fig. 5B; 

Table 1B). For velocity, this analysis of the no treatment group revealed two populations of 

HFD neurons, one with an average velocity of 0.07 ± 0.00 μm/min assigned as S and a 

second population with a faster velocity of 0.15 ± 0.04 μm/min assigned as F (Fig. 5B). 

Comparison of the neurons under conditions of diet manipulation alone reveal that this 

second population of neurons exists only in the HFD neurons and was not evident in the 

chow neurons (Fig. 5A). Further analysis of the HFD neurons under conditions of CCL2 

treatment revealed, in stark contrast to chow neurons, an inhibitory effect of CCL2 on 

neuronal movement (Fig. 5B). This was most evident in the HFD neurons treated with 100 

or 200 ng/mL of CCL2 and had only S and Intermediate (I) populations, with average 

velocities respectively of 0.06 μm/min and 0.11 – 0.12 μm/min, but no population of F 

neurons. This trend toward a reduction in velocity was also evident in the HFD neurons 

treated with 50 ng/mL of CCL2, which had an additional intermediate (I) population with an 

average velocity of 0.11 ± 0.00 μm/min along with the S (0.05 ± 0.00 μm/min) and F (0.15 

± 0.06 μm/min) populations seen in the untreated HFD neurons (Fig. 5B). A similar analysis 

performed on the measure of absolute distance traveled yielded similar results, showing that 

CCL2 treatment of HFD neurons reduces migrational behavior (Table 1B). These findings 
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demonstrate once again that, while CCL2 treatment of chow neurons normally stimulates 

neuronal migration activity, prenatal exposure to a HFD, in addition to inducing a second 

population of fast neurons, actually disrupts the actions of CCL2 and shifts its effect on 

hypothalamic neurons toward an inhibition of neuronal movement.

3.5 Prenatal HFD exposure reduces changes in neuropeptide mRNA expression induced 
by CCL2

This experiment tested whether prenatal HFD exposure also alters the effects of CCL2 on 

specific hypothalamic neurons that express the orexigenic neuropeptides, ENK and GAL. In 

chow neurons, there was a significant effect of CCL2 at the three concentrations on the 

expression of both ENK [F(3, 10) = 68.24, p < 0.001] and GAL [F(3, 10) = 49.11, p < 

0.001] (Fig. 6A). Post-hoc analysis revealed a significant increase in levels of ENK mRNA 

[50 ng/mL: t(6) = 7.04, p < 0.001; 100 ng/mL: t(5) = 13.00, p < 0.001; 200 ng/mL: t(5) = 

17.82, p < 0.001], as well as in levels of GAL mRNA [50 ng/mL: t(6) = 8.11, p < 0.001; 100 

ng/mL: t(6) = 8.87, p < 0.001; 200 ng/mL: t(4) = 11.91, p < 0.001]. This increase in peptide 

expression was found to be dose dependent, with EC50 values of 55 ng/mL for ENK and 57 

ng/mL for GAL (Fig. 6B). Again, very different results were obtained in the HFD-exposed 

neurons. Compared to no treatment control, there was no significant effect of CCL2 

treatment on these neurons, on the expression of either ENK [F(3, 12) = 0.74, p = 0.55] or 

GAL [F(3, 12) = 0.16, p = 0.92], at any of the doses tested (Fig. 6C). These results, 

consistent with the other experiments, show prenatal HFD exposure to reduce the sensitivity 

of hypothalamic neurons to exogenous CCL2.

4. Discussion

In our prior studies, we uncovered a stimulatory effect in vivo of prenatal exposure to a HFD 

on the genesis and expression of hypothalamic orexigenic peptide neurons (Chang et al., 

2008). We have also observed in vitro a similar role for CCL2 in stimulating the migration 

of hypothalamic neurons and the expression of these peptides, suggesting its involvement in 

the normal development of these neurons (Poon et al., 2014). Building on these findings, we 

investigated here whether prenatal HFD exposure affects the endogenous CCL2 chemokine 

system and its normal functioning within the hypothalamus. While replicating the 

stimulatory effects of CCL2 on neuronal migration and peptide expression in chow neurons, 

the experiments conducted in this study consistently showed that prenatal exposure to a HFD 

actually disrupts the normal functioning of the hypothalamic CCL2 chemokine system. 

Prenatal HFD exposure compared to chow significantly decreased hypothalamic CCL2 

expression, an effect accompanied by an increase in its receptors. The HFD exposure also 

markedly reduced the sensitivity of hypothalamic neurons to the effect of CCL2 on neuronal 

migration and migratory behavior and on their expression of the orexigenic neuropeptides. 

