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Neonatal Deprivation of Maternal Touch May Suppress 
Ornithine Decarboxylase via Downregulation of the 
Proto-oncogenes c-myc and max 

Shiying Wang, Jorge V. Bartolome, and Saul M. Schanberg 

Department of Pharmacology, Duke University, Durham, North Carolina 27710 

Previously, we have shown that short-term (1 hr) separation of 
neonatal rats from their mother (MS) suppresses basal ornithine 
decarboxylase (ODC) synthesis and tissue ODC response to 
trophic factors. This effect in the pup is caused by absence of 
maternal tactile stimulation (touch) but not from lack of mater- 
nal nutrients (food). This study was performed to examine in 
IO-d-old rats whether maternal touch deprivation affects ex- 
pression of certain hepatic proto-oncogenes, the protein prod- 
ucts of which are known to interact with the regulatory region of 
the OK gene. Prolactin (PRL) injected subcutaneously in- 
creased hepatic ODC activity as well as mRNA levels of ODC 
and the proto-oncogenes c-fos, c-jun, junB, junD, c-myc, and 
max. MS significantly suppressed PRL-induced increases in 
O/X enzyme activity and c-myc, max, and ODC mRNAs but 
had little effect on expression of the other proto-oncogenes. 
PRL-induced stimulation of OK, c-myc, and max mRNAs also 

was depressed in neonates placed with an anesthetized lactat- 
ing dam (touch-deprived) but not in pups placed with nipple- 
ligated dams (food-deprived). Furthermore, unlike its effect on 
preweanling-age pups (~20 d old), MS did not alter expression 
of either ODC or c-myc mRNAs in 2.5d-old pups acutely sep- 
arated from their mother. These findings indicate that suppres- 
sion of ODC gene transcription in the neonatal pup during MS 
may be mediated by downregulation of the O/X gene trans- 
activator proto-oncogenes c-myc and max. They are also con- 
sistent with our previous observation that lack of maternal 
touch, but not maternal milk, initiates the physiological alter- 
ations induced by MS. 
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Although development in mammals is affected profoundly by 
environmental stimuli, those provided by the mother are most 
critical for survival and growth. Evidence from this and other 
laboratories has documented that separation of young mam- 
mals from their mothers (MS) elicits very specific physiological 
and behavioral responses that can affect their development 
markedly. The maturational deficits resulting from prolonged 
MS are attributable to a variety of functional changes in hypo- 
thalamic-pituitary-adrenal, neuroendocrine, and metabolic 
systems and their altered response to environmental stimuli 
(Harlow and Zimmerman, 1959; Powell et al., 1967, 1973; 
Hinde and Spencer-Booth, 1971‘; Frasier and Rallison, 1972; 
Hofer, 1981). 

We have demonstrated that short-term (1 hr) MS produces a 
decrease in the basal activity of ornithine decarboxylase (ODC; 
EC 4.1.1.17) and a suppression of tissue ODC response to trophic 
stimuli in major tissues (Butler and Schanberg, 1977; Butler et al., 
1978; Kuhn et al., 1979; Schanberg and Kuhn, 1985). ODC is the 
first and rate-limiting enzyme in the biosynthesis of the poly- 
amines putrescine, spermidine, and spermine, molecules that are 
necessary for normal growth of both prokaryotic and eukaryotic 
organisms (Heby, 1981; Slotkin and Bartolome, 1986; Marton and 
Morris, 1987). This adaptive pattern of ODC synthesis to MS is 
not related to food deprivation or body temperature changes; it is 
caused by the lack of a specific type of tactile stimulation of the 
pup by the mother, and it occurs only during the first three 
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postnatal weeks (Butler and Schanberg, 1977, 1978; Kuhn et al., 
1978, 1979; Evoniuk et al., 1979; Pauk et al., 1986). Tactile 
stimulation in the form of firm stroking with a brush at a fre- 
quency that mimics maternal licking patterns reliably prevents or 
reverses the effects of MS on ODC (Evoniuk et al., 1979; Kuhn et 
al., 1979; Schanberg and Kuhn, 1980; Pauk et al., 1986). 

