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Summary. Pregnant New Zealand rabbits were fed on a low-protein, low-fat, high-carbo- 
hydrate diet during the second half of gestation and during the subsequent period of lactation. 
Baby rabbits born to these protein-restricted does and suckled by them for two or more weeks 
showed loss of fur, stunted growth, fatty metamorphosis and increased glycogen storage in the 
liver, and atrophy of pancreatic acinar cells associated with loss of zymogen granules as well as 
widespread cytoplasmic vacuolization. I t  is suggested that the changes observed are not merely 
the effect of calorie restriction but also reflect a more specific nutritional deficiency (protein 
deficiency) transmitted by the mother rabbit to her offspring. 

Introduction 

A diet high in  carbohydrate,  low in  fat  and  deficient in  protein,  s imulat ing the 
diet  of poor na t ive  JamMcans,  induces pancreat ic  acinar a t rophy with reduct ion in 
the n u m b e r  of zymogen granules, a considerable decline in  weight, loss of hair, and  
fa t ty  metamorphosis  of the liver often t e rmina t ing  in  cirrhosis as was demonst ra ted  
by  light and electron microscopy as well as in  histochemicM studies on adul t  rabbi ts  
(Volk and Lazarus, 1960; Lazarus and  Volk, 1964, 1965). Since i t  is well known 
tha t  ma lnu t r i t i on  dur ing gestat ion may  adversely affect the development  of the 
fetus, i t  was decided to invest igate  the u l t ras t ruc tura l  alterations,  if any, in  the 
pancreases and  livers of neonata l  and  young suckling rabbi ts  whose mothers  had 
been subjected to the same protein deficient diet  dur ing  the second half of their 
pregnancies and  during the subsequent  periods of lactation. 

Material and Methods 
A total of 31 neonatal and suckling white New Zealand rabbits, the offspring of ten 

does, were utilized. Six of the mother rabbits had received a high carbohydrate, low 
fat and low protein diet during the last two weeks of gestation as well as during the entire 
period of lactation. Composition and preparation of the deficient diet have been described 
elsewhere (Volk and Lazarus, 1960). In short, it consisted of white potatoes (20%), green 
bananas (22.5%), corn meal (30%), brown sugar (20%), and powdered whole milk (7.5%); 
the calculated content of protein was 5.8%; fat, 2,2%; and carbohydrate, 73.9%. Twenty- 
two baby rabbits born to these six mothers were sacrificed, by overdoses of sodium 
Nembutal, at intervals ranging from three days to seven weeks after their delivery. The six 
mother rabbits were weighed once weekly and were killed after they had ingested the deficient 
diet for a period of three months each. 
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Fig. 1. 19 day old rabbi t  (mother on normal diet). × 1/2 

Fig. 2 .19 day old rabbi t  (mother on deficient diet). S tunted  growth, ruffled hair  and  abnormal 
posture are evident.  × 1/2 
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The remaining four does were fed regular Purina rabbit chow. Nine baby rabbits born to 
them were sacrificed at intervals from two days to seven weeks and served as normal 
controls. 

All does and their respective offspring were housed in separate metabolic cages and received 
tap water ad libitum. 

Portions of liver and pancreas were fixed in formalin, and paraffin-embedded sections 
were stained with hematoxylin and eosin. Some pancreatic tissue was fixed in Zenker- 
formol solution, and sections were stained with a modified aldehyde-fuchsin-trichrome method 
as previously described (Lazarus and Volk, 1962). 

For ultrastructural studies, diced blocks, measuring less than 1 mm in greatest diameter, 
of pancreas and liver were fixed for two hours in ice-cold 1 per cent osmie acid solution 
containing 20.83 per cent aeetate-Veronal buffer, as well as 4.5 per cent sucrose (Caulfield, 
1957), adjusted to a pH of 7.4 and embedded with epoxy resin (Luft, 1961). Ultrathin sections 
were then cut with glass knives on a microtome, stained with lead citrate and uranyl 
acetate (Reynolds, 1963), and viewed and photographed with an electron microscope. 