These findings demonstrate for the first time that prenatal HFD exposure greatly disrupts 

both the development and functioning of the endogenous CCL2 chemokine system in 

embryonic hypothalamic neurons.
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4.1 Prenatal HFD exposure affects endogenous hypothalamic CCL2 chemokine receptor 
system

A few studies, including our previous report, have shown that CCL2 and one of its receptors, 

CCR2, are highly expressed in neurons of the hypothalamus (Banisadr et al., 2002, Banisadr 

et al., 2005, Poon et al., 2014). With HFD ingestion known to induce a state of systemic low 

grade inflammation, the present report examined, in embryonic hypothalamic neurons, 

whether prenatal HFD intake affects the inflammatory mediator, CCL2, and its receptors. 

Whereas previous studies have found maternal obesity or prenatal HFD exposure to increase 

both protein and mRNA levels of CCL2 in the gut or adipose tissue (Yan et al., 2011, 

Segovia et al., 2014), our results here show that prenatal HFD exposure actually decreases 

the expression of CCL2 in embryonic hypothalamic neurons, indicating that neuronal 

systems in the brain respond very differently from those in peripheral organs. In contrast, 

our measurements of the CCR2 receptor expression revealed a stimulatory effect of prenatal 

HFD exposure in hypothalamic neurons, similar to that observed in adipose tissue 

(Murabayashi et al., 2013). With the only neuronal study of CCR4 showing this receptor to 

exist in hippocampal neurons (Meucci et al., 1998), the present findings are the first to reveal 

its existence in hypothalamic neurons and a stimulatory effect of a prenatal HFD on its 

expression. These HFD-induced changes are very similar to those found with prenatal 

ethanol exposure, which also increases both mRNA and protein levels of CCR2 (Chang et 

al., 2015). This HFD-induced increase in both CCR2 and CCR4 receptors in embryonic 

hypothalamic neurons may have some relation to the significant suppression of endogenous 

CCL2 expression, as discussed below.

4.2 Prenatal HFD reduces migratory behavior of neurons toward CCL2

The chemokine, CCL2, is a known chemotactic agent that is highly prevalent in the 

embryonic brain at different stages of development (Meng et al., 1999, Rezaie et al., 2002). 

It induces the migration of immune cells during an immune response (Rollins et al., 1991, 

Carr et al., 1994, Ge and Pachter, 2004) and stimulates the migration of neurons during 

cellular damage both in vitro and in the brain (Deng et al., 2008, Magge et al., 2009). The 

results of the present study, similar to our previous report (Poon et al., 2014), demonstrate in 

chow-exposed embryos that CCL2 dose-dependently stimulates the migration of 

hypothalamic neurons towards this chemokine and also increases the velocity and absolute 

distance traveled by the population of neurons that is sensitive to this chemokine. These 

findings further reinforce the important role of CCL2 in stimulating the migration of neurons 

as they develop normally under conditions involving a low-fat diet. Under conditions of a 

HFD, however, a very different neuronal response is evident. In embryonic neurons exposed 

to a HFD, CCL2 actually reduces the number of migrating neurons and the overall 

movements of these neurons. There is evidence that prenatal HFD exposure decreases in 

embryos the migration and maturation of neuronal precursors from the third ventricle 

(Stachowiak et al., 2013), the site where hypothalamic neurons are born (Markakis, 2002, 

Bouret, 2010). With the importance of chemokine systems in the normal development and 

migration of neurons, this decreased migratory behavior may possibly be attributed to the 

HFD-induced disturbances in the CCL2 chemokine system demonstrated here.
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4.3 Prenatal HFD alters the effect of CCL2 on orexigenic neuropeptide expression

Evidence to date shows that CCL2 co-expresses and stimulates orexigenic neuropeptides in 

hypothalamic neurons (Banisadr et al., 2005, Poon et al., 2014) and affects neuronal 

function–(Guyon et al., 2009b, Zhou et al., 2011). Consistent with this are our results here in 

low-fat chow-exposed embryos, showing that CCL2 compared to no treatment dose-

dependently increases the expression of ENK and GAL in normally developing 

hypothalamic neurons. Of particular interest are our additional findings that embryonic 

neurons exposed to a HFD are clearly different and apparently insensitive to CCL2, showing 

no effect of this chemokine at all doses on the expression of these neuropeptides. One 

explanation for this decreased sensitivity to CCL2 may be a feedback mechanism caused by 

an extended inflammatory state induced by the HFD. The ingestion of a HFD increases 

circulating levels of CCL2 (Chen et al., 2005, Segovia et al., 2014), with some studies in 

adipose tissue showing prolonged exposure to CCL2 to negatively affect proteins that are 

involved in ingestive behavior, such as downregulating PPARγ (Gerhardt et al., 2001) or 

desensitizing mu-opioid receptors (Zhang et al., 2004). Also, the prenatal HFD exposure, by 

already increasing the expression of ENK and GAL as shown previously (Poon et al., 2012), 

may cause a ceiling effect that prevents further stimulation by CCL2. While the exact cause 

for this phenomenon is still unknown, the present findings further substantiate the idea that 

the prenatal environment caused by HFD exposure is effective in blunting the sensitivity of 

hypothalamic neurons to exogenous CCL2.

