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Increased rat neonatal activity influences adult cytokine levels 
and relative muscle mass

Bryce Buchowicz, Tiffany Yu, Dwight M. Nance, Frank P. Zaldivar, Dan M. Cooper, and 
Gregory R. Adams
Departments of Physiology & Biophysics, [B.B., T.Y., G.R.A.], Physical Medicine & Rehabilitation 
[D.M.N.] and Pediatrics [F.P.Z., D.M.C.], University of California at Irvine, Irvine, CA 92697

Abstract

Little is known about the effect of physical activity in early life on subsequent growth and 

regulation of inflammation. We previously reported that exposure of muscles in growing rats to 

IL-6 results in decreased muscle growth apparently due to a state of resistance to growth factors 

such IGF-I and that running exercise could ameliorate this growth defect. Herein we hypothesized 

that increased activity, for a brief period during neonatal life, would pattern the adult rat towards a 

less inflammatory phenotype. Neonatal rats were induced to move about their cage for brief 

periods from day 5 to day 15 postpartum. Additional groups were undisturbed controls (CON) and 

handled (HAND). Sub-groups of rats were sampled at 30 and 65 days of age. Relative to CON and 

HAND, neonatal exercise (EX) results in decreased circulating levels of TNFα, IL-6 and IL-1β in 

adulthood, primarily in male rats. In addition, adult male EX rats had lower body mass and 

increased skeletal muscle mass suggesting a leaner phenotype. The results of this study suggest 

that moderate increases in activity early in life can influence the adult toward a more healthy 

phenotype with regard to inflammatory mediators and relative muscle mass.

INTRODUCTION

The number of children with chronic inflammatory conditions is increasing rapidly. Whether 

in environmentally induced conditions, such as in childhood obesity, or the result of 

pediatric chronic lung disease like severe asthma or cystic fibrosis, chronic elevations of 

certain mediators (e.g., IL-6, C-reactive protein) in many childhood diseases are associated 

with relatively reduced lean tissue and muscle mass, reduced physical activity, and long 

term impairments of health (1–5). The precise mechanisms of the impairments in muscle 

mass are not known. However, work from this and other laboratories shows that physical 

activity influences muscle growth through the balance of growth factors [e.g., growth 

hormone and IGF-I] and stress/inflammatory mediators [e.g.,IL-6], which can inhibit the 
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anabolic effects of growth mediators associated with the GH→IGF-I axis on skeletal muscle 

growth and development (6,7).

While emerging data indicate that regular exercise can ameliorate inflammation (8,9), very 

little is known about the effect of physical activity in early life on subsequent growth and 

regulation of inflammation. The inverse relationship between body and muscle mass and 

circulating levels of inflammatory cytokines is striking and has now been observed in a wide 

range of human subjects from premature babies (10) to elderly adults (11). We recently 

reported that the direct exposure of muscles in growing rats to IL-6 results in decreased 

muscle growth apparently due to a state of resistance to growth factors such IGF-I (11). The 

mechanistic link between proinflammatory cytokines and skeletal muscle growth factors 

probably lies in the activity of the SOCS (suppressors of cytokine signaling) family of 

proteins (13,14).

A growing number of investigations are providing support for the concept of “critical 

periods of growth” during which relatively short-term physiological perturbations early in 

life can lead to long term health consequences in adulthood, particularly with reference to 

body composition and obesity (15–19). While much attention has been paid to the long term 

impact of nutrition early in life on the development of conditions such as atherosclerosis 

(20), very little is known about how physical activity early in life could alter essential 

regulating mechanisms of body composition and impact muscle mass in adulthood. The 

purpose of the current study was to test the hypotheses that increased physical activity in the 

newborn period would alter growth of skeletal muscle and circulating inflammatory 

cytokines during adulthood. We used a protocol of increased physical activity during early 

postnatal development in the rat. The neonatal rat is useful in this context in that 1) readily 

simple means can be used to increase physical activity, and 2) the time interval for puberty 

and maturation is short. Consequently, the “adult” effects of early life perturbations, if they 

occur, can be measured in a reasonable period of time.

It is known that gentle handling of rat pups during the immediate postnatal period has 

profound effects on the stress responses of these animals later in life. As adults, rats handled 

during the neonatal period secrete less corticosterone and have a faster corticosterone return 

to baseline following stress (21,22). Moreover, Kruschinski et al. recently reported that 

increased handling of rats as neonates attenuated airway inflammation in experimentally 

induced asthma in the adult animals (23). In the 1950s, Weininger (24) found that gently 

handled rats gained weight more rapidly and were significantly larger than the nonhandled 

animals by 21 days of life. Moreover, the handled animals were more physically active. 

Despite these intriguing studies, very little is currently known about the interaction of 

physical activity in early life, subsequent growth, and the regulation of inflammatory 

mediators. In the current study, we tested our hypothesis using a novel protocol that enabled 

us to distinguish handling from increased physical activity in the neonatal period.

METHODS

All procedures were approved by the University of California Irvine Animal Care and Use 

Committee. Pregnant Sprague-Dawley dams were purchased (Chalres River. Wilmington, 
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MA). The litters were randomized and the number of neonates normalized to 8 (4 males, 4 

females) per dam using standard culling procedures on postpartum day 5 (25). Dams and 

litters were further randomized to three groups: Control (CON, n=32), Handled (HAND, 

n=32) and Exercised (EX, n=32). The CON group consisted of litters that were transported 

to the laboratory each treatment day but not disturbed in any other way. Pups from the 

HAND group were held by researchers for the same durations as the exercise treatment (see 

below).

“Exercise” protocol

During the postpartum period, neonates in the EX treatment groups were removed from the 

dam and dispersed in a small (11″ × 7″) cage for 30 minutes once each day on postpartum 

days 5 through 10, then 45 minutes per day for the next 5 days (10 days total ending on day 

15). In pilot studies these durations were found to be clearly submaximal. A small animal 

heating pad was placed under the treatment cage at one end creating a nesting area with 

slightly elevated temperature (~26°C). The activity protocol took advantage of the natural 

behavior of the rat pups to move to a warm spot in the cage and huddle together. During the 

exercise treatment period, the animals were repeatedly re-dispersed to promote crawling 

activity. Individual animals were tracked in order to achieve a uniform volume of crawling 

activity within and across groups.

Prior to each EX treatment, bedding from the home cage of the group was added to the 

treatment cage. In addition, research personnel handled the dam before touching the pups 

(HAND and EX).

Rats from all groups were weaned at 22 days postpartum.

Tissue Collection & Analysis

Subgroups of rats were sacrificed at 30 (equivalent to pre-pubertal humans) and 65 (~young 

adult humans) days postpartum (26). The rats were euthanized using Pentosol solution. 

Body mass was measured using a digital scale. (Sartorius BP310P, Bradford, MA). After 

induction of deep anesthesia, prior to cessation of breathing, blood was collected from the 

left ventricle via the diaphragm using a heparinized syringe. The ventricles, soleus, plantaris, 

medial gastrocnemius (MG) muscles were dissected free of connective tissue, weighed, snap 

frozen and stored at −80°C for later analysis.

Muscle Protein, Myofibrillar Protein and DNA

Plantaris muscle samples were homogenized in sucrose buffer and myofibrillar proteins 

quantitatively extracted from a known volume of the total homogenate by a modification of 

the original procedure described by Solaro et al. (27). Protein concentrations were 

determined using the Biorad Protein assay. Muscle total DNA concentration was determined 

using a fluorometric assay with DNA-specific fluorescent dye (28).

Plasma Cytokine Measurements Blood Sampling and Analysis

Aliquoted plasma was stored at −80c. Cytokine levels in plasma were measured using 

ELISA kits (R&D Systems, Minneapolis, MN) (Table 1).
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Statistical analysis

Values are reported as mean and standard error of the mean (SEM). Between group analysis 

was conducted using a One-Way ANOVA and Student post test (PRISM- Graphpad, La 

Jolla, CA). For all statistical tests the 0.05 level of confidence was accepted for statistical 

significance.

RESULTS

Growth Effects of Neonatal Exercise

The growth rates of each group are presented in Table 2. No differences in body mass were 

found at 30 days. The body mass of the EX rats was significantly lower than that of the 

CON and HAND groups in male adult (65 day) rats (Table 3). At 65 days, tibial length was 

not different between groups but had diverged by gender (male 37±0.3 vs. female 35±0.3 

mm, p<0.0001).

At 65 days of age, the relative mass (mg/g body weight) of leg muscles, such as the MG, 

was significantly greater in the male EX group (Table 4). Similar results were seen for 

soleus and plantaris muscle mass (data not shown).

The plantaris muscle was analyzed for both total and myofibrillar protein composition 

(Table 5). At 30 and 65 days of age the total protein content of the plantaris muscle was 

greater in the male EX rats (8 and 11% respectively). Myofibrillar protein content was also 

significantly greater (15 and 20%) in the male EX rats. At 65 days, the myofibrillar protein 

content of female Ex rat muscle was also ~13% greater.

Pre-pubertal rats (30 days) that had been exposed to physical activity (EX) demonstrated 

significantly increased relative left ventricular mass (mg/g body) of ~11% compared to 

CON (Table 6). This difference was apparent for both genders. At 65 days of age, relative 

left ventricle mass was significantly greater (+12%) in EX males but not females.

No significant differences were found in DNA concentration at any time point.

Proinflammatory Cytokines

At 30 days of age the male EX rats had increased circulating levels of IL-6 while levels of 

TNFα were depressed (Fig. 1). In 30 day females, circulating IL-1β concentration was 

increased in rats that had been handled (HAND) compared to the CON and EX groups.

In adult rats (65 Days), both the HAND and EX groups had lower circulating levels of IL-6 

that were similar in both genders (Fig. 2). In male adult rats in the EX group, circulating 

concentrations of both IL-1β and TNF-α were reduced (Fig. 2).

DISCUSSION

We found that a modest increase in physical activity in the neonatal period had significant 

effects on muscle mass and circulating inflammatory cytokines in adulthood. Early life 

exercise, but not handling alone, led to significant increases in skeletal muscle mass and 
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myofibrillar protein in adulthood. The muscle effects occurred in both males and females, 

but were more pronounced in the males. The increase in muscle mass and protein was not 

accompanied by increased body weight, indeed, the male rats that had exercised as neonates 

weighed significantly less as adults (Table 3). Bone length was not affected by the early-in-

life exercise, suggesting that the lower body weights did not result from a global catabolic 

effect of early exercise. Left ventricular mass was greater in adult rats that had exercised as 

neonates. It is important to note that all programmed exercise ceased at post-partum day 15. 

Therefore, the data from the pre-pubertal and adult animals represents time points either 15 

or 50 days after the last programmed exercise. This suggests that between-group differences 

represent relatively long lived effects.

Although statistically significant, the magnitude of the effects on muscle mass and 

myofibrillar protein appear to be modest. Changes of this magnitude in the newborn period 

are deceptively small relative to potential long-term consequences, (29–31) perhaps due to 

“reprogramming”. For example, Stettler et al.(32) observed in American formula-fed 

subjects that for every 100g increase in weight gain during the first week of infancy there 

was a 28% increase in the risk of adult obesity. We speculate that the increase in muscle 

myofibrillar protein that we observed in the adult rats that had exercised as neonates reflects 

a broad, heretofore undiscovered set of biological mechanisms that likely affect more than 

just muscle size.

A unique feature of this study was the specific measurement of myofibrillar protein content 

in addition to the gross mass of specific muscle groups. The measurement of muscle mass 

can be confounded by a number of factors including intramuscular fat, which can be 

influenced by specific genetic factors during growth (33), and connective tissue, which can 

be affected by physical activity (34). Myofibrillar protein content accurately reflects the pool 

of functional proteins that account for the ability of muscles to perform work (35). Although 

relatively poorly studied in the neonatal period, changes in myofibrillar elements can occur 

leading to improved function, without concomitant increases in overall muscle size (36). 

Our finding of increased myofibrillar protein content in adult rats indicates that a profound, 

developmentally sensitive and functionally consequential reprogramming event had 

occurred earlier in life as a result of the neonatal exercise.

Increased cardiac work (pressure load) is a well-established cause of increased heart muscle. 

Far less is known about the impact of physical activity on cardiac dimensions in children, 

and reports are contradictory. For example, while increased cardiac work secondary to 

obesity can alter cardiac dimensions in children (37), Dencker et al. (38) found no 

association between physical activity in children and cardiac dimensions. Our study is the 

first to show an effect of neonatal exercise on subsequent cardiac size, an effect that was 

observed at 30 days in both males and females and at 60 days in males. The physiological 

and functional impact of this adaptation is as yet unknown. However, it is assumed that 

increased oxygen demand resulted in increased cardiac output, e.g., flow work, rather than 

pressure work, leading to functional hypertrophy.

These data add to a small but growing number of studies suggesting that early life physical 

activity might benefit body composition throughout the lifespan. For example, Levin and 
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coworkers (39) have selectively bred rats to manifest a diet-induced obesity (DIO) 

phenotype. These investigators found that only three weeks of exercise early in life was 

sufficient to prevent DIO rats from becoming obese for up to ten weeks once the exercise 

was terminated. Similar effects were not observed in adult DIO rats. Finally, in marked 

contrast to early-in-life exercise, early-in-life caloric restriction led to DIO animals that were 

more obese as adults once allowed to eat ad libitum.

Gender dimorphism in physiological and muscle responses to exercise and training are well-

described (40), and we found gender differences in the adult response to neonatal exercise. 

Interestingly, others have reported that the body composition of female rats is much less 

sensitive to perturbations, such as running exercise or cardiac cachexia, than that of males 

(41,42). Colom et al. (43) recently demonstrated that gastrocnemius muscle in female rats 

had higher mitochondrial DNA and protein contents, as well as oxidative and 

phosphorylative enzymatic machinery, which could explain the higher facility of females to 

adapt to altered metabolic energy situations. Perhaps, if this gender-related metabolic 

advantage exists in the skeletal muscle of the neonatal rat, then the perturbation imposed by 

early-life exercise was mitigated in the females thereby muting any long-term adaptive or 

reprogramming processes. In addition, we designed the experiment to find changes in 

muscle properties in the late to postpubertal maturational stages. It remains possible that 

some combination of the pubertal sex steroids--estradiols and testosterone, which are known 

to influence skeletal muscle differently (44) with the, as yet, undefined signal from neonatal 

exercise led to an attenuated effect on muscle size in the adult female rats.

A key finding of this study was the effect of neonatal exercise on levels of circulating 

inflammatory mediators later in life. In addition to their catabolic properties, stress and 

inflammatory mediators like IL-6, TNF-α, and IL-1β are all involved in atherosclerosis and 

increased risk for cardiovascular disease (45–47). Not surprisingly, most research focused 

on neonatal programming during critical periods of growth are centered on the pediatric 

origins of adult disease and target abnormal early life events [e.g., small for gestational age, 

prematurely born infants being predisposed to adult obesity and cardiovascular disease (48–

50)]. Ours is one of the first studies to examine perturbations during critical developmental 

periods in otherwise healthy newborns. First, we found that both handling and exercise 

during the neonatal period led to reduced circulating levels of IL-6 in both male and female 

adult rats. Although we did not record the impact of either handling or exercise during the 

neonatal period on subsequent patterns of physical activity, the data from Weininger (24) 

cited early suggested that handling in and of itself leads to increased physical activity which, 

perhaps, was a common stimulus for the subsequent changes in circulating cytokines 

observed later in life.

We also found evidence of gender dimorphism in the effect of neonatal interventions on 

inflammatory cytokine profiles later in life. In males, but not in females, the early exercise 

intervention influenced TNF-α and IL-1β in the adult animals. Gender dimorphism in 

inflammatory mediator responses to a variety of perturbations is now well-established 

(51,52), and most authors attribute these differences, in part, to the varied effects of the sex 

steroids on immune responsive cells. However, the mechanisms responsible for the gender 

dimorphism in the late-effect cytokine profiles in our study remain elusive.
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In general, the regulation of circulating levels of inflammatory mediators like IL-6 has 

undergone substantial rethinking in recent years. For example, the discovery that IL-6 is 

produced by muscle tissue and not solely immune cells and that exercising muscle is 

responsible for the increase in IL-6 observed with exercise (53,54) has led to the novel idea 

that muscle itself plays a role in endocrine and inflammatory regulation. We did find 

significant changes in myofibrillar protein in adult muscles consequent to exercise early in 

life. This leads to the intriguing hypothesis that skeletal muscle itself plays a more active 

role in the regulation of circulating inflammatory cytokines than previously imagined.

There are a number of potential limitations to this study. Differences in maternal care could 

contribute to lasting effects seen in adult animals. To minimize this effect, each group in the 

current study consisted of litters reared by four different dams which would be expected to 

randomly distribute any differences in maternal behaviors. Analysis of growth rates by litter 

did not indicate any maternal bias (data not shown).

There are also reports of gender specific preferences in maternal care (e.g., 55). However, 

this is not a universal finding (56). In murine species, effects of gender differences in care 

appear to be primarily confined to later behavioral differences (e.g. 57) but not necessarily 

physiological development (58). In the current study, the gender specific growth rates 

through weaning was very similar indicating that this was not a confounding factor (data not 

shown).

The estrous phase of the female rats was not controlled and could have affected the plasma 

cytokine results.

In summary, the unique finding of this experiment was that a relatively brief intervention 

that modestly increased physical activity in a critical period of neonatal development in the 

rat led to changes in skeletal muscle and heart mass and circulating inflammatory cytokine 

profiles in the adult animals. The changes were influenced by gender. The observed 

increases in muscle mass and myofibrillar protein were not accompanied by increases in 

body weight, findings consistent with previous studies of exercise intervention in rats 

indicating that early-in-life exercise mitigates adult onset obesity. In addition, through 

mechanisms that are still unclear, the early-in-life exercise was associated with a reduction 

in inflammatory cytokines that are known to antagonize skeletal muscle growth and 

contribute to the development of cardiovascular disease. These studies provide experimental 

models to elucidate novel mechanisms of long term effects of exercise in early, critical 

periods of growth. Such research could complement clinical studies targeting the role of 

exercise in newborns (59,60) and children as adjunctive or preventive therapy both in health 

(e.g., to prevent obesity) or to attenuate the deleterious effects of chronic inflammatory 

diseases of childhood.
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Abbreviations

CON Control

DIO Diet-induced obesity

EX Exercised

HAND Handled

MG Medial Gastrocnemius
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Figure 1. The effects of prior neonatal activity on selected circulating cytokines at post-partum 
day 30
Rat neonates experienced increased physical activity (EX), handling (HAND) or no 

treatment (CON) from post-partum day 5 through 15. A subgroup was sampled at day 30. 

The neonatal activity treatment resulted in lower circulating levels of TNFα and higher IL-6 

in 30 day males. Plasma levels of IL-1β were elevated in HAND rats relative to CON and 

EX. n = 8; *, P<0.05 vs. CON; ‡, P<0.05 vs. HAND.
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Figure 2. The effects of prior neonatal activity on selected circulating cytokines at post-partum 
day 65
Rat neonates experienced increased physical activity (EX), handling (HAND) or no 

treatment (CON) from post-partum day 5 through 15. A subgroup was sampled at day 65. In 

males, the neonatal activity treatment resulted in lower circulating levels of IL-6, TNFα and 

IL-1β at 60 days of age. Plasma levels of IL-6 were also lower in 65 day EX females. Both 

male and female HAND rats demonstrated IL-6 levels that were lower than CON. n = 8; *, 

P<0.05 vs. CON; ‡, P<0.05 vs. HAND.
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Table 1

Plasma Cytokine Assay Characteristics.

Cytokine IL-1β TNF-α IL-6

Intra-assay CV% 4.1–5.7 2.1–5.1 4.5–8.8

Inter-assay CV% 3.9–8.8 8.8–9.7 7.0–10.0

Sensitivity pg/ml ≤ 5.0 ≤ 5.0 22
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Table 2

Body Mass Growth Rate (Assessed By Exponential Fit)

CON HAND Ex

Female
k 0.0363±0.0015 0.0374±0.0014 0.0361±0.0012

Fit (r2) 0.96 0.96 0.97

Male
k 0.0446±0.0017 0.0460±0.0012 0.0434±0.0016

Fit (r2) 0.98 0.99 0.97

k = rate constant
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Table 3

Effects of 10 Days of Neonatal Exercise on Body Mass.

Body Mass CON HAND EX

MALE 30 DAY 95±3 95±2 101±1

FEMALE 30DAY 87±3 89±1 93±1

MALE 65 DAY 375±10 369±5 343±10*‡

FEMALE 65DAY 226±5 236±9 237±4

n = 8;

*
P<0.05 vs. CON;

‡
P<0.05 vs. HAND
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Table 4

Effects of 10 Days of Neonatal Exercise on M. Gastrocnemius Muscle Mass.

Medial
Gastrocnemius
(mg/g body)

CON HAND EX

MALE 30DAY 1.9±0.03 1.9±0.03 1.9±0.06

FEMALE 30DAY 2.0±0.03 1.9±0.02 2.0±0.03

MALE 65 DAY 2.40±0.05 2.34±0.10 2.72±0.12*‡

FEMALE 65DAY 2.64±0.02 2.52±0.06 2.56±0.06

n = 8;

*
P<0.05 vs. CON;

‡
P<0.05 vs. HAND
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Table 6

Effects of 10 Days of Neonatal Exercise on Left Ventricle Muscle Mass.

MG (mg/g body) CON HAND EX

MALE 30DAY 3.9±0.1 3.7±0.1 4.2±0.1*‡

FEMALE 30DAY 3.9±0.1 3.9±0.1 4.5±0.1*‡

MALE 65 DAY 2.6±0.1 2.7±0.1 2.9±0.1*‡

FEMALE 65DAY 2.9±0.0 3.0±0.1 3.1±0.0
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