An important issue arising from our studies concerns the intra- 
cellular mechanisms by which the regulation of tissue ODC ex- 
pression in the developing neonate is influenced by maternal 
tactile stimulation. Recent studies of proto-oncogene involvement 
in cell signal transduction pathways have elucidated some of the 
basic molecular mechanisms mediating hormonal regulation of 
ODC gene transcription. Among the multiple intracellular re- 
sponses associated with receptor activation, one of the earliest 
nuclear events is the increased expression of the proto-oncogenes 
c-fos and c-@z, also known as immediate-early genes (IEGs) 
(Herschman, 1989; Bravo, 1990). Fos and Jun, the proteins en- 
coded by c-j& and c-jun mRNAs, respectively, interact to form 
heterodimeric complexes that function as transcriptional regula- 
tors of target genes. More importantly, Myc and Max, the proteins 
encoded by the proto-oncogenes c-myc and max have been shown 
in particular to participate in the normal regulation of both ODC 
mRNA expression and cell development (Cole, 1986; Ltischer and 
Eisenman, 1990; Spencer and Groudine, 1991; Wagner et al., 
1992, 1993; Bello-Fernandez et al., 1993; Pena et al., 1993). 

The above findings are consistent with the hypothesis that MS 
suppresses ODC gene expression in vivo by downregulating the 
transcription of proto-oncogenes such as c-myclmm and/or C-fosl 

c-jun. To test this hypothesis, the present studies were designed to 
measure the effects of MS both on basal levels of hepatic c-fos, 
c-jun, junB, junD, c-myc, max, and ODC mRNAs and on prolactin 
(PRL)-stimulated synthesis of these gene transcripts. PRL is a 
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potent hepatotrophic hormone known to produce a dose- 
dependent increase in levels of c-myc and ODC mRNAs (Crowe 
et al., 1991), and the ability of PRL to increase ODC enzyme 
activity in neonates is suppressed markedly by MS (Schanberg et 
al., 1984). 

MATERIALS AND METHODS 
Animal treatments. Rat pups in these studies were 10 d old, except for one 
experiment in which they were 25 d old. Lactating Sprague-Dawley rats 
with 5- or 20.d-old litters (10 pups/litter; Charles River Laboratories, 
Raleigh, NC) were randomized on arrival (to eliminate genetic influen- 
ces), housed for 5 d in a vivarium maintained at 22°C with a 12 hr 
light/dark cycle, and provided food (Purina Lab Chow, Ralston-Purina, 
St. Louis, MO) and water ad libitum. To reduce stress caused by a novel 
environment, animals were moved from the vivarium to the experimental 
room on the evening before experimentation. To lessen maternal care- 
taking differences further, pups from all litters were randomized and 
redistributed to the nursing mothers or MS groups on the day of the 
experiment. In addition, each dam or MS group included an animal from 
every experimental category. Animals were killed at about the same time 
of the day to minimize variations in circadian influences. 

Maternal tactile and food deprivation studies. Nipples of dams from 
lo-d-old litters were ligated (under light ether anesthesia), and dams 
were allowed to recover for 3 hr. Pups from all dams were randomized 
and distributed to a lactating dam (control group), a nipple-ligated dam 
(pups deprived of food but not maternal care), a dam anesthetized with 
1.2 mg of urethane/kg body weight (pups deprived of active maternal 
care but not food), or they were placed without a dam in a plastic cage 
maintained at 25°C (deprived of maternal care and food). Urethane 
anesthesia does not interfere with milk ejection or suckling in rat pups 
(Lincoln et al., 1973). Two hours later, pups from each group were 
injected with PRL (20 mgikg in 1 pl/gm body weight, i.p.; Sigma, St. 
Louis, MO) or with saline and killed by decapitation 0.5 or 2 hr later. 
Livers were dissected, weighed, and processed for RNA analysis. 

