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Abstract

 

Dietary protein is a limiting factor in mammalian growth, significantly affecting the non-linear trajectories of

skeletal growth. Young females may be particularly vulnerable to protein malnutrition if the restriction is not lifted

before they become reproductive. With such early malnutrition, limited amino acids would be partitioned between

two physiological objectives, successful reproduction vs. continued growth. Thus, the consequences of protein mal-

nutrition could affect more than one generation. However, few studies have quantified these cross-generational

effects. Our objective was to test for differences in skeletal growth in a second generation of malnourished rats

compared with rats malnourished only post-weaning, the first generation and with controls. In this longitudinal

study we modelled the growth of 22 craniofacial measurements with the logistic Gompertz equation, and tested

for differences in the equation’s parameters among the diet groups. The female offspring of post-weaning

malnourished dams did not catch up in size to the first generation or to controls, although certain aspects of their

craniofacial skeleton were less affected than others. The second generation’s growth trajectories resembled the

longer and slower growth of the first malnourished generation. There was a complex interaction between develop-

mental processes and early nutritional environment, which affected variation of adult size.
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Introduction

 

The availability of dietary protein is a limiting factor in

mammalian reproductive success (Stewart et al. 1975;

Desai et al. 1996; Reichling, 1999), development (Cameron

& Eshelman, 1996; Gomez et al. 1996; da Silva Faria et al.

2004; Fortman et al. 2005) and gross somatic growth

(Stewart et al. 1975; Edozier & Switzer, 1978; Pond &

Wu, 1981; Miller & German, 1999; Reichling & German,

2000). Restriction of dietary protein affects skeletal

growth trajectories, the non-linear patterns of size changes

over time. Even seasonal fluctuations in protein-rich

food sources can significantly delay achievement of

adult stature compared with well-nourished individuals

(McAdam & Boutin, 2003). Young females are vulnera-

ble to inadequate protein because they may reproduce

while still growing. A limited supply of amino acids

would then be partitioned between two physiological

processes, successful reproduction and continued growth.

Thus, the consequences of protein malnutrition could

affect more than one generation.

Multigenerational protein malnutrition can result

when protein resources are depleted due to ecological

cycles of available plant material or regional differences

in nutrient availability (Sinclair et al. 1988; Cameron &

Eshelman, 1996; Herbert et al. 2002; McAdam & Boutin,

2003). Despite the importance of understanding how

protein malnutrition affects growth in female mam-

mals and their offspring, few controlled studies have

investigated these effects through successive genera-

tions. One notable exception is in the work of Stewart

et al. (1975, 1980). Using a colony of rats maintained

on a protein-deficient diet for 12 generations, these
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researchers documented the effects of suboptimal dietary

protein levels on behaviour, life-history traits and growth.

That study, however, had a significant design problem.

Rather than using a measure of body size or skeletal

maturity, they ‘regarded [rats] as adult at 24–26 weeks

of age, and very few were allowed to live beyond this

time’ (Stewart et al. 1975). Other work demonstrated

that rats maintained post-weaning on a low-protein

diet eventually reach control adult skeletal size, although

it is not achieved until well after 40 weeks of growth

(Miller & German, 1999; Reichling & German, 2000).

Stewart and colleagues also generated growth curves

by simply reporting groups’ averaged body masses,

rather than individuals’ values, for each sex and diet

(control and low-protein) group through time. This

approach neglects variation within the groups, variation

that may change as animals age, and prohibits quanti-

tative comparisons of growth trajectories (German,

2004). The consequences of their definition of adult

size are evident in the growth curves that Stewart et al.

(1975) presented for average body masses of the low-

and high-protein groups, combined for all 12 genera-

tions. These curves, plotting weight as a function of

age, indicate that the malnourished animals are not

maximum size at 24 weeks because the weight values

do not reach an asymptote when the experiments end.

In particular, the low-protein animals are still growing

at a significant rate, with no sign of slowing. So although

the protein malnutrition in Stewart and colleagues’

colony lasted for many generations, these growth

trajectories are incomplete and suggest incorrect con-

clusions about the impact of protein malnutrition.

Other studies of the effects of protein malnutrition

on offspring growth place the maternal generation on

a low-protein diet only shortly before conception, at

the detection of pregnancy, or at parturition (Pond &

Wu, 1981; Desai et al. 1996; El-Khattabi et al. 2003).

The females in such studies are well nourished until

pregnancy and/or lactation. Compared with females

placed on a low-protein diet before reaching reproduc-

tive maturity, animals in these studies presumably have

accumulated greater muscle protein content and fat

stores, both of which may be catabolized to support fetal

growth and supplement the higher energy costs of milk

production. Their offspring are thus not comparable with

those of females who had been protein malnourished

during their own post-weaning growth phase.

Suboptimal levels of dietary protein impact the

physiological systems that regulate the pace and timing

of skeletal growth and maturation. Short-term protein

restriction results in a decrease in amplitude or concen-

tration of growth hormone (GH) release, but not the

normal 3.3-h cycles of release, as well as a decrease

in plasma IGF-I and insulin concentrations (Harel &

Tannenbaum, 1993; Thissen et al. 1994; Underwood

et al. 1994; Bourrin et al. 2000; El-Khattabi et al. 2003;

Jimenez-Gancedo et al. 2004; Martin et al. 2004). In

cultured bone marrow cells from malnourished rats,

cell generation times are greater than in controls due

largely to a four-fold increase in time spent in the

meiosis I and gap1 phases, although the synthesis phase

was shorter than in controls (Gomez et al. 1996). There

is further evidence that protein restriction affects rates

of DNA and protein synthesis on a tissue-specific basis

(Masanes et al. 1999; Proud, 2002; El-Khattabi et al.

2003). These effects on cell-cycle and synthesis rates

may be attributed to the regulation of mRNA trans-

lation and the production of ribosomal constituents by

nutrients, particularly proteins (Proud, 2002; Kimball &

Jefferson, 2004). Finally, protein restriction potentially

affects DNA methylation patterns, which would have

later consequences with respect to growth of the whole

organism (Kuzawa, 2005).

Over several generations, the potential impact of

protein malnutrition on these cellular or physiological

processes could affect growth of the whole organism in

several ways. First, if protein malnutrition increases

the duration of body growth, the longer duration may

compensate for expected slower bone growth rates.

This would result in animals that are not smaller than

well-nourished animals (Miller & German, 1999; Reichling

& German, 2000). Alternatively, perturbation of ‘normal’

skeletal ontogeny due to marginal levels of dietary

protein throughout the animals’ entire lives could fun-

damentally change the trajectory of growth. In such a

case individuals may never achieve normal overall size

or proportion. Examining only final adult sizes in popu-

lations subjected to this environmental insult will,

however, not provide the data necessary to understand

how protein malnutrition affects skeletal growth in

individuals, or variation in the pattern of growth within

a population. Examination of the entire growth trajec-

tory is necessary in order to appreciate fully the effects

of limited protein during animals’ entire lives.

The goal of this study was to test for differences in

skeletal growth due to life-long protein malnutrition

(i.e. pathological malnutrition suffered from conception

through post-weaning development) relative to animals
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malnourished only post-weaning and to control animals

on an optimal protein diet. We focused on the cranio-

facial skeleton, and limited our analyses to females. We

addressed three specific questions. Do second-generation

malnourished females retain the capacity to achieve

control adult size if allowed to continue to grow until

growth naturally ceases? We expected sizes of cranio-

facial measurements at weaning to be smaller in the

second generation, which had been malnourished 

 

in

utero

 

, than in the first, which had only been malnour-

ished post-weaning (Stewart et al. 1975; Reichling,

1999; Jimenez-Gancedo et al. 2004). Regardless of this

predicted initial difference, are the overall trajectories

of skeletal growth in the second generation similar to

those of controls, of post-weaning malnourished rats,

or different from both? Finally, does a low-protein diet

across successive generations increase the within-

generation (group) variation in rates of skeletal growth

and final sizes? This was a longitudinal study, and we

modelled growth over time for a number of skeletal

aspects. We were therefore also able to examine the

differential effects of protein malnutrition on growth

of functional skeletal systems, i.e. the neuro- vs. viscero-

craniums, and to speculate about what features of the

skeletal growth trajectory, e.g. rates and durations, were

more resistant or susceptible to perturbation.

 

Materials and methods

 

Diets

 

The diets (Dyets, Bethlehem, PA, USA, #111146, 111147)

were based on AIN-93G rodent diet standards for

growth, pregnancy and lactation (Reeves et al. 1993).

These diets were identical to those used in previous

studies (Miller & German, 1999; Reichling & German,

2000). The control higher protein diet had 27.6% pro-

tein in the form of casein by weight (Table 1). This diet

supported maximum growth rates associated with

increased protein uptake (Edozier & Switzer, 1978). The

isocaloric low-protein diet had 4.6% protein. This diet

was not detrimental to post-weaning malnourished rats’

health (Edozier & Switzer, 1978; Cameron & Eshelman,

1996), but had sufficiently less protein to make differ-

ences in growth rates detectable. The diets were complete

with respect to amino acid composition, and contained

the same number of calories, 3.4 kcal/kg. Calcium and

potassium levels were modified in the low-protein diet.

Caloric intake for each animal was determined by data

from same-aged control animals allowed to eat 

 

ad libitum

 

(Miller & German, 1999). All rats were fed an equal

number of calories per gram body mass so that only

protein consumption varied between the groups (Table 2).

 

Animals and dietary treatments

 

Animals were Sprague–Dawley strain of 

 

Rattus norvegicus

 

,

originally obtained from Zivic Miller (Pittsburgh, PA,

USA) and maintained for several generations at the

Table 1 Composition of control and experimental low-
protein diets. Both diets have 3.4 kcal kg−1. All quantities are 
in milligrams of ingredient per gram of food
 

 

Ingredient
Control diet 
27.6% protein

Low-protein diet 
4.6% protein

Casein 276.00 46.00
Cornstarch 329.07 502.66
DYETROSE®* 109.69 167.55
Sucrose 100.00 100.00
Cellulose 50.00 50.00
Soybean oil 70.00 70.00
t-Butylhdroquinone 0.01 0.01
Salt Mix #213266 35.00 35.00
Calcium phosphate dibasic 4.08 11.66
Calcium carbonate 9.49 3.91
Vitamin mix #310025 10.00 10.00
L-Cystine 4.10 0.70
Choline bitartrate 2.50 2.50
Blue dye 0.05 0.00

*DYETROSE® (Dyets, Bethlehem, PA, USA) is a selectively 
depolymerized food-grade cornstarch that can be substituted for 
cornstarch without any detectable dietary effects.

Table 2 Daily food allocation for females on the low-protein 
diet, calculated based on consumption, per gram body mass, 
of same-aged controls that had ad libitum access to the 
high-protein diet
 

 

Body mass (g) Low-protein diet (g)

≤ 59 8.5
60–69 10.5
70–79 13.5
80–89 15.5
90–99 16.5
100–109 17.0
110–119 18.0
120–129 20.0
130–139 21.0
140–149 21.5
150–189 23.0
190–259 25.0
≥ 260 26.0
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University of Cincinnati. Animal care and husbandry in

the current study were identical to those previously

described (Miller & German, 1999; Reichling & German,

2000) and conformed to University of Cincinnati IACUC

(protocols #91-05-27-01 and #01-02-26-01). After wean-

ing, all animals had 

 

ad libitum.

 

 access to water, were

maintained on a 12/12-h light–dark cycle, and were

housed individually. Initially, rats were housed in plastic

shoebox cages but were later moved to wire-bottomed

cages in order to prohibit their consumption of the cob

bedding. University of Cincinnati IACUC approved this

change in husbandry. Two to 4 weeks after rats reached

adult size they were deeply anaesthetized with isoflu-

rane gas (Henry Schein, Port Washington, NY, USA) and

were then killed with an injection of pentobarbital

(Henry Schein). Only females were used in the current

study. The male offspring of protein-malnourished

females suffered a variety of health problems, includ-

ing uretor calcification, bladder stones (cystolith) and

kidney stones (nephrolithiasis). More than half of the

sample of males were killed for humane reasons before

reaching adult size, and therefore males were excluded

from the study.

This study compared the pattern of body mass increase

and craniofacial skeletal growth in three groups of

female rats. Two groups, the control animals (CP) and

animals that experienced only post-weaning protein

malnutrition (LP1), were from Miller & German’s (1999)

study. Females that experienced life-long protein mal-

nutrition (LP2) were generated separately, and data

collected independently, for the current study. Control

protein rats (CP, 

 

n

 

 = 10) were the offspring of breeders

(male and female) maintained on a standard rat chow

diet in our colony (Miller & German, 1999). At weaning,

age 21 days, the CP animals were placed on the 27.6%

protein diet. First-generation low-protein rats (LP1,

 

n

 

 = 10) were also born to breeders. At weaning the LP1

animals were placed on the 4.6% protein diet. Second-

generation low-protein females (LP2, 

 

n

 

 = 24) were the

offspring of breeder males and post-weaning protein-

malnourished females used by Fortman et al. (2005).

The dams that produced the LP2 generation were the

equivalent of the LP1 groups in the current study. At

weaning (28 days) the LP2 females were placed on the

low-protein diet. Because their dams had been raised

on a low-protein diet, the LP2 animals were protein

restricted through all phases of growth. All animals were

maintained on their respective diets for the duration of

the experiments.

Females in the CP and LP1 groups were weaned at

age 21 days; females in the LP2 treatment were signi-

ficantly smaller and underdeveloped at 21 days and

therefore weaning was delayed until age 28 days. As

others have noted, viable weaning of the offspring of

chronically malnourished dams at 21 days is not possible

due to their slower development (Stewart et al. 1975;

Reichling, 2000). Therefore, we used age at weaning as

T0 in our modelling of growth trajectories (described

below).

 

Data collection

 

Beginning on the day of weaning, all animals were

weighed daily (Ohaus Navigator Balance, Ohaus Scale,

Florham Park, NJ, USA) and were radiographed in the

dorsoventral and lateral planes 2–3 times per week.