Results 

Gross Changes 
All rabbi ts  b o r n  t o protein-deficient does displayed s tun ted  growth, ruffled 

fur, reduced motor  activity,  and abnormal  posture when compared with animals 
of the same age whose mothers had been fed a normal  diet  (Figs. 1 and 2). 
These changes varied in  in tens i ty  between litters bu t  had generally become quite 
obvious by  the end of the second week of ]ire. They progressed in  severity as the 
animals  matured.  

There was no significant weight ]oss in the mother  rabbi ts  before they  gave 
bir th  to their  young,  approximately  two weeks after they had been placed on the 
protein-restr icted diet. During the following three months  a gradual  reduct ion in  
body weight took place in  these does which a t ta ined  20 to 35 per cent of their  ini t ial  
levels. 

Light Microscopy 
Pancreas. I n  baby  rabbi ts  born to normal ly  fed does, both  the islet  cells 

and  the acinar cells of the pancreas appeared well granula ted  in  aldehyde- 
fuchsin-tr ichrome-stained sections (Fig. 3). I n  contrast ,  poor acinar (but no t  islet) 
cell g ranula t ion  was often observed in  rabbi ts  born to protein-deprived mothers,  

Fig. 3. Light micrograph of pancreas of 41 day old rabbit (mother on normal diet). Islet and 
exoerine cells are well granulated. Aldehydefuchsin-trichrome stain. × 375 

Fig. 4. Pancreas of 34 day old rabbit (mother of deficient diet). Whereas the islet cells appear 
well granulated, only a few stainable zymogen granules are visible in the exoerine acinar 

cells. Aldehydefuchsin-triehrome stain. × 500 

Fig. 5. Pancreas of 47 day old rabbit (mother on deficient diet). The exocrine acinar cells 
appear atrophic, lack cohesion with one another, and frequently contain dark, pyknotie 

nuclei, as well as small cytoplasmic vacuoles. Hematoxylin and eosin stain. X 375 

Fig. 6. Periportal region of liver of 15 day old rabbit (mother on deficient diet). Small and large 
fat vacuoles are present in virtually all hepatoeytes of this field. Hematoxylin and eosin stain. 

× 375 
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especially after the second week of life (Fig. 4). During the later stages of the experi- 
ment, the exocrine acinar cells of many of these animals were distinctly atrophic 
and lacked cohesion with one another; their nuclei had become dark and pyknotic 
and fine cytoplasmic vacuoles were sometimes seen (Fig. 5). 

Liver. Small and large lipid vacuoles were noted in the hepatocytes of several 
but not all baby rabbits born to protein-deficient does, as early as at the end of 
the second week of their lives (Fig. 6). Fibrosis or cirrhosis were absent, however. 
No lesions of any kind were present in the livers of the control animals. 

Electron Microscopy 

Pancreas. In  baby rabbits born to protein-restricted does and sacrificed within 
two weeks after delivery, no definitely abnormal ultrastructural alterations were 
demonstrable except for occasional small membrane- enclosed vacuoles, with or with- 
out amorphous debris, in the basal portions of some exoerine acinar cells (Fig. 7). 
Cellular organization and organelles appeared intact, and zymogen granule forma- 
tion proceeded normally. In many rabbits more than two weeks old, however, 
distinctly pathological changes became evident. Most conspicuous was the appear- 
ance of increasingly larger numbers of membrane-enclosed cytoplasmic vacuoles 
which were empty or contained some electron-lucent, amorphous substance 
(Figs. 8 and 9). The nuclei of the affected exocrine acinar cells displayed con- 
voluted contours and clumping of chromatin (Figs. 8 and 9). Portions of the hyalo- 
plasm appeared largely devoid of structured components (Figs. 9 and 10), and the 
units of the endoplasmic reticulum showed vesicular distension (Fig. 10). Cohesion 
between neighboring acinar cells was frequently poor or lacking (Fig. 9), and 
zymogen granule formation was severely suppressed (Figs. 8 and 9). There were 
no significant ultrastructural alterations in the cells of the islets of Langerhans 
of these baby rabbits. 