4.4 Prenatal HFD alters CCL2 chemokine system while affecting hypothalamic neuronal 
response to CCL2

Our results here demonstrate that hypothalamic embryonic neurons developing under 

normal, low-fat chow conditions are highly sensitive to the stimulatory effects of CCL2 on 

neuronal migration and peptide expression, consistent with our prior study (Poon et al., 

2014). Additionally, hypothalamic neurons exposed to a HFD, in addition to increasing 

protein levels of CCR2 and colabeling with ENK neurons (Poon et al., 2014), also stimulates 

neurogenesis and peptide expression (Chang et al., 2008, Poon et al., 2012). These HFD 

neurons, however, respond very differently to CCL2, which actually inhibits neuronal 

migration and is unable to stimulate expression of the peptides. There may be several 

possible mechanisms, one of which may involve the HFD-induced decrease in CCL2 and 

increase of both CCR2 and CCR4 expression in hypothalamic neurons. Several studies 

suggest that CCR2 and possibly CCR4 are scavengers of CCL2, with binding to CCR2 to 

produce rapid desensitization (Aragay et al., 1998, Ajram et al., 2014) or internalization of 

CCL2 (Zhang and Rollins, 1995, Tylaska et al., 2002, Mahad et al., 2006, Volpe et al., 

2012), thus regulating its levels and reducing the strength of the CCL2 signal. This 

internalization of CCL2 by its receptors may reflect a feedback mechanism against the 

disruptive effects of a HFD on embryonic hypothalamic neurons, designed to reduce CCL2 

signaling and expression and thus attenuate its actions on neuronal function. Additionally, 

other studies have shown long-term inflammation to decrease CCL2 levels in the brain and 

spinal cord (Franciotta et al., 2001, Sorensen et al., 2001) and to be inhibited by other 

neurochemicals or hormones, such as glucocorticoids (Melgarejo et al., 2009). Future 

studies will be needed to shed light on the exact mechanism underlying this phenomenon.
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4.5 Prenatal HFD effects on CCL2 chemokine system contribute to the increase in HFD 
intake

Systemic changes in the CCL2 chemokine system have been suggested to affect ingestive 

behavior, as shown by studies in adipose tissue of mice consuming a HFD. In the obese state 

or during HFD intake, CCL2 is found to be increased in adipose tissue (Chen et al., 2005, 

Kanda et al., 2006, Inouye et al., 2007), and CCL2 treatment of cultured adipocytes 

decreases the fat content of these cells (Gerhardt et al., 2001). Also, reducing or knocking 

out CCL2 in adult mice has the opposite effect of triggering symptoms of obesity and 

increasing ingestive behavior (Inouye et al., 2007), indicating that a suppression or absence 

of CCL2 contributes to an increase in HFD intake. With regards to the receptor, there is 

evidence that blocking or knocking down CCR2 reduces HFD intake and attenuates the 

development of obesity (Weisberg et al., 2006, Rull et al., 2010), indicating that an 

upregulation of this receptor as shown here may have the same effect as reducing CCL2, 

causing an overall increase in HFD intake. Whereas more studies directly relating the CCR2 

and CCR4 receptors to intake and metabolism are needed, the available evidence, along with 

our findings here that prenatal HFD exposure decreases CCL2 signaling while stimulating 

its receptors, suggests that the effects of this HFD during embryonic development may 

contribute, over the long term, to an increase in ingestive behavior and an obesogenic 

phenotype in the offspring.