Immediately prior to radiography sessions, rats were

lightly anaesthetized with isoflurane gas in a small induc-

tion chamber using an Ohio 4000 Compact Anesthesia

Machine at 2.75–3.5% isoflurane per litre of oxygen for

less than 5 min. Animals recovered from anaesthesia

within minutes of being removed from the induction

chamber. Radiographs were taken with Kodak MRM-film

(24 

 

×

 

 30 cm) using low-dosage radiation from a Bennett

Mammography Machine (Bennett X-ray, Copiague, NY,

USA) set for 0.25 s at 75 mA and 30–40 kV, depending

on the size of the rat. Measurement distortion was mini-

mized by placing animals directly on the film cassette at

a standardized focal-film distance of 

 

∼

 

80 cm, and a

field of view encompassing only the film cassette. In

addition, all rats were orientated on the cassette in

identical fashion. Neither the anaesthetic nor the radi-

ographic methods adversely affect the health or growth

of the animals (Fiorello & German, 1997).

As growth slowed, the frequency of radiography

sessions was reduced and concluded when individuals

reached adult size, as determined by an asymptote in

body mass and long bone length increase, and/or

closure of the skeletal sutures. Because of variation

among individuals, adult age, and thus the number of

radiographs taken of each rat, varied among individual

rats and treatment groups.

Thirty anatomical landmarks, repeatable on all

radiographs and identical to those in Miller & German

(1999), were converted to Cartesian coordinates using

a Numonics AccuGrid Digitizing Tablet (Numonics,

Montgomeryville, PA, USA; accuracy of 0.127 mm) and

the program DIGIT (written by David Hertwek). For each
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rat at each radiography session, the linear distances

between pairs of landmarks were calculated to generate

22 craniofacial measurements (Table 3). Figure 1 shows

the landmarks and measurements. Additionally, the

quality of each radiograph was assessed based on

skeletal alignment and resolution. Approximately 35 LP2

radiographs, out of nearly 1750, were not used because

of poor skeletal alignment and/or resolution. One of

us (S.L.L.) digitized all radiographs of the LP2 females.

Jeffery Miller (Miller & German, 1999) digitized all

radiographs of CP and LP1 rats. Prior to the start of the

current analyses we confirmed that intra- and interper-

sonal variation in locating and digitizing the anatomical

landmarks would not affect our analyses.

 

Data analysis

 

We modelled the body mass and skeletal growth of each

animal with the non-linear logistic Gompertz equation.

The Gompertz equation provides one of the best-fit

models for the characteristically sigmoidal nature of

mammalian growth (Laird et al. 1965, 1968; Laird, 1966;

Jolicoeur & Heusner, 1986; Lebeau et al. 1986). It is a

flexible sigmoidal curve, and provides a good empirical

fit to the data, as well as parameters that permit

biological interpretation of growth (Fiorello & German,

1997; Miller & German, 1999; Reichling & German, 2000;

Farmer & German, 2004). A further discussion of the

history of modelling of growth can be found in Zeger

& Harlow (1987). We fit a Gompertz equation to body

mass and the 22 longitudinal skeletal measurements

using two algebraically equivalent forms:

(1)

(2)

Both forms are useful because they provide estimates

of different parameters with biological meaning (Laird

et al. 1965; Miller & German, 1999). Five parameters

can be obtained from equations (1) and (2): 

 

A

 

 is an esti-

mate of final size, or the asymptote of the sigmoidal

curve; 

 

b

 

 describes a lag in initial growth – a unit

increase in 

 

b

 

 delays a unit increase in the size of 

 

y

 

, the

measurement of interest (Farmer & German, 2004); 

 

k

 

measures growth decay and estimates how fast growth

Table 3 Descriptions of the 22 craniofacial measurements and the landmarks used to record those measurements. Lateral and 
dorsoventral refer to radiograph view from which the measurement was obtained
 

 

Total skull
1. Skull length (lateral): anterior tip of nasal bone – posterior edge of nuchal crest
2. Skull height (lateral): suture between nasal and frontal bone – posteriormost point of upper diastema
3. Skull length (dorsoventral): the anterior tip of nasal bone – posterior edge of occipital bone
4. Skull width (dorsoventral): right zygomatic and temporal bone suture – left zygomatic and temporal bone suture

Neurocranium
5. Occipitopalatal length (lateral): edge of occipital condyle – posterior edge of palatine bone
6. Distance between mastoid processes (dorsoventral): right mastoid process – left mastoid process
7. Distance between tympanic bullae (dorsoventral): anterior/medial edge of right tympanic bulla – anterior/medial edge of left tympanic 

bulla
8. Neurocranium length (lateral): lateral ridge of frontal bone – posterior edge of nuchal crest
9. Neurocranium height (lateral): posterior edge of nuchal crest – edge of occipital condyle
10. Neurocranium length (dorsoventral): posterior edge of cribiform plate – posterior edge of occipital bone
11. Neurocranium width (dorsoventral): right temporal line of the parietal bone – left temporal line of the parietal bone

Viscerocranium
12. Distance between angles (dorsoventral): right mandibular angle – left mandibular angle
13. Distance between condyles (dorsoventral): right mandibular condyle – left mandibular condyle
14. Distance between coronoids (dorsoventral): right coronoid process of mandible – left coronoid process of mandible
15. Facial length (dorsoventral): anterior tip of nasal bone – posterior edge of cribiform plate
16. Frontal length (lateral): suture between nasal and frontal bone – lateral ridge of frontal bone
17. Mandible height (lateral): posteriormost point on mandibular angle – superior most point of condyle
18. Mandible length (lateral): posteriormost point of mandibular angle – anteriormost point of lower diastema
19. Nasal bone length (lateral): anterior tip of nasal bone – suture between nasal and frontal bone
20. Nasal width (dorsoventral): right most maxilla-incisive bone suture – left most maxilla-incisive bone suture
21. Right mandibular notch length (lateral): right coronoid process of mandible – right condylar process of mandible
22. Upper diastema length (lateral): anteriormost point of upper diastema – posterior most point of upper diastema

  y Ae be kt

  = − −

  y we I k e kt

  .( / ( ))= − −1
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slows as animals approach adult size; 

 

w

 

 is an estimate

of initial size; and 

 

I

 

 (which is equal to 

 

b

 

*

 

k

 

) estimates the

instantaneous initial rate of growth at time = 0 (in these

analyses, age at weaning) (Laird et al. 1965; Miller &

German, 1999; Reichling & German, 2000). In these

analyses we did not test for differences in 

 

b

 

, the para-

meter that describes the delay in initial growth, because

 

b

 

 is a function of 

 

I

 

, the instantaneous rate of growth,

and 

 

k

 

, the rate of growth decay and is thus not inde-

pendent of their values: 

 

b

 

 = 

 

I

 

/

 

k

 

 (Farmer & German, 2004).

The first derivative (Eq. 3) of the Gompertz equation

was calculated to determine the rate of growth over

time. From this equation, two additional, useful bio-

logical parameters were separately calculated. 

 

R

 

max

 

 is

the maximum rate of growth, calculated as the maxi-

mum of the first derivative. 

 

T

 

f

 

 represents the time at

which growth slows to 5% of its maximum growth rate

(

 

R

 

max

 

) and we used it as an estimate of growth duration,

or the length of time until the animal reached adult size.

(3)

The data were analysed using the NONLIN module of

 

SYSTAT

 

10 (Wilkinson, 2000). The unit of analysis was the

individual rat. That is, we fit a curve to each individual

animal’s growth trajectory for 22 skeletal measure-

ments and body mass. A one-way 

 

ANOVA

 

 was used to test

for significant differences among treatments (CP, LP1,

LP2) for six of the Gompertz parameters describing

growth of the craniofacial skeleton and body mass

increase: 

 

w

 

, 

 

I

 

, 

 

R

 

max

 

, 

 

k

 

, 

 

T

 

f

 

, and 

 

A

 

. Due to the number of

comparisons being made, groups were considered

significantly different if the 

 

P

 

-value was < 0.001 and

marginally different if the 

 

P

 

-value was < 0.01.

We were also interested in learning if a low-protein diet

across successive generations increased the within-

generation (group) variation in sizes and rates of skeletal

growth. However, given the structure of our data, it

was not possible to test for statistical differences in

Fig. 1 Schematic of adult rat skull. (A) 
Linear measurements of the total skull 
and neurocranium digitized from the 
dorsoventral (left) and lateral (right) 
radiographic views. (B) Measurements 
of the viscerocranium digitized from 
the dorsoventral (left) and lateral 
(right) radiographic views. 
Measurement numbers and anatomical 
descriptions of points digitized 
correspond to those in Table 3.

  dy dt Abke ebe ke ke

/   .= − − −
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variation among the diet groups. Therefore, we quali-

tatively assessed variation by visually comparing groups’

ranges of values for each Gompertz parameter and each

measurement using box and dot density plots. The

range or spread of values is suggestive of within-group

variation. We noted if any particular diet group

appeared different from the others, and if there was a

tendency, within a measurement or parameter, for one

group to be represented more frequently than the others.

 

Results

 

The Gompertz model fit the data for all skeletal measure-

ments in the CP rats with an average mean corrected

 

R

 

2

 

 = 0.968, and the LP1 data with an average mean cor-

rected 

 

R

 

2

 

 = 0.962 (Miller & German, 1999). The mean

corrected 

 

R

 

2

 

, averaged across 22 measurements of the

LP2 data, was 0.843. However, three measurements

were excluded from further analyses because of poor

fit in the LP2 data: mandible height (

 

R

 

2

 

 = 0.503), neuro-

cranium width (

 

R

 

2

 

 = 0.571) and tympanic bulla width

(

 

R

 

2

 

 = 0.661). Figure 2 provides examples of curves with

good and poor fit for an individual rat for two differ-

ent measurements. The model fit the remaining 19 LP2

measurements with mean corrected 

 

R

 

2

 

 values ranging

from 0.801 (frontal length) to 0.979 (total skull height)

and an average mean corrected 

 

R

 

2

 

 = 0.885.

 

Initial sizes (

 

w

 

) and rates of growth (

 

I

 

)

 

There was a significant difference among the diet groups

in the estimated initial body mass (

 

w

 

) at weaning

(21 days for animals in the CP and LP1 treatments,

28 days for animals in the LP2 treatment). As expected,

 

posthoc

 

 pair-wise comparisons showed that animals in

the CP and LP1 groups were equal, and weighed signi-

ficantly more at weaning than animals in the LP2 group

(Table 4). The actual recorded body mass of rats in the

LP2 group was approximately 50% less than animals

well nourished 

 

in utero

 

 and during suckling (Table 5).

The instantaneous rate of weight gain (

 

I

 

) in controls

was significantly greater than in both groups of

malnourished animals (Table 4).

When testing for differences in initial sizes (

 

w

 

) of the

skeletal measurements, the typical result (i.e. the result

for 10 of 19 measurements; e.g. Fig. 3a) was that ani-

mals in the CP and LP1 groups were of equal size, and

marginally or significantly larger than those in the LP2

group (Table 4). In the four instances where differences

among diet groups were not significant, i.e. all treat-

ments were the same, three were from the viscerocra-

nium: total skull height, mandible length, distance

between the angles, and frontal bone length (Fig. 3b).

By contrast, the initial occipitopalatal and facial lengths

(Fig. 3c) in the LP2 treatment were significantly larger

than in controls and first-generation malnourished

rats. As illustrated in Fig. 3, for nearly all estimates of

initial size, there was a greater range of values within

the LP2 group than within the CP or LP1 groups. Table 5

shows the percentage difference among the groups

in actual sizes of skeletal measurements at weaning.

Figure 4 shows and compares the location of landmarks

digitized from radiographs of a CP and an LP2 individual

on the day of weaning.

The initial rates of skeletal growth (

 

I

 

) were always

significantly faster in controls, and typically (17 of 19

measurements) the LP1 and LP2 treatments had equal

rates of growth at weaning (Table 4). Total skull height

and mandibular notch length initial growth rates were

marginally or significantly greater in the LP1 group than

the LP2 group (Table 4). Although there were some

exceptions (data not shown), females in the CP group

Fig. 2 Example of good- and poor-fit 
Gompertz curves. (A) Good-fit curve for 
skull length (lateral view) in a second-
generation protein-malnourished (LP2) 
individual. Mean corrected R2 = 0.910. 
(B) Poor-fit curve for mandible height in 
the same individual. Mean corrected 
R2 = 0.503. This measurement was 
excluded from further analysis. Numbers 
in parentheses correspond to 
measurement numbers in Fig. 1 and 
Table 3.
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tended to have more variation in instantaneous rates

of growth than did malnourished females.

 

Maximum rates of growth (

 

R

 

max

 

)

 

The estimated maximum rate of body mass increase

was significantly greater in CP animals than in the LP1

or LP2 groups (Fig. 5a). Females in the control treatment

had an average maximum rate of growth (scaled to

estimated final body mass: 

 

R

 

max

 

/

 

A

 

) of 0.014 (SD = 0.004)

g/day; both LP1 and LP2 females had a scaled 

 

R

 

max

 

 =

0.005 (SD = 0.001) g/day.

The estimated maximum rates of growth for all

measurements of the craniofacial skeleton were signi-

ficantly greater in animals in the CP treatment than in

the LP1 or LP2 groups. 

 

Posthoc

 

 pair-wise comparisons

of 

 

R

 

max

 

 for skeletal measurements typically showed no

differences between the LP1 and LP2 treatments. Four

of the 19 measurements were not typical. The LP1 ani-

mals had either marginally or significantly faster rates

of growth than the LP2 animals in total skull height

(Fig. 5b), one measurement of the neurocranium and

three of the viscerocranium (Table 4). Scaling maxi-

mum rates of growth to estimated final sizes (

 

R

 

max

 

/

 

A

 

)

Table 4 Comparison of groups’ average values of growth parameters as determined by Gompertz model. C, controls (CP 
treatment); 1, first-generation low protein (LP1 treatment); 2, second-generation (LP2 treatment). ‘Typical’ was the most frequent 
result from post-hoc pair-wise comparisons between treatments, for all measurements, for a given parameter. Both marginal (P < 
0.01) and significant (P < 0.001) differences between treatments are indicated by > and < ; no difference by =. A typical result for 
a given measurement and parameter is indicated by a blank cell. Results that were not typical are noted. Skeletal measurements 
and definitions are as in Table 3 and Fig. 1. Measurements from the lateral view are indicated by (lat); from dorsoventral view, 
by (dv)
 

 

Typical
w initial size 
(C = 1) > 2

I initial 
growth rate 
C > (1 = 2)

Rmax maximum 
growth rate 
C > (1 = 2)

k growth 
decay 
C > (1 = 2)

Tf duration 
of growth 
C < (1 = 2)

A final size 
(C = 1) > 2

Body mass
Total skull
1. Length (lat)
2. Height C = 1 = 2 C > 1 > 2 C > 1 > 2 C > 1 > 2 C < 1 < 2 C = 1 = 2
3. Length (dv) C = 1, C = 2, 1 > 2
4. Width

Neurocranium
5. Occipitopalatal (C = 1) < 2 (C = 1) < 2

length
6. Distance between C > 1 > 2

mastoid processes
8. Length (lat) C < 1 < 2 C = 1 = 2
9. Height C = 1, C = 2, 1 > 2
10. Length (dv) C = 1, C = 2, 1 > 2

Viscerocranium
12. Distance C = 1 = 2 C = 1 = 2

between angles
13. Distance

between condyles
14. Distance C < 1 < 2 C = 1 = 2

between coronoids
15. Facial length (C = 1) < 2 C = 1 = 2
16. Frontal length C = 1 = 2 C > 1 > 2 C < 1 < 2 (C = 1) < 2
18. Mandible length C = 1 = 2 C = 1, 1 = 2, C > 2 C = 1, 1 = 2, C > 2
19. Nasal bone C > 1 > 2 C = 1, 1 = 2, C < 1

length
20. Nasal width
21. Mandibular C = 1, C = 2, 1 > 2 C > 1 > 2 C > 1 > 2 (C = 1) < 2

notch length
22. Upper diastema length C > 1 > 2 C = 1, 1 = 2, C < 2
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showed that the fastest growing bones in all treat-

ments were almost exclusively in the viscerocranium

(Table 6). Neurocranium height was one of the slowest

growing measurements in all groups (Table 6).

For most measurements, the CP treatment exhibited

the greatest rage of values for maximum rates of growth,

and for many, the LP2 treatment the least. However,

no clear pattern of variation between the neruo- vs.

visceroskeleton emerged, as shown in Fig. 6.

Growth decay (k)

For all skeletal measurements and for body mass, growth

slowed significantly faster in well-nourished females as

they approached adult size than it did in either of the

malnourished groups. Only total skull height and

frontal length growth decayed faster in the LP1 animals

than in the LP2 animals. For all other measurements the

rates of decay were the same between animals in the

LP1 and LP2 groups. As with Rmax, although the animals

in the CP group tended to have a larger spread of

values in more measurements, this was not always the

case and no clear pattern emerged.

Durations of growth (Tf) and final sizes (A)

There were marginal or significant differences in

growth duration among the diet groups for all skeletal

measurements and for body mass. The duration of

growth in body mass for the animals on the control diet

was shorter than for both groups on the low-protein diet

(Fig. 7a). There was no difference between the two

Table 5 Percentage differences between treatments for average actual measured weaning and final sizes for body mass and 19 
skeletal measurements*. For each two-group comparison, percentage differences were calculated by subtracting the second group 
from the first, and dividing that difference (positive or negative) by the first group. Positive percentages indicate that the first 
group is larger than the second group in the comparison. Negative percentages indicate that the first group is smaller. C, controls 
(CP treatment); 1, first-generation low-protein (LP1 treatment); 2, second-generation (LP2 treatment). Skeletal measurements and 
definitions are as in Table 3 and Fig. 1. Measurements from the lateral view are indicated by (lat); from the dorsoventral view, by (dv). 
Figures 4 and 10 provide graphical comparisons of groups’ average actual measurements at weaning and at adult size, respectively
 

 

Body mass

Percentage difference

Weaning Final

C vs. 1 
1.0

1 vs. 2 
50.3

C vs. 2 
49.8

C vs. 1 
15.8

1 vs. 2 
19.2

C vs. 2 
31.9

Total skull
1. Length (lat) −0.4 10.3 9.9 3.1 5.1 8.0
2. Height −0.8 4.2 3.5 3.5 1.5 5.0
3. Length (dv) 1.2 10.3 11.3 2.8 10.5 13.0
4. Width −0.2 8.6 8.5 1.8 8.0 9.6

Neurocranium
5. Occipitopalatal length 0.8 −23.7 −22.8 0.9 −21.7 −20.6
6. Distance between mastoids −0.8 15.8 15.1 1.9 15.0 16.5
8. Length (lat) −1.3 9.4 8.2 1.0 4.0 5.0
9. Height −1.1 15.3 14.4 3.2 7.0 10.0
10. Length (dv) 1.2 9.9 11.0 2.1 6.2 8.2

Viscerocranium
12. Distance between angles −0.7 5.7 5.0 2.8 7.1 9.7
13. Distance between condyles −1.1 9.8 8.8 4.3 7.1 11.1
14. Distance between coronoids 0.0 7.0 7.0 1.9 2.8 4.6
15. Facial length 0.4 −8.0 −7.5 4.2 −7.0 −2.4
16. Frontal length 0.5 −1.8 −1.4 6.1 −24.3 −16.7
18. Mandible length −0.8 7.2 6.5 5.8 1.3 7.1
19. Nasal bone length 1.1 33.3 34.1 3.6 29.9 32.4
20. Nasal width 1.0 36.5 37.2 0.8 25.3 25.9
21. Mandibular notch length 5.7 7.3 12.6 7.3 12.6 19.0
22. Upper diastema length 1.0 10.7 11.5 4.7 8.1 12.5

*Actual weaning size is equivalent to estimated initial size (w) in the model. Actual final size is equivalent to estimated final size (A) in 
the model.
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malnourished groups. Average estimated Tf for the CP

group was 132 days (SD = 52), for the LP1 group 397 days

(SD = 119) and for the LP2 group 397 days (SD = 82).

The typical result among all craniofacial skeletal

measurements (11 of 19) was for both groups on the

low-protein diet to increase in size marginally or signi-

ficantly longer than controls, and for Tf in LP1 and LP2

treatments to be equal (Table 4). However, the major-

ity of viscerocranial measurements were not typical

(Table 4). For five viscerocranium measurements the

second-generation low-protein treatment grew longer

than first-generation or control females (e.g. Fig. 7b).

There was a tendency among measurements for con-

trols to have reduced variation in this growth parame-

ter and for the second generation of malnourished

females to have increased variation. The animals in the

LP2 group did not show the greatest range of values

for Tf in only one measurement of the viscerocranium

(distance between condyles).

Fig. 4 Landmark locations illustrating average actual 
measurements on the day of weaning. (A) Control with linear 
distances between landmarks (measurements) from the lateral 
(left) and dorsoventral (right) radiographic views noted, as in 
Fig. 1 and Table 3. (B) Average LP2 landmark locations (open 
circles) compared with the control (black circles). The two 
comparable sets of points from the lateral view are overlaid 
and aligned at the posteriormost point of the upper diastema, 
indicated by the X through the point. Points from dorsoventral 
view are overlaid and aligned at the posterior edge of the 
cribiform plate. Refer to Table 5 for actual percentage 
differences between groups for each measurement.

Fig. 3 Box plots of estimated size at weaning (w). The second-
generation protein-malnourished group had a greater range 
of values for w in all three measurements. (A) Controls and the 
LP1 treatment had larger distances between the mastoid 
processes than the LP2 group. Average mean corrected R2 of 
CP group = 0.993, LP1 group = 0.991, LP2 group = 0.919. (B) 
There were no differences in initial frontal lengths among the 
treatments. Average mean corrected R2 of CP group = 0.907, 
LP1 group = 0.855, LP2 group = 0.801. (C) LP2 rats had longer 
facial lengths than controls and the LP2 group. Average mean 
corrected R2 of CP group = 0.970, LP1 group = 0.981, LP2 
group = 0.824. Numbers in parentheses correspond to 
measurement numbers in Fig. 1 and Table 3.
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There was a significant difference among the groups’

average estimated final body masses (A). The average

final body mass of the LP2 group (352 g, SD = 50) was

significantly less than that of the CP (467 g, SD = 59)

and LP1 (495 g, SD = 84) groups, which were not statis-

tically different. The actual measured adult body mass

of rats in the control group was ∼30% greater than

those in the LP2 treatment (Table 5).

All estimated final sizes of skeletal measurements

were equal between the control and LP1 treatments,

and 10 of 19 measurements were marginally or signifi-

cantly less in the LP2 animals compared with controls

and animals malnourished only post-weaning (LP1)

(Table 4). Figure 8(a) shows this typical result for A.

No differences between the LP1 and LP2 treatments

were found in total skull height (Fig. 8b), lateral neuro-

cranium length, and three measurements of the viscero-

cranium: distances between angles of the mandible,

between the coronoid processes, and facial length

(Table 4). Posthoc pair-wise comparisons indicated that

only average estimated occipitopalatal (Figs 8c and 9a)

and frontal lengths were larger in the LP2 treatment

than in the CP or LP1 treatments. The tendency of

controls to have less variation in measures of the

Fig. 5 Estimated rates of growth for 
(A) body mass increase over time, and 
(B) skull height, calculated from the 1st 
derivative of the Gompertz model 
(Eq. 2). Solid line is CP group, long dash is 
LP1 treatment, short dash is LP2 group. 
Numbers in parentheses correspond to 
measurement numbers in Fig. 1 and 
Table 3.

Table 6 Comparison of scaled* maximum rates of skeletal growth (Rmax) among treatments. For each treatment, measurements 
are ordered from highest to lowest scaled Rmax. CP, control treatment; LP1, first-generation low-protein; LP2, second-generation 
low-protein. Measurements from the lateral view are indicated by (lat); from the dorsoventral view, by (dv). Rmax/A is a group’s 
average scaled Rmax; SD, standard deviation. All units are (mm × 10−3) day−1

 

 

CP LP1 LP2

Measurement Rmax/A (SD) Measurement Rmax/A (SD) Measurement Rmax/A (SD)

Between condyles 20.3 (4.5) Frontal length 8.1 (3.1) Facial length 5.8 (1.8)
Frontal length 17.6 (4.0) Nasal bone length 7.7 (3.2) Skull length (dv) 5.8 (1.9)
Nasal bone length 17.1 (3.7) Skull length (dv) 7.4 (3.4) Neurocranium length (dv) 5.5 (2.2)
Skull width 16.5 (1.6) Upper diastema length 6.8 (3.3) Upper diastema length 5.3 (2.0)
Nasal bone width 16.5 (2.0) Mandibular notch length 6.6 (1.6) Nasal bone length 5.0 (1.9)
Skull length (dv) 16.4 (3.9) Neurocranium length (dv) 6.5 (3.9) Skull width 4.9 (1.6)
Neurocranium length (dv) 15.8 (4.3) Facial length 6.1 (1.9) Mandible length 4.9 (1.8)
Between coronoids 15.5 (2.4) Between angles 5.9 (1.5) Between condyles 4.8 (2.6)
Between mastoids 15.1 (1.8) Between mastoids 5.7 (1.2) Between mastoids 4.7 (1.1)
Upper diastema length 14.7 (0.7) Skull length (lat) 5.5 (1.3) Between angles 4.6 (1.3)
Neurocranium length (lat) 14.7 (1.6) Mandible length 5.3 (0.8) Occipitopalatal length 4.6 (1.3)
Skull height 14.6 (1.4) Occipitopalatal length 5.2 (1.8) Skull length (lat) 4.6 (1.1)
Skull length (lat) 14.6 (0.9) Skull height 5.2 (1.4) Between coronoids 4.6 (1.6)
Facial length 14.5 (2.2) Between coronoids 4.9 (1.1) Neurocranium length (lat) 4.5 (1.8)
Between angles 14.3 (1.8) Between condyles 4.9 (2.2) Frontal length 3.6 (1.2)
Occipitopalatal length 13.2 (4.0) Skull width 4.5 (1.5) Nasal bone width 3.6 (2.0)
Mandibular notch length 12.8 (3.0) Nasal bone width 4.5 (1.1) Skull height 3.5 (1.1)
Neurocranium height 12.4 (3.2) Neurocranium length (lat) 3.9 (1.8) Mandibular notch length 3.4 (1.2)
Mandible length 11.9 (1.7) Neurocranium height 3.8 (1.6) Neurocranium height 3.4 (1.5)

*Scaled maximum rates of growth were calculated by the formula (Rmax/A) for each measurement.
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neurocranium is illustrated in Fig. 9. With respect to

the viscerocranium, there was a tendency for second-

generation low-protein females to have a greater

range of final sizes than other groups (e.g. Fig. 9b). The

actual recorded final skeletal measurements of rats in

the LP2 group ranged from ∼30% less to ∼5% greater

than those in the CP treatment (Table 5). Figure 10 shows

and compares the location of landmarks digitized from

the final radiograph of an adult rat representative of

each diet group.

Discussion

There was a significant impact of life-long protein mal-

nutrition on the patterns of growth that generate final

adult sizes of the craniofacial skeleton, relative to rats

malnourished only post-weaning and to rats on a

control diet. Over most craniofacial measurements, the

female offspring of post-weaning malnourished females

did not catch up in size to the first generation or to

controls, although certain aspects of their craniofacial

skeleton showed more resistance to the effects of

protein restriction than others. The second generation’s

growth trajectories more closely resembled the longer

and slower growth of the first generation.