The pancreases of all does that had received the protein-deficient diet for three 
months displayed light and electron microscopic changes similar to those described 
above and identical to the ones reported earlier in nonpregnant adult rabbits 
(Lazarus and Volk, 1964, 1965). These included, in particular, loss of zymogen 
granules, acinar cell atrophy, and cytoplasmic vacuolization. No such alterations 
were noted in the pancreases of the control animals, either does or baby rabbits. 

Liver. Occasional, relatively small membrane-enclosed vacuoles filled with elec- 
tron-lucent amorphous contents were seen in infants of normally fed control 
rabbits (Fig. 11). As early as five days after their birth (Fig. 12), but 
especially after several weeks (Figs. 13 and 14), the hepatocytes of the 

Fig. 7. Pancreatic acinar cells of 3 day old rabbit (mother on deficient diet). Cellular organization 
and organelles appear intact. A few zymogen granules (Z) are present. The basal portions 
contain small membrane-enclosed vacuoles (V). L Centroacinar lumen; N nuclei. X 7500 

Fig. 8. Pancreas of 21 day old rabbit (mother on deficient diet). The atrophic acinar cells contain 
dense, convoluted nuclei (N). There are numerous cytoplasmic membrane-enclosed vacuoles 
(V) and edematous portions (H). Zymogcn granules are lacking. L Centroacinar lumen. 

× 4400 
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majority of baby rabbits born to does on the deficient diet contained similar but 
much larger membrane-clad vacuoles which, in the older rabbits, took up most 
of the cytoplasm (Fig. 14). Collections of dense bodies, composed of concentri- 
cally arranged lamellae, were sometimes seen (Fig. 12). Distinctly increased 
amounts of glycogen were noted in a large number of hepatocytes (Figs. 13 and 14). 

In  the hepatocytes of the mother rabbits sacrificed after they had received the 
deficient diet for three months, ultrastructural alterations similar to those in their 
offspring were observed. 

Discussion 

I t  has been estabhshed that maternal malnutrition during mammalian gestation 
profoundly affects the offspring. A balanced but calorically deficient diet given to 
the pregnant mother induces significant growth retardation of body and organs 
of the fetus (Chow and Lee, 1964; Naeye, 1971). If calorically adequate but protein- 
deficient diets are fed to gestating and lactating animals, litter sizes and weights 
of the individual fetuses will decrease, and many neonates will not survive to 
weaning age (Seegers, 1937; McCoy, 1940; Curtiss, 1953; Macomber, 1953; Nelson 
and Evans, 1953; Leathern, 1959; Zeman, 1967). Lactation failure in the dam, 
coupled with the retarded neonates' impaired ability to suckle, was the apparent 
cause of death in pups nursed by protein-restricted rats (Zeman, 1967). The milk 
of such dams was found reduced in quantity but had maintained its usual protein 
concentration (Venkatachalam and Ramanathan, 1964). 

The critical need for protein is highest during the earliest stages of placental 
and fetal development. In other words, the later during gestation protein intake 
is being restricted, the better will be both reproductive success and survival of 
neonates (Nelson and Evans, 1953). In the present experiment, the protein- 
deficient diet was initiated only at mid-term during pregnancy, and, consequently, 
survival of offspring was excellent. 

In  general, morphological alterations in the pancreases and livers of baby 
rabbits were first noted after their mothers had been subjected to deficient protein 
intake for about four weeks (two weeks during pregnancy and two during 
lactation). These changes were quite apparent before the young rabbits began to 
ingest solid foods on their own which, in this species, generally does not occur 
before the beginning of the fourth postnatal week (Manual, 1961). Qualitatively, 
the observed alterations were identical with those described earlier in adult rabbits 

Fig. 9. Same animal as in Fig. 8. A desmosome (D) is present, but intercellular cohesion 
is lacking elsewhere (arrows). There are cytoplasmic vacuoles (V) but no zymogen granules. 

The mitoehondria (M) appