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At weaning, mammals switch from drinking mother’s milk to eating foods of environmental origin. These
foods contain natural compounds with novel tastes and textures, which are provided to the young for the
first time following the termination of breastfeeding. This novel eating experience may alter the cognitive
brain function of mammalian babies, increasing their reactions to their food environments. Because the
cerebral cortex is a central organ for cognition and learning, we investigated differences in whole-gene
expression profiles in the mouse cerebral cortex using microarray analysis before and after weaning.
Of 45,037 murine genes, 35 genes were upregulated and 31 genes were downregulated, in response to
weaning. In particular, immediate early genes, molecular chaperones, and myelin-related genes were
upregulated. In situ hybridization analysis revealed that the mRNA for an immediate early gene, Egr-2/
KROX-20, was transported from the nucleus to the cell body at layer 5/6 of the somatosensory cortex dur-
ing weaning. In contrast, in animals without any food supply other than mother’s milk, Egr-2/KROX-20
mRNA was retained within the nucleus at the somatosensory cortex. These data suggest that the novel
experience of food intake modulates gene expression profiles in the murine cerebral cortex at the wean-
ing stage.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

It is well known that dietary food experience, especially at a
younger stage, evokes personal food preferences, which are gener-
ally maintained throughout the life [1]. Food not only supplies en-
ergy and building blocks to our body but also has chemo-functional
effects, which are detected through taste and smell via its chemical
and physical properties [2–6]. In the development of the visual sys-
tem, it is well established that optical experience plays a central
role in determining the projection pattern of the thalamocortical
optic nerve onto the cerebral visual cortex. This is particularly true
at a childhood stage called the ‘‘critical period’’ [7]. In the develop-
ment of the gustatory system, little is known about this type of
neuronal plasticity for the cognitive processing of food signals.
ll rights reserved.
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Shortly after birth, mammals begin to drink their mother’s
breast milk, which is a complete and nutritious food adapted for
the optimal growth of babies during infancy. As the lactation per-
iod progresses, mammals begin to eat various types of weaning
foods, whose taste, texture, and nutrition are quite variable
depending on their natural environments. It is critical for health re-
search to understand how these natural foods affect mammalian
taste and cognitive development in childhood and later in life [8].

Taste and somatosensory signals, including sweet, salty, bitter,
umami, sour, texture, hot, cool, and spicy, are recognized in the
oral cavity and in the intestine [2–6]. These sensory organs are
innervated by peripheral gustatory and somatosensory neurons
from the peripheral ganglia [9–11]. Afferent taste and somatosen-
sory signals are eventually projected onto the gustatory and
somatosensory cortex, respectively, within the central nervous
system [12–20].

Experience-dependent neuronal plasticity may be established
by novel gene expression, pre-existing protein modification, and
cell survival and death induced by neuronal stimulation of the sen-
sory system [21]. To understand the molecular mechanism of
developmental neural plasticity of the taste sensory and cognitive
systems, we investigated a genome-wide expression profile of the
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murine gustatory cortex using microarray analysis. We found that
a subset of genes was upregulated or downregulated by food in-
take experience during weaning.
2. Materials and methods

2.1. Animals

All procedures performed in this study were approved by the
Animal Care and Use Committee of the University of Tokyo and
were performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. All ef-
forts were made to minimize the number of animals used and
the duration of their suffering. All procedures for animal mainte-
nance and experiments were performed as described previously
[20]. Briefly, all mice were purchased on postnatal day 7 with their
mother from CLEA Japan (Tokyo, Japan) and maintained with free
access to CLEA Rodent diet OA-2 (CLEA Japan) and bottled water
until experiments were initiated. Stimulation of weaning mice
with or without solid food intake was performed as previously de-
scribed [20]. Briefly, two cages were prepared, one of which was
supplied with solid meal CLEA Rodent diet OA-2 (CLEA Japan)
while the other was not. Each cage contained one mother and six
pups, and the two mothers were exchanged every 12 h for feeding.
Thus, mother mice were partly restricted from food access during
this experiment.

2.2. Microarray analysis of the gustatory and somatosensory cortices

For each microarray analysis, three male mice were euthanized
and the whole brain was dissected out using standard procedures.
The brain was put onto the dissection apparatus, pre-cooled on ice,
and sliced using razor blades at 2-mm thicknesses. Then, under
Fig. 1. Microarray analysis of the gustatory and somatosensory cortex during the w
development. P15: postnatal day 15; P20: postnatal day 23; P23: postnatal day 23; P30: p
showing the mean expression level by red color intensity. (C) Time course of the expressi
was set to 1 for each gene expression profile. Thirty-one genes in Table 1A were plot
expression level on postnatal day 15 was set to 1 for each gene expression profile. Thir
microscopic observation, the gustatory and somatosensory cortices
were dissected out using forceps. Right and left cortices from a sin-
gle animal were collected and combined for a single analysis. RNA
preparation was performed using TRIzol reagent (Invitrogen) as
described previously [22]. For microarray analysis, amplified cRNA
was prepared using the 30IVT Express Kit (Affymetrix) and the
GeneChip Mouse Genome 430A 2.0 Array (Affymetrix) as previ-
ously described [22]. Microarray analysis was performed as de-
scribed previously [22]. Briefly, we prepared three individual
RNA samples for each microarray analysis experiment on p15,
p20, p23, and p28. Genes displaying a signal intensity of more than
200 on at least 1 day among p15, p20, p23, and p30 were analyzed.
Then, we selected genes with a corresponding signal on one of the
4 days that was more than twice as intense as the signal on one of
the three other days. Finally, we confirmed the significance of
changes in the expression level of the genes by false discovery rate
(FDR) analysis (Tukey’s test) with less than 0.20 between at least
one set of the four experiments.
2.3. In situ hybridization

In situ hybridization was performed as previously described
[11]. Complementary DNA of Egr-2/KROX20 was a generous gift
from Dr. Jeffrey D. Milbrandt (Washington University, MO). Com-
plementary RNA probes were prepared using T3/T7 RNA polymer-
ase as previously described [11]. Briefly, cerebral coronal
specimens were observed and photographed using an Olympus In-
verted Microscope (Olympus, Japan). Both gustatory and somato-
sensory cortices (bregma +0.85 mm) were studied, especially at
layer 5 on postnatal days 15 and 22. To quantify punctate mRNA,
we processed the digital image using Adobe Photoshop, and we
counted the number of RNA punctate signals with greater intensity
eaning period. (A) Experimental schedule and murine weaning period during
ostnatal day 30. (B) Heat map of upregulated (right) and downregulated (left) genes

on level of the downregulated genes. The mean expression level on postnatal day 15
ted. (D) Time course of the expression level of the upregulated genes. The mean

ty-five genes in Table 1B were plotted.



able 1
enes upregulated and downregulated in the gustatory and somatosensory cortices during the weaning period. Gene function is cited from Net Affix. All of the changed primer

ets are represented by their gene symbols. Thirty-one genes represented by 45 primer sets were downregulated (A), and 35 genes represented by 39 primer sets were
pregulated (B).

Gene symbol Gene title Change (fold) FDR (Tukey)

GC
(P15)

GC
(P20)

GC
(P23)

GC
(P30)

P20/
P15

P23/
P15

P30/
P15

P15
vs
P20

P15
vs
P23

P15
vs
P30

A. Upwardely regulated genes
Malat1 Metastasis-associated lung adenocarcinoma transcript 1

(non-coding RNA)
230.3 194.9 298.1 433.9 0.846 1.29 1.88 1 0.849 0.148

Nedd4 Neural precursor cell expressed, developmentally down-
regulated 4

293.9 226.2 381.1 460.5 0.77 1.3 1.57 0.824 0.807 0.339

Malat1 Metastasis-associated lung adenocarcinoma transcript 1
(non-coding RNA)

1092.8 1071.9 1902.2 2229.8 0.981 1.74 2.04 1 0.162 0.057

Mog Myelin oligodendrocyte glycoprotein 172.3 349.7 356.6 291.2 2.03 2.07 1.69 0.146 0.125 0.315
Cbln4 Cerebellin 4 precursor protein 87.2 166.5 167.4 229.2 1.91 1.92 2.63 0.114 0.105 0.017
Egr2 Early growth response 2 97.9 191.2 189.9 269.6 1.95 1.94 2.75 0.5 0.486 0.156
Dnajc21 DnaJ (Hsp40) homolog, subfamily C, member 21 141.7 277.6 294.1 453.8 1.96 2.08 3.2 0.002 0.001 0
Phf15 PHD finger protein 15 136.5 296.5 332 392.8 2.17 2.43 2.88 0 0 0
Ermn Ermin, ERM-like protein 128 280.5 332.6 372.9 2.19 2.6 2.91 0.09 0.036 0.019
Hspa1b Heat shock protein 1B 145.3 261.8 372.7 368.2 1.8 2.57 2.53 0 0 0
Hapln4 Hyaluronan and proteoglycan link protein 4 94.5 140.5 183.7 225.2 1.49 1.94 2.38 0.379 0.069 0.019
Arc Activity-regulated cytoskeletal-associated protein 259.3 397.3 617.3 635.2 1.53 2.38 2.45 0.192 0.008 0.006
Erdr1 Erythroid differentiation regulator 1 565.8 779.2 1431 1158 1.38 2.53 2.05 0.825 0.065 0.161
Igfbp6 Insulin-like growth factor binding protein 6 194.5 324.4 376 422.1 1.67 1.93 2.17 0.137 0.048 0.021
Emb Embigin 111 159.5 197.8 222.6 1.44 1.78 2.01 0.001 0 0
C330006P03Rik GLGF-domain protein Homer 1372.7 2522.6 3188.6 3307.6 1.84 2.32 2.41 0.002 0 0
Mobp Myelin-associated oligodendrocytic basic protein 1219.2 2073.4 2283 2517.1 1.7 1.87 2.06 0.194 0.104 0.052
Mobp Myelin-associated oligodendrocytic basic protein 505.9 840 877.1 1139.8 1.66 1.73 2.25 0.347 0.269 0.066
Bhlhe40 Basic helix–loop–helix family, member e40 497.8 758.3 819.2 999.5 1.52 1.65 2.01 0.037 0.016 0.002
Pvalb Parvalbumin 439.6 787 797 892.4 1.79 1.81 2.03 0.361 0.33 0.189
Gstm1 glutathione S-transferase, mu 1 189.8 304.6 305 390.9 1.6 1.61 2.06 0.037 0.034 0.003
Pdp1 Pyruvate dehyrogenase phosphatase catalytic subunit 1 979.1 1590 1783.3 2258.5 1.62 1.82 2.31 0.004 0.001 0
Rims3 Regulating synaptic membrane exocytosis 3 183.1 240.7 288.8 367 1.31 1.58 2 0.137 0.014 0.001
Trf Transferrin 318.4 470.2 576.7 746.9 1.47 1.81 2.35 0.296 0.068 0.011
Ier3 Immediate early response 3 122.1 170.5 202.4 270 1.4 1.66 2.21 0.012 0.001 0
Malat1 Metastasis associated lung adenocarcinoma transcript 1

(non-coding RNA)
597.1 725.9 1105 1470.9 1.22 1.85 2.46 0.918 0.087 0.014

Atp2b2 ATPase, Ca++ transporting, plasma membrane 2 489.7 610.3 907.2 1047.3 1.25 1.85 2.14 0.869 0.097 0.037
Plekhb1 Pleckstrin homology domain containing, family B

(evectins) member 1
769.5 1031.4 1331.7 1770.1 1.34 1.73 2.3 0.205 0.014 0.001

3021401C12Rik RIKEN cDNA 3021401C12 gene 182.7 332.6 337.2 445 1.82 1.85 2.44 0.001 0.001 0
Plekhh1 Pleckstrin homology domain containing, family H (with

MyTH4 domain) member 1
116.9 193.2 206.8 270.1 1.65 1.77 2.31 0.045 0.023 0.003

Ier5 Immediate early response 5 96.2 156.9 160.3 219.4 1.63 1.67 2.28 0.056 0.043 0.003
Mal Myelin and lymphocyte protein, T-cell differentiation

protein
402.5 885.2 867.8 992.3 2.2 2.16 2.47 0.053 0.056 0.024

Mal Myelin and lymphocyte protein, T-cell differentiation
protein

784.5 1915.6 1894.8 2379 2.44 2.42 3.03 0.059 0.06 0.019

2900052N01Rik RIKEN cDNA 2900052N01 gene 240.7 320.8 349.2 557.6 1.33 1.45 2.32 0.29 0.125 0.002
Il33 Interleukin 33 152.1 170.8 192.7 311 1.12 1.27 2.04 0.616 0.091 0
Dnajc21 DnaJ (Hsp40) homolog, subfamily C, member 21 156.5 204.9 238.3 377.8 1.31 1.52 2.41 0.527 0.161 0.005
C920025E04Rik RIKEN cDNA C920025E04 gene///histocompatibility 2, T

region locus 23
138.6 193.4 228.1 310.4 1.4 1.65 2.24 0.069 0.01 0.001

Igh-6 Immunoglobulin heavy chain 6 (heavy chain of IgM) 269.9 333.9 477.7 742 1.24 1.77 2.75 0.933 0.177 0.015
Scn4b Sodium channel, type IV, beta 80.1 258.7 243 288.3 3.23 3.03 3.6 0.019 0.023 0.01

B. Downwardly regulated genes
Gm9106 Predicted gene 9106///MARCKS-like 1 209.3 153.4 138.1 84.5 0.733 0.66 0.404 0 0 0
Sla src-like adaptor 285.9 245.9 186.8 125.6 0.86 0.653 0.439 0.912 0.127 0.005
Marcksl1 MARCKS-like 1 215.4 148.2 124.4 76.6 0.688 0.578 0.356 0.011 0.001 0
Tet1 tet oncogene 1 334.9 237.3 156.2 125.3 0.709 0.466 0.374 0.007 0 0
Dpysl3 Dihydropyrimidinase-like 3 858 462.6 364.2 304.5 0.539 0.424 0.355 0.091 0.02 0.007
Ctla2a Cytotoxic T lymphocyte-associated protein 2 alpha 277.3 181.5 136.9 114.1 0.655 0.494 0.411 0.003 0 0
Cd24a CD24a antigen 694.9 394.1 294.4 220.8 0.567 0.424 0.318 0.004 0 0
Dpysl3 Dihydropyrimidinase-like 3 586.6 307.3 227.8 192.8 0.524 0.388 0.329 0.112 0.02 0.008
Cxadr Coxsackie virus and adenovirus receptor 545.1 277.4 177.6 172.4 0.509 0.326 0.316 0.006 0 0
Tet1 tet oncogene 1 313.9 157.8 157.1 119.2 0.503 0.5 0.38 0 0 0
Igf1 Insulin-like growth factor 1 383.8 306.6 183.9 203.1 0.799 0.479 0.529 0.289 0.001 0.003
Gng4 Guanine nucleotide binding protein (G protein), gamma 4 360.1 218.2 159.7 182.7 0.606 0.443 0.507 0.033 0.002 0.006
LOC100048058 Similar to solute carrier family 29 (nucleoside

transporters), member 4///solute carrier family 29
(nucleoside transporters), member 4

433 289.8 247 199.5 0.67 0.57 0.461 0 0 0

Marcksl1 MARCKS-like 1 3538.6 2292.1 1849.2 1445.6 0.648 0.523 0.409 0.012 0.001 0
Ppp1r14c Protein phosphatase 1, regulatory (inhibitor) subunit 14c 349.8 263.4 225.4 168.4 0.753 0.644 0.481 0.046 0.005 0
Crym Crystallin, mu 792.8 618.1 555.5 387.2 0.78 0.701 0.488 0.811 0.498 0.057

(continued on next page)
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Table 1 (continued)

Gene symbol Gene title Change (fold) FDR (Tukey)

GC
(P15)

GC
(P20)

GC
(P23)

GC
(P30)

P20/
P15

P23/
P15

P30/
P15

P15
vs
P20

P15
vs
P23

P15
vs
P30

9930013L23Rik RIKEN cDNA 9930013L23 gene 424.4 257.1 243.4 200.3 0.606 0.574 0.472 0.001 0.001 0
Dnmt3a DNA methyltransferase 3A 1371.1 878.7 781.3 630.2 0.641 0.57 0.46 0 0 0
Tubb2b Tubulin, beta 2B 2417.4 1555.7 1424.9 1183.3 0.644 0.589 0.49 0.007 0.002 0
Rras2 Related RAS viral (r-ras) oncogene homolog 2 535.2 333.5 315.5 248.6 0.623 0.589 0.464 0.001 0 0
Lsm11 U7 snRNP-specific Sm-like protein LSM11 282.8 190.2 170.4 126.8 0.673 0.603 0.448 0.008 0.002 0
Lgtn Ligatin 227.5 146 150.6 110 0.642 0.662 0.484 0 0 0
Col3a1 Collagen, type III, alpha 1 379.2 249.9 266.7 180.6 0.659 0.703 0.476 0 0 0
Cbln1 Cerebellin 1 precursor protein 283.8 163.5 182.3 135.3 0.576 0.642 0.477 0.114 0.225 0.028
Dnmt3a DNA methyltransferase 3A 351.6 208.4 205.1 175.1 0.593 0.583 0.498 0.009 0.007 0.001
Dcx Doublecortin 319.4 215.7 179 156.4 0.675 0.56 0.49 0.03 0.004 0.001
Rras2 Related RAS viral (r-ras) oncogene homolog 2 368 237.4 184.7 158.6 0.645 0.502 0.431 0.001 0 0
Marcksl1 MARCKS-like 1 2001.1 1313.9 1020.5 780.1 0.657 0.51 0.39 0.004 0 0
Slc16a1 Solute carrier family 16 (monocarboxylic acid

transporters), member 1
1894.9 1161.5 914.8 810.1 0.613 0.483 0.428 0 0 0

Apcdd1 Adenomatosis polyposis coli down-regulated 1 636.2 478.9 347.9 311.2 0.753 0.547 0.489 0.001 0 0
Igf1 Insulin-like growth factor 1 390.5 317.6 217.2 189.8 0.813 0.556 0.486 0.513 0.012 0.003
Dynlt1 Dynein light chain Tctex-type 1///dynein light chain Tctex-

type 1, pseudogene 1 /// similar to tctex-1 protein
1129.9 719.6 556.4 424 0.637 0.492 0.375 0.002 0 0

Npnt Nephronectin 416.4 290.3 228.7 201.4 0.697 0.549 0.484 0.389 0.074 0.029
E130309F12Rik RIKEN cDNA E130309F12 gene 254.3 186.8 157.1 116.8 0.735 0.618 0.459 0.088 0.01 0.001
Kif21b Kinesin family member 21B 475.6 305.4 261.4 209.6 0.642 0.55 0.441 0.002 0 0
Deaf1 Deformed epidermal autoregulatory factor 1 (Drosophila) 423.2 266.1 242.6 206.9 0.629 0.573 0.489 0 0 0
Gng4 Guanine nucleotide binding protein (G protein), gamma 4 2271.3 1427.4 1101.2 1053.2 0.628 0.485 0.464 0.073 0.008 0.006
Met met proto-oncogene 279.5 179.7 141.3 131.4 0.643 0.506 0.47 0.003 0 0
Dynlt1 Dynein light chain Tctex-type 1 /// dynein light chain

Tctex-type 1, pseudogene 1 /// similar to tctex-1 protein
2057.6 1250.3 939 904.1 0.608 0.456 0.439 0 0 0

Dnmt3a DNA methyltransferase 3A 1437.8 887.3 704.1 552.7 0.617 0.49 0.384 0 0 0
Npnt Nephronectin 326.4 196 168.8 142.1 0.6 0.517 0.435 0.289 0.122 0.044
Col1a2 Collagen, type I, alpha 2 206.1 131.3 95.8 66.9 0.637 0.465 0.325 0.003 0 0
Cd24a CD24a antigen 219.6 140.2 94.7 73.6 0.638 0.431 0.335 0.077 0.003 0.001
Cd24a CD24a antigen 282.3 159.8 119.6 71 0.566 0.424 0.252 0.003 0 0
Aplnr Apelin receptor 242 92.9 88 67.5 0.384 0.364 0.279 0 0 0

440 N. Maeda et al. / Biochemical and Biophysical Research Communications 431 (2013) 437–443
than 147 at 256 gradation image data, which was interpreted as a
positive punctate signal.
3. Results and discussion

3.1. Expression analysis in gustatory and somatosensory cortices at
weaning

To investigate the effects of food intake on child brain develop-
ment, we performed a microarray analysis of the murine gustatory
and somatosensory cerebral cortices throughout the weaning per-
iod (Fig. 1). Given free access to a solid food supply, mouse pups
began to eat the solid food (OA-2, CLEA Japan) on postnatal day
19. Mouse pups continued to drink mother’s milk even after food
intake until postnatal week 4. Based on this observation, we deter-
mined that postnatal days 19–28 represented the weaning stage in
our study. The body weight of the pups gradually increased during
weaning with a solid food supply, whereas pups drinking only
mother’s milk without a solid food supply did not show a compa-
rable weight gain (not shown). This finding suggests that a food
supply other than breast milk is necessary for normal infant devel-
opment at weaning.

Based on this observation of the feeding behavior of murine
pups during weaning, we decided to analyze the whole-genome
expression profile of the gustatory and somatosensory cortices
on postnatal days 15, 20, 23, and 30 (Fig. 1A). A microarray analysis
of the whole genes revealed that 31 and 35 genes are down- and
upregulated, respectively, during the time from postnatal day 15
to postnatal days 20–30, respectively (Fig. 1B and Table 1). Among
45,037 murine genes on the Affymetrix GeneChip, we selected
genes whose expression signal intensity was more than 200 and
significantly different from FDR analysis at less than 0.20 and the
expression increase of which was less than 0.5-fold or more than
2.0-fold. Of the total genes, 98.3% did not display significant
changes in expression during weaning. Changes in expression over
time are shown in a heat map analysis for all 66 genes (Fig. 1B).
Expression intensity and change over time are variable from gene
to gene for both the downregulated (left panels) and upregulated
(right panels) genes, respectively. Fold difference analysis indi-
cated the entire pattern of time-course changes of downregulated
(Fig. 1C) and upregulated genes (Fig. 1D).

The 31 downregulated genes are mainly involved in organ mor-
phogenesis, tumor formation, and cell growth and differentiation
(Table 1A). Among the 31 genes, we identified five cytoskeletal
protein genes: MARKS-like 1, tubulin beta 2B, double cortin, dy-
nein light chain Tctex-type 1, and KIF 21B (Table 1A). These genes
regulate neural morphology, such as neurite formation and intra-
cellular transport, by modulating the microfilament and microtu-
bule network. We also found four oncogenes: src-like adaptor, tet
oncogene 1, r-ras oncogene homolog 2, and met proto-oncogene.
These genes regulate cell division and/or cell differentiation.

In contrast, the 35 upregulated genes are mainly involved with
the immediate early response to neuronal activation, myelin for-
mation, and glial cell differentiation (Table 1). Among the 35 genes,
we identified five immediate early genes: egr-2/Krox-20, Ier-3, Ier-
5, arc and homer (Table 1B). Egr-2/Krox-20 is a transcription factor
that is activated by neuronal excitation and regulates the tran-
scription of subsets of genes to modulate neuronal functions
[24,25]. Those immediate early genes are known to play a pivotal
role in neural plasticity by neuronal excitation [26,27], suggesting
they are candidate genes that respond to food intake stimulation in
the gustatory and somatosensory cortices. Within the upregulated
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genes, we also found three glial myelin formation genes – Mog,
Mobp, and Mal – which are involved in glial cell differentiation
for myelin formation around neuronal axons.
3.2. In situ hybridization analysis of the Egr-2/Krox-20 gene at the
somatosensory cortex during weaning

During postnatal development, neuronal migration in the cere-
bral cortex is largely completed by postnatal day 14, followed by a
period of neurite elongation, axon myelination, and glial matura-
tion [23]. Based on the microarray analysis, we found five immedi-
ate early genes whose expression is activated by neuronal
excitation. These are good candidates for food-intake-dependent
genes in the gustatory and somatosensory cortices. Immediately
after beginning food intake on postnatal day 20, the expression
of Egr-2/Krox-20, Ier-3, Ier-5, arc, and homer was upregulated
1.95-, 1.40-, 1.63-, 1.53-, and 1.84-fold, respectively, when com-
pared to their expression before weaning on postnatal day 15
(Table 1B). Because Egr-2/Krox-20 is the most upregulated among
the five candidates, we decided to investigate Egr-2/Krox-20
[24,25] in further detail using an in situ hybridization technique
(Fig. 2).

First, we analyzed the localization of Egr-2/Krox-20 mRNA in
the somatosensory cortex on postnatal day 15 (Fig. 2A) and day
22 (Fig. 2B). Before weaning, Egr-2/Krox-20 mRNA is localized in
the nucleus at layer 5/6 of the somatosensory cortex (Fig. 2A).
Egr-2/Krox-20 mRNA appears to be expressed in pyramidal neu-
rons based on the location of the cell body in layer 5/6, the density
of cell number in layer 5/6, and the size of the nucleus (Fig. 2A).
Three days after starting solid foods, however, Egr-2/Krox-20
mRNA is not only located in the nucleus but also throughout the
cytosol (Fig. 2B). Generally, messenger RNA is synthesized, edited
in the nucleus, transported from nucleus to cytosol, and translated
on ribosomes. Together with the microarray data, we concluded
that Egr-2/Krox-20 mRNA is not only upregulated but also trans-
ported from the nucleus to the cytosol during weaning. Statistical
analysis of the in situ hybridization data clearly indicated that the
Fig. 2. In situ hybridization of Egr-2/Krox-20 (A, B) at postnatal days 15 (A) and 22 (B) in
Inset: An in situ hybridization image of the whole hemisphere under low-magnification
insets indicate the area observed at high magnification. (C) The mean number of extr
postnatal day 22. Error bars indicate the standard deviation. Triple asterisks indicate sig
number of cytosolic mRNA punctate is significantly increased by
approximately 3-fold (Fig. 2C).
3.3. In situ hybridization analysis of Egr-2/Krox-20 genes in the
somatosensory cortex with or without solid food

Egr-2/Krox-20 is known to be induced by various extracellular
stimuli, such as growth factors and neuronal excitation, and it
plays a role as a transcriptional co-activator [23,24]. Thus, it is pos-
sible that chemical, textural, and nutritional stimulation by food
intake may evoke its expression. To address this question, we per-
formed an in situ hybridization analysis using samples taken on
postnatal day 22 from weaning mice and from mice that were kept
exclusively on a diet of mother’s milk (Fig. 3). We analyzed the
localization of Egr-2/Krox-20 mRNA in the somatosensory cortex
on postnatal day 22 without (Fig. 3A) or with (Fig. 3B) solid food.
In the absence of a solid food supply, Egr-2/Krox-20 mRNA is local-
ized in the nucleus of giant pyramidal neurons in layer 5 of the
somatosensory cortex on postnatal day 22 (Fig. 3A). In the presence
of a solid food supply, however, Egr-2/Krox-20 mRNA is located
throughout the cell body and dendrites as well as in the nucleus
(Fig. 3B). We concluded that Egr-2/Krox-20 mRNA is not only
upregulated but also transported from nucleus to cytosol following
solid food supply. Statistical analysis of the in situ hybridization
data clearly indicated that the number of cytosolic mRNA punctate
significantly increased by threefold (Fig. 3C).

In this study, we report the time course of the whole-gene
expression profile in the mouse gustatory and somatosensory cor-
tex during the weaning period. Among 14,000 genes tested, 31 and
35 genes are down- and upregulated, respectively, during weaning.
Among these genes, an immediate early response gene, Egr-2/
Krox-20, is transported from the nucleus to the cytosol in layer 5
of the somatosensory cortex by solid food intake. The Egr-2/
Krox-20 gene is upregulated by neurotropic factors or electric
nerve stimulation and plays a central role in neural differentiation
as a transcription factor [24,25].

In conclusion, we showed in this study that weaning in mice in-
duces, among other effects, the expression of Egr-2/Krox-20,
the somatosensory cortex. The black bar in the lower right corner indicates 50 lm.
microscopic observation on postnatal day 15 (A) and day 22 (B). White boxes in the
a-nuclear punctate of Egr-2/Krox-20 per 15,000 lm2. P15: postnatal day 15; P22:
nificant difference (n = 9, P < 0.005).



Fig. 3. In situ hybridization of Egr-2/Krox-20 with (A) or without (B) solid food intake stimulation in the somatosensory cortex. The black bar in the lower-right corner
indicates 50 lm. (C) Mean number of extra-nuclear punctate of Egr-2/Krox-20 per 15,000 lm2. Error bars indicate the standard deviation. Triple asterisks indicate significant
difference (n = 9, P < 0.005).
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encoding a transcription factor at the somatosensory cortex. Based
on our data, we propose a hypothesis that food intake signals in-
duce an Egr-2/Krox-20 transcription factor, which may play a role
in cognition, learning, and memory of the natural food environ-
ment during weaning. In the future, it will be important to deter-
mine whether the taste/texture signals or the nutritional factors
of solid food evoke gene expression at the weaning stage.

Recently, we also reported that solid food intake induced the
accumulation of SNAP25, a component of the SNARE complex, in
the gustatory and somatosensory cortices during weaning [20]. Ta-
ken together, these results suggest that changes in food intake may
play an important role in brain development and function in wean-
ing children.
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