Catch up growth: neuro- vs. viscerocranium

Previous work from our laboratory demonstrates that

post-weaning malnourished female rats can catch up in

skeletal size to controls (Miller & German, 1999; Reichling

& German, 2000). This was not true for females mal-

nourished from conception, through fetal life, suckling

and post-weaning development, despite the fact that

the animals were allowed to continue to grow until

they naturally stopped increasing in size. However, the

impact of protein malnutrition in the second generation

malnourished animals differed in the neurocranium

Fig. 6 Box plots of estimated maximum rates of growth (Rmax) for two measurements of the viscerocranium. The CP group had 
(A) greater Rmax in both mandibular notch length, and (B) upper diastema length increase than malnourished groups, although 
there was a greater range of values in rate of notch length increase among the control treatment. Average mandibular notch 
length mean corrected R2 of CP group = 0.942, LP1 group = 0.927, LP2 group = 0.828. Average upper diastema length mean 
corrected R2 of CP group = 0.985, LP1 group = 0.982, LP2 group = 0.904. Numbers in parentheses correspond to measurement 
numbers in Fig. 1 and Table 3.

Fig. 7 Box plots of estimated growth 
duration (Tf) for (A) body mass, and (B) 
frontal bone length. Average body mass 
mean corrected R2 of CP group = 0.983, 
LP1 group = 0.996, LP2 group = 0.995. 
Average frontal bone length mean 
corrected R2 of CP group = 0.907, LP1 
group = 0.855, LP2 group = 0.801. 
Numbers in parentheses correspond to 
measurement numbers in Fig. 1 and 
Table 3.
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relative to the viscerocranium. This result is consistent

with previous studies (Pucciarelli, 1980, 1981; Fields, 1991;

Lightfoot & German, 1998). In Miller & German (1999),

measurements of the viscerocranium are the only

measurements in which the final size of the first genera-

tion is smaller than that of the controls (these differences

were no longer present when the second-generation

animals were added to the analyses).

Although there are no differences in initial sizes (w)

between controls and animals malnourished post-

weaning (Miller & German, 1999), we hypothesized

that the offspring (LP2) of post-weaning malnourished

dams would be smaller than the offspring (LP1) of

well-nourished dams (Naismith, 1969; Sasaki et al.

1982; Fortman et al. 2005). The measurements for

which the LP2 animals were equal or larger than

controls and/or LP1 females at weaning (total skull

height and length; occipitopalatal and neurocranium

lengths; distance between the angles; frontal, mand-

ible, facial and mandibular notch lengths) suggest that

these bones have a developmental priority with respect

to the allocation of amino acids and possibly energy

resources in utero, and during suckling (Chowdhury

& Orskov, 1997; Masanes et al. 1999; Horton, 2005). On

the other hand, measurements for which the LP2 rats

were smaller indicated that growth of those bones is

more responsive to trans-generational fluctuations in

nutrient resources.

Priorities, however, may change through ontogeny.

A comparison of initial (w) to final (A) sizes in the LP2

treatment shows that some measurements were not

affected by gestational or post-weaning malnutrition:

both w and A in the LP2 treatment were the same as

controls and/or the first generation. Other measurements

of the second generation were affected only after

weaning. For example, in the neurocranium, only one

measurement of the second generation was equal to or

greater than controls or the first-generation low-

protein rats at weaning and at adult size. By contrast,

in the viscerocranium four of ten measurements were

equal among the groups at weaning and at adult size.

However, there were ultimately more measurements

of the neurocranium (three of five) that caught up in

size to controls.

The findings of Fortman et al. (2005) support the

idea that different aspects of craniofacial skeletal

growth are affected differently during ontogeny. They

radiographed a large sample of offspring from dams

on either the control or the low-protein diet. These infants

Fig. 8 Gompertz curves show A, estimated final sizes, for an 
individual from each diet treatment. Solid line is CP group, long 
dash is LP1 treatment, short dash is LP2 group. (A) As in all skeletal 
measurements, final neurocranium lengths (dorsoventral view) 
were the same between controls and first-generation low-protein 
rats, and as was typical (10 of 19 measurements), the LP2 group 
was significantly smaller. Average mean corrected R2 of CP group 
= 0.959, LP1 group = 0.948, LP2 group = 0.863. (B) Final total 
skull height did not differ among animals in the three treatments. 
Average mean corrected R2 of CP group = 0.987, LP1 group = 
0.980, LP2 group = 0.979. (C) Final occipitopalatal distance in 
the LP2 treatment was greater than in the control and LP1 
animals. Average mean corrected R2 of CP group = 0.950, LP1 
group = 0.968, LP2 group = 0.909. Numbers in parentheses 
correspond to measurement numbers in Fig. 1 and Table 3.



Life-long protein malnutrition and growth, S. L. Lobe et al.

© 2006 The Authors
Journal compilation © 2006 Anatomical Society of Great Britain and Ireland

808

are the equivalent of our CP/LP1 (no pre-weaning mal-

nutrition) and LP2 (pre-weaning malnutrition) groups,

and the digitized anatomical landmarks and measure-

ments correspond directly to the current study. Fort-

man et al. reported that at each of the three ages they

examined, 9, 16 and 22 days, offspring of low-protein

females always have smaller cranial measurements.

However, there is a significant age × diet interaction in

six of their nine measurements. That is, growth during

the suckling phase differs between treatments and

measurements. In fact, two of the three measurements

that we found to be equal between control and LP2

groups at weaning (total skull and neurocranium

lengths) are the two measurements that have increased

rates of growth in low-protein offspring (compared

with controls) between ages 16 and 22 days in Fortman

et al. (Note that they killed all of the offspring at

22 days, whereas we weaned our LP2 group at 28 days.)

Fortman et al. (2005) and others also report that eye

and brain weights, scaled to body mass, are significantly

greater in the offspring of low-protein dams compared

with controls (Desai et al. 1996; Opperman, 2000;

Reichling & German, 2000). All of these results suggest

not only that tissues themselves respond differently to

protein restriction, but also that the mechanisms that

govern cell differentiation and tissue development

may be affected differently during the formation of

cartilage, intramembranous ossification, and organo-

genesis. Tissue- or lower-level analyses would be neces-

sary to test these hypotheses.

Patterns of growth

The growth trajectories of the second malnourished

generation, graphically or measured by the Gompertz

parameters, more closely resembled the longer and

slower growth of first-generation malnourished females.

In nearly all comparisons of growth rate parameters (I,

Rmax, k) the first and second generations were equal,

and significantly different from controls. Visually, this

was equivalent to the flatter, longer and slower growth

curve that Miller & German (1999) describe. Even though

the LP1 animals had just been placed on the low-

protein diet, and the LP2 animals had been protein

restricted in utero and through suckling, the instanta-

neous rates of skeletal growth at weaning (I) were very

similar between the two malnourished groups. This

suggests that the effects of protein restriction are almost

immediate in the LP1 generation, and that initial growth

rates are highly susceptible to perturbation. The addi-

tional stores of protein that the LP1 generation received

from their well-nourished dams did not provide a pro-

tection against the reduction in protein at weaning,

and there was no lag in time of the impact of this

dietary effect.

The physiological mechanisms contributing to such

an immediate effect are not completely understood.

Harel & Tannenbaum (1993) report that in protein-

malnourished (4% protein diet) juvenile male rats,

plasma GH concentrations are significantly reduced

after 4 days of protein restriction. However, there are

Fig. 9 Box plots of A, estimated final sizes. (A) Occipitopalatal length was a typical result, and as with all measures of the 
neurocranium, the control group had less variation compared with both groups of malnourished rats. Average mean corrected 
R2 of CP group = 0.950, LP1 group = 0.968, LP2 group = 0.909. (B) Nasal bone length was also a typical result and illustrates the 
tendency for the LP2 group to have greater variation in measurements of the viscerocranium. Average mean corrected R2 of CP 
group = 0.954, LP1 group = 0.945, LP2 group = 0.852. Numbers in parentheses correspond to measurement numbers in Fig. 1 and 
Table 3.
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no differences in the 3.3 h cycling of GH release. They

show that plasma insulin concentrations are likewise

reduced, but glucose levels are unaffected. In 21.5-day

fetuses of short-term malnourished females (8% pro-

tein diet at mating), circulating IGF-1 levels are signifi-

cantly reduced although IGF-binding protein-1 levels

are as in controls (El-Khattabi et al. 2003). Gomez et al.

(1996) report that cultured bone marrow cells from

severely malnourished 21-day-old rats have significantly

longer cell-cycle times owing to increased durations of

synthesis, and gap-1 and meiosis I phases. This result

corresponds to the finding of El-Khattabi et al. (2003)

that DNA synthesis was markedly reduced in cells cul-

tured from malnourished fetuses. All of these results

are consistent with, and may in part explain, significantly

lower instantaneous rates of initial growth in the first

and second generations of malnourished animals.

The duration of growth (Tf) was dramatically influ-

enced by protein malnutrition, in both post-weaning

and life-long malnourished animals. Post-weaning mal-

nourished females reached a control final size because,

despite slower growth rates, they had durations of

growth nearly three times longer than control animals.

Growth of life-long malnourished rats did not show

further compensatory growth duration: most measure-

ments stopped increasing at the same time as LP1 animals,

although three measurements of the viscerocranium

continued to grow longer than in LP1 animals. The

measurements in the LP2 animals that did catch up, or

were larger than the other treatments, grew for a longer

period of time than controls and first-generation

animals, and many of these parts of the skull had initial

sizes at weaning that were not as affected by the pre-

natal/suckling malnutrition. However, being larger at

weaning, and growing significantly longer, did not

necessarily predict that LP2 final adult size would be

the same, as was the case in mandibular notch length.

The cellular level mechanisms that signal the switch

from growth to maintenance in the normally growing

rat involve the GH axis and its downstream targets, as

well as other endocrine, paracrine, neural and genetic

factors. How life-long protein malnutrition affects

these factors is unclear, especially as studies that report

the effects of protein restriction on these factors test

for differences in offspring of short-term malnourished

females. Recent work suggests that the pathways

regulating new protein synthesis (DNA transcription and

mRNA translation) are themselves regulated by nutri-

ent levels, and there is cross-talk with pathways and

Fig. 10 Landmark locations illustrating average actual 
measurements at adult size. (A) Control with linear distances 
between landmarks (measurements) from the lateral (left) and 
dorsoventral (right) radiographic views noted, as in Fig. 1 and 
Table 3. (B) Average LP1 landmark locations (open circles) 
compared with the control (black circles). (C) Average LP2 
landmark locations (open) compared with the control. (D) LP2 
landmarks (open) compared with LP1 landmarks (black). In B–
D the two comparable sets of points from the lateral view are 
overlaid and aligned at the posteriormost point of the upper 
diastema, indicated by the X through the point. Points from 
dorsoventral view are overlaid and aligned at the posterior edge 
of the cribiform plate. Refer to Table 5 for actual percentage 
differences between groups for each measurement.



Life-long protein malnutrition and growth, S. L. Lobe et al.

© 2006 The Authors
Journal compilation © 2006 Anatomical Society of Great Britain and Ireland

810

events associated with GH, IGF-1, and other endocrine

factors involved with growth/maintenance (Proud,

2002, 2004a,b; Beugnet et al. 2003).

Variation in growth parameters

We hypothesized that a low-protein diet across succes-

sive generations would increase the variation in sizes,

and in rates of skeletal growth, in life-long malnourished

females compared with controls and first-generation

malnourished animals. This would be consistent with

the results of Jones & German (2005). They generate

a sample of variation for each Gompertz parameter

using 19 craniofacial measurements and the data

collected by Miller & German (1999), i.e. the control

and post-weaning groups in the current study. They

then test for differences between the sexes and two

diet groups in the coefficients of variation. They find

that across all measurements of the craniofacial skele-

ton, animals on the low-protein diet have increased

variation in all parameters except w, initial size. Their

result for initial size at weaning is consistent with ours,

as it was the LP2 group that had a greater range of values

for w compared with controls and the LP2 group.

Graphical comparisons of initial (w) and adult (A)

sizes, and durations of growth (Tf), showed that for

most measurements controls had reduced variation

and life-long malnourished females a greater range of

values for these parameters than other groups. How-

ever, in apparent contrast to Jones & German (2005),

our graphical comparisons of the spread of data for

each measurement and parameter showed that the

control group tended to have increased variation in the

rates of skeletal growth (I, Rmax, k). Increased variation

within this group is indicative of greater developmen-

tal plasticity in the mechanisms through which rates of

growth are governed. This suggests the processes that

regulate rates of normal growth are less canalized

(Hallgrimsson et al. 2002); there can be greater varia-

tion within these processes than within those that

regulate final outcomes (e.g. durations of growth and

final sizes) without affecting growth per se. The reverse

seems to be true for the LP2 animals. Increased varia-

tion in initial sizes, durations of growth and final sizes

of life-long malnourished animals suggests greater

developmental plasticity in the mechanisms that gen-

erate these features of the overall growth trajectory.

The consequences of these patterns of variation in the

face of early nutritional insult are a matter of considerable

debate (Ozanne & Hales, 1999; Crespi & Denver, 2005;

Horton, 2005; Jones, 2005; Kuzawa, 2005; Lampl, 2005).

Conclusion

Some of the results from this study differed from those

of Miller & German (1999) and Reichling & German

(2000). Significant differences in final skeletal sizes

between the controls and first-generation animals

were no longer significant when a third treatment (the

LP2 animals) was added to the analysis. Discrepancies

were due to the partitioning of variance in the models:

differences between the LP2 group and the other two

treatments were so great that the differences between

the controls and first-generation animals were no longer

significant. With respect to the multigenerational effect

of protein malnutrition on variation within the cranio-

facial skeleton, or within a given parameter describing

growth, our results point to a complex interaction

between females’ genetically regulated developmen-

tal processes and their early nutritional environment.

This study was the first to quantify the effects of a

pathological low-protein diet on growth of the cranio-

facial skeleton in an animal model, under conditions

that more closely approximate what we would find in

nature during prolonged periods of nutritional stress.
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