4.6 Conclusions

In addition to increasing inflammation, maternal consumption of a HFD during pregnancy 

greatly alters the neurochemistry of the hypothalamus in the offspring that in turn may 

further increase the intake of a HFD. The present in vitro study, while possibly not reflecting 

the in vivo situation, examined one aspect of inflammation that may be affected by this diet 

exposure. The results demonstrate that prenatal HFD exposure, in addition to changing the 

endogenous CCL2 chemokine system, alters the responsiveness of hypothalamic neurons to 

CCL2, decreasing their overall migratory behavior and attenuating its effects on expression 

of hypothalamic peptides. The systemic consequence of this change in chemokine levels and 

function may contribute to increased HFD intake as adults, with a disturbance in normal 

functioning of the CCL2 chemokine receptor system in embryonic hypothalamic neurons 

increasing the propensity of the offspring to overconsume a fat-rich diet. Future studies on 

other neuropeptides as well as on the behavior of postnatal offspring exposed to this 

chemokine will shed further light on the physiological effects of CCL2 on development.
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Highlights

Hypothalamic neurons from normally developing embryos exposed to chow dose-

dependently respond to CCL2

Prenatal high fat diet exposure decreases expression of CCL2 and increases 

expression of CCR2, CCR4 in hypothalamic neurons

Prenatal high fat diet exposure decreases migration in response to CCL2 in 

embryonic hypothalamic neurons

Prenatal high fat diet exposure reduces sensitivity of embryonic hypothalamic 

neurons to CCL2 on neuropeptide expression
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Figure 1. Effects of prenatal HFD on endogenous CCL2 and its receptors in hypothalamic 
neurons
Prenatal exposure to a HFD significantly decreased the expression of CCL2 and increased 

the expression of CCR2 and CCR4 in cultured hypothalamic neurons. * p < 0.01; n = 4.
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Figure 2. Effects of CCL2 on migration of hypothalamic chow- and HFD-exposed neurons
A. In chow neurons, treatment with CCL2 at 50, 100 or 200 ng/mL significantly increased 

the migration of hypothalamic neurons. B. In chow neurons, CCL2 dose-dependently 

increased the migration of hypothalamic neurons, with an EC50 of 55 ng/mL. C. In HFD 

neurons, in contrast, CCL2 treatment significantly decreased the migration of hypothalamic 

neurons. * p < 0.01; n = 4.
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Figure 3. Real-time imaging of hypothalamic chow- and HFD-exposed neurons
A. Representative hypothalamic chow neurons were imaged in real-time, with treatment of 

CCL2 significantly increasing neuronal movements as compared to no treatment control. B. 

Representative hypothalamic HFD neurons were imaged in real-time, with no effect of 

CCL2 on neuronal movement. Numbers, symbols, and letters represent the same neuron 

across each treatment group.
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Figure 4. Average movements of hypothalamic chow- and HFD-exposed neurons
A. The average velocity traveled by chow neurons with no treatment, or treatment with 50, 

100 and 200 ng/mL CCL2. n = 1182. B. The average velocity traveled by HFD neurons with 

no treatment, or treatment with 50, 100, and 200 ng/mL CCL2. n = 1295. C. The average 

absolute distance traveled by chow neurons with or without CCL2 treatment. n = 1182. D. 

The average absolute distance traveled by HFD neurons with or without CCL2 treatment. n 
= 1295. The inset in each figure shows the average distribution of the velocity or absolute 

distance for all of the neurons combined.
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Figure 5. Population analysis of hypothalamic chow- and HFD-exposed neurons
A. In chow neurons, probability density function analysis of the velocity revealed one 

population of Slow (S) moving neurons in the no treatment control. This is in contrast to two 

populations of neurons, S and Fast (F) moving, in the CCL2 groups treated with 50, 100, and 

200 ng/mL CCL2, indicating that this chemokine increases velocity and overall movements 

in chow neurons and that this second F population reflects neurons that are sensitive to 

CCL2. B. In HFD neurons, probability density function analysis of the velocity revealed two 

populations of moving neurons, S and F, in the no treatment control. Treatment with 100 or 

200 ng/mL CCL2 shifted the populations of neurons to S and Intermediate (I), suggesting 

Poon et al. Page 22

Neuroscience. Author manuscript; available in PMC 2017 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that CCL2 reduces velocity and overall movements, consistent with the finding that 50 

ng/mL CCL2 treatment group exhibited a trend toward a reduction of movement with an S 

and I along with the F population. Chow: n = 1182, p < 0.05; HFD: n = 1295, p < 0.05.
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Figure 6. CCL2 and changes in mRNA levels of orexigenic peptides in hypothalamic neurons
A. In chow neurons, treatment with 50, 100 or 200 ng/mL CCL2 significantly increased the 

expression of both enkephalin (ENK) and galanin (GAL). B. In chow neurons, CCL2 dose-

dependently increased ENK and GAL mRNA, with EC50 of 55 ng/mL and 57 ng/mL, 

respectively. C. In HFD neurons, in contrast, treatment with CCL2 had no effect on the 

expression of either ENK or GAL. * p < 0.01; n = 4.
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