RNA isolation and Northern blot analysis. Total RNA was extracted 
from fresh livers with acid guanidinium thiocyanate-phenol-chloroform 
according to Chomczynski and Sacchi (1987) and enriched for polyA+- 
containing RNA by Oligotex-dT chromatography (Qiagen, Chatsworth, 
CA) as reported previously (Bartolome et al., 1995). In brief, the 
polyadenylated RNA samples (5.0-7.5 pgiwell) were denaturated with 
6%p-formaldehyde and 50% formamide, fractionated by electrophore- 
sis on 1.0% agarosei2.2 M formaldehyde gels (Lehrach et al., 1977), and 
transferred to a nitrocellulose membrane (Schleicher & Schuell, 
Keene, NH) by capillary blotting. The RNA then was linked to the 
membrane by baking at 80°C for 1 hr. Membranes were incubated 
overnight at 42°C in a prehybridization solution containing 6~ SSPE, 
5X Denhardt’s solution, 0.1% SDS, 50% formamide, 1.0 mM EDTA, 
and 100 &ml denatured salmon sperm DNA. To each milliliter of 
prehybridization solution was added 1 X lo6 cpm of heat-denaturated 
3ZP-labeled DNA probe, and hybridization was carried out overnight at 
42°C. The membranes were washed twice with 2X SSC and 0.1% SDS 
at room temperature for 15 min each, once with 0.1X SSC and 0.1% 
SDS at 42°C for 30 min, and then with this same solution for 5-10 min 
at 65°C. The membranes then were exposed to Kodak X-OMAT AR 
film for 3-5 d at -70°C using an intensifying screen. Exposure time was 
adjusted to produce images within the linear response range of the film. 
Intensity of the hybridization signals was determined by laser densito- 
metric scanning of autoradiograms using a Scanmaster 3+ scanner 
(Howtek, Hudson, NH) and National Institutes of Health Image soft- 
ware (version 1.4). To correct for differences in potential RNA load- 
ing, the absorbance values for individual blots were normalized using 
the absorbance values of the corresponding blot probed with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA on the 
same filter (Sabath et al., 1990). Each set of experiments was replicated 
to verify reproducibility of results. 

Probes. DNA probes used in this study were as follows. A 2.2 kb EcoRI 
fragment of mouse ODC (Wen et al., 1989) was provided by Dr. P. 
Blackshear (Duke University, Durham, NC). A 4.8 kb XbaI-BumHI 
fragment of mouse c-myc gene containing the second and third exons 
(Land et al., 1983) was provided by Dr. R. Weinberg (MIT, Cambridge, 
MA). A 0.55 kb EcoRI fragment of human max (Blackwood and Eisen- 
man, 1991) was provided by Dr. R. Eisenman (Fred Hutchinson Cancer 
Research Center, Seattle, WA). A 2.2 kb EcoRI fragment of rat c-fos 
(Curran et al., 1987) was provided by Dr. T. Curran (Roche Institute for 
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Figure 1. A, Effect of MS on PRL-induced expression of hepatic ODC 
mRNA in lo-d-old rats. Pups were separated from their dams for 2 hr, 
injected intraperitoneally with PRL or saline (Sal), and killed 2 hr after 
injection. Littermate control pups were left with their dams, injected 
intraperitoneally with PRL or saline, and killed 2 hr after injection. 
PolyA+ RNA was isolated and subjected to Northern analysis. GAPDH 
cDNA was used to demonstrate equal loading of RNA samples. Each blot 
is the result obtained from one pup. B, Densitometric analysis of the 
autoradiogram shown in A. p s 0.05 versus respective saline (Sal) (*) or 
control PRL (i) group. 

Molecular Biology, Nutley, NJ).-A 1.9 kb BamHI fragment of c-jun 
(Lamph et al., 1988) was provided by Dr. I. Verma (The Salk Institute, La 
Jolla, CA). A 1.3 kb EcoRI fragment of mouse GAPDH (Sabath et al., 
1990) was provided by Dr. M. Prystowsky (University of Pennsylvania, 
Philadelphia, PA). A 1.5 kb EcoRI fragment of mouse junJ3 [American 
Type Culture Collection (ATCC; number 63025)] and a 1.7 kb EcoRI 
fragment of mouse junD (ATCC number 63024) both were purchased 
from ATCC (Rockville, MD). All probes were radiolabeled with 
[a-32P]dCTP (3000 Ciimmol; DuPont NEN, Boston, MA) to a specific 
activity of l-2 x 10” cpm/pg using a random-primed DNA-labeling kit 
from Boehringer Mannheim (Indianapolis, IN). NucTrap push columns 
(Stratagene, La Jolla, CA) were used for separating unincorporated 
nucleotides from radiolabeled DNA probes. All reagents were of analyt- 
ical grade. 

Statistics. For statistical comparisons, we used one- or two-way 
ANOVA, followed by post hoc analyses (Student-Newman-Keuls or 
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Fzgure 2. A, Effect of MS on PRL-induced expression of he- 
patic c-myc and mux mRNAs in lo-d-old rats. PolyA+ RNA was 
isolated from tissue obtained from the same pups described in 
Figure 24. Each blot is the result obtained from one pup. B, 
Densitometric analysis of the autoradiogram shown in A. Results 
are expressed as mean ? SEM.p 5 0.05 versus respective saline 
(Sal) (*) or control PRL (t) group. Designations as in Figure 1. 
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Dunn’s method, where appropriate). Statistical significance was accepted 
atp 5 0.05. 

RESULTS 

Effect of MS on PRL-induced expression of hepatic 
O/X, c-myc, and max mRNAs in lo-d-old pups 
Control or MS (2 hr) pups were injected with PRL, and mRNAs 
were analyzed 2 hr later. Two-way ANOVA indicated a significant 
overall increase in mRNAs by PRL and a significant interaction of 
PRL X MS. As shown in Figure 1,A (a representative Northern 
hybridization autoradiogram) and B (the densitometric analysis of 
the autoradiogram), PRL increased ODC mRNA expression in 
both control (ODC-2.6 kb, p < 0.001; ODC-2.2 kb, p < 0.001) and 
MS (ODC-2.6 kb, p < 0.01; ODC-2.2 kb, p < 0.005) animals. 
However, the amount of mRNA expressed in MS pups was 
markedly less than in control pups (ODC-2.6 kb, p < 0.01; ODC- 
2.2 kb,p < 0.03). Similarly, although PRL increased transcription 
of the proto-oncogenes c-myc (p < 0.0001) and max (p < 0.02) in 
control pups (Fig. 2A,B), the effect was suppressed significantly by 
MS (c-myc, p < 0.01; max, p < 0.001). MS did not alter basal 
mRNA levels significantly. 

Effect of MS on PRL-induced expression of c-fos and 
jun family mRNAs 
As can be seen in Figure 3, A and B, basal levels of hepatic c-fos 
andjun family mRNAs were barely detectable in control animals. 
Although PRL administration markedly enhanced the expression 
of the IEGs c-fos, c-juq junB, and junD as indicated by overall 
two-way ANOVA, only the induction of c-fos tended to be re- 
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duced (12%) by MS interaction. Also, data analysis for individual 
pups showed no significant relationship between a decrease in 
c-fos mRNA and a decrease in ODC mRNA levels. 

Effect of touch deprivation versus food deprivation 
on PRL-induced ODC, c-myc, and max 
mRNA transcription 
To determine whether the suppression of ODC, c-myc, and max 
gene expression by MS is caused by loss of maternal touch, food, 
or both, pups were placed with lactating mothers that were un- 
treated (control), anesthetized [no maternal touch but normal 
milk supply (Lincoln et al., 1973)], or nipple-ligated [no milk 
supply but normal maternal touch (Kuhn et al., 1979; Schanberg 
et al., 1984)]. After 2 hr, all pups were injected with PRL and 
killed 2 hr later. As indicated in Figure 4, ODC mRNA induction 
by PRL was reduced significantly in pups placed with anesthetized 
mothers (one-way ANOVA, p < 0.01) but was not affected in 
pups placed with nipple-ligated dams. Similarly, induction of 
c-myc and max mRNAs by PRL also was suppressed significantly 
in pups placed with the anesthetized dams (one-way ANOVA, p 
< 0.001 and 0.003, respectively) but not in pups placed with 
nipple-ligated dams (Fig. 5). 

Effect of MS on PRL-induced hepatic ODC and c-myc 
mRNAs in 25-d-old pups 
MS only suppresses ODC enzyme induction by growth hormone 
(GH), insulin, and PRL in preweanling pups (Butler and Schan- 
berg, 1977; Bartolome et al., 1991). To characterize further the 
role of c-myc in this age-limited process, pups were kept with their 
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lactating mothers until they were 25 d old. Two hours after MS, 
pups were injected with PRL. No food or water was provided, 
replicating the same conditioiis used with the lo-d-old rats. As 
illustrated in Figure 6, PRL enhanced the expression of ODC (p < 
0.002) and c-myc (‘p < 0.001) mRNAs overall, but no PRL X MS 
interaction was observed (two-way ANOVA, ODC, p = 0.56; 
c-myc,p = 0.72). 

DISCUSSION 

MS-depressed ODC induction in neonatal rats may be 
mediatdd by c-myc and max downregulation 
This study indicates that the decreased expression of the ODC 
gene observed during short-term MS of preweanling rat pups 
may be mediated by the downregulation of the key proto- 
oncogenes c-myc and max. We found that the suppression of 
PRL-induced increase in ODC mRNA by MS was accompanied 
by a concomitant decrease in c-myc and max mRNA levels. This 
direct correlation between c-myc and max mRNAs and ODC 
mRNA expression also was observed during all of the stimula- 
tory and inhibitory changes in ODC transcription initiated by 
PRL or MS, respectively. Coincident with this finding is the 
demonstration by Bello-Fernandez et al. (1992, 1993) that 
constitutive c-myc expression suppresses cell-cycle arrest, en- 
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Figure 3. A, Effect of MS on PRL-induced ex- 
pression of c-fos, C-~ZDZ, jun-B, and jun-D mRNAs 
in lo-d-old rats. Experimental protocol and desig- 
nations as described in Figure 1A; the autoradio- 
gram is composed from the same experiment. B, 
Densitometric analysis represents data from two 
separate experiments. Results (n = 8/group) are 
expressed as mean C SEM. p 5 0.05 versus re- 
spective saline (SuZ) (*) or control PRL (t) group. 
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Figure 4. Effect of touch deprivation versus food deprivation on PRL- 
induced expression of ODC 2.2 kb mRNA in lo-d-old rats. Pups were 
placed with control (C), anesthetized (A), or nipple-ligated (L) dams. 
After 2 hr, all animals were injected with PRL and killed 2 hr later. Results 
(mean + SEM) represent densitometric analysis (n = 8 or 9) of two 
separate experiments. *p 5 0.05 versus control. 
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Figure 5. Effect of touch deprivation (A) versus food depri- 
vation (L) on PRL-induced expression of hepatic c-myc and 
may mRNAs in 10.d-old rats. Experimental protocol as de- 
scribed in Figure 4. Results (mean ? SEM) represent densi- 
tometric analysis (n = 5-8) of two separate experiments. *p 
5 0.05 versus respective control (C) group. 

0.2 

hances entry into S phase, and results in growth factor- 
independent expression of ODC. Moreover, by using murine 
ODC promoter-X gene constructs, these investigators con- 
cluded that c-myc promotes cell-cycle progression because it is 
a potent transactivator of ODC transcription. This concept is 
supported further by recent evidence that Myc and Max form a 
protein heterodimer that acts as a powerful transcriptional 
modulator of ODC gene expression by binding to the 
CACGTG motif of the promoter region of the gene (PeAa et 
al., 1993). 

Similarly to Myc and Max, Fos-Jun protein heterodimers 
have been shown to modulate transcriptional activity by bind- 
ing to regulatory AP-1 sites of target genes. These het- 
erodimers can either stimulate or repress transcription, de- 
pending on which member of the Jun family complexes with the 
Fos protein (Ransone and Verma, 1990; Angel and Karin, 
1991; Kerppola and Currant, 1991). Also, it has been reported 
that c-fos can activate transcription of the ODC gene in PC12 
cells directly by binding to &-regulatory sequences that have 
been identified in the promoter region of the gene (Wrighton 
and Busslinger, 1993). Although it is possible that the small 
decline in c-fos mRNA levels caused by MS contributes to the 
marked decrease in ODC gene expression, the lack of intra- 
animal correlation between observed decreases in c-fos and 

Figure 6. Effect of MS on PI&induced expression 
of ODC 2.2 kb and c-myc mRNAs in 25-d-old rats. 
Experimental protocol and designations are as de- 
scribed for IO-d-old pups in Figure 1A. Results (mean 
+ SEM) represent densitometric analysis (n = 3 or 
4). *p 5 0.05 versus respective saline (Sal) group. 
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decreases in c-myc, max, and ODC mRNA does not support 
this concept. 

PRL-stimulated c-myc, max, and O/X gene expression 
is depressed by maternal touch deprivation but not 
maternal milk deprivation 
Previous studies in neonatal rats have demonstrated that the 
suppression of ODC enzyme synthesis by MS is not related to 
changes in body temperature or nutritional factors, and that 
tactile stimulation in the form of stroking with a brush at a 
frequency that mimics maternal licking patterns reliably prevents 
or reverses all effects of MS on ODC enzyme activity (Butler et al., 
1978; Kuhn et al., 1979; Pauk et al., 1986). Similarly, the current 
results indicate that although the expression of c-myc, ma, and 
ODC is reduced significantly in pups left with an anesthetized 
lactating mother (pups suckle and feed but are not licked), such 
expression is not affected in pups placed with nipple-ligated lac- 
tating mothers (pups are touched and suckle but receive no food). 
These experiments clearly demonstrate that maternal touching, 
but not maternal milk, alters the expression of ODC, c-myc, and 
mux mRNAs in young animals. This observation further impli- 
cates the proto-oncogenes c-myc and max in the signal- 
transduction pathway mediating the inhibition by MS of PRL 
induction of ODC gene expression. 
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MS-induced suppression of c-myc and ODC gene 
expression is age-dependent, occurring only in 
preweanling-age pups 

The ctf’ect of maternal tactile stimulation on the regulation of 
ODC cnqmc activity and DNA synthesis in the neonate is 
age-dependent, i.e., the influence of maternal touching on 
OLX activity occurs only bcforc 18-20 d of the postnatal 
period but not at 25 d of age or later (Butler et al., 1977, 1978; 
Bartolome cl al., 1986, 1991). The prcscnt results show that the 

effect of MS on the expression of c-myc and 0L)C mRNAa 

follows the exact pattern ohscrvcd with ODC enzyme activity in 
that it is only downregulatcd during the prcweanling develop- 

mental period. 

CONCLUSIONS 
This study shows that PRL markedly stimulates the expression 

of the IEGs c-myc and n~zx and the OL)C gene in maternally 

touched neonatal rat pups, hut not in pups dcprivcd of mater- 

nal tactile stimulation. Thcsc results are consistent with the 

following hypotheses: (1) induction of ODC mRNA by growth- 

promoting hormones in viva is regulated at least in part by the 

proto-oncogenes c-nz~jc and max, the protein products of which 

arc known to act as transcriptional activators of the ODC gene; 
and (2) that downrcgulation of c-myc and mw is involved in the 
suppression of OnC gene expression by maternal tactile, hut 

not food, deprivation. Because we have demonstrated that 

supplementation of tactile stimulation to touch-deprived pre- 

mature human infants markedly increases weight gain and 

neurobchavioral maturation (Field et al., 19%; Schanberg and 

Field, 1987; Scafidi ct al., 199(l), it is clear that elucidating the 

subccllular mechanisms by which environmental input alters 
the expression of individual gene response to trophic hormones 

like PRL and GH during mammalian dcvelopmcnt is of great 

clinical import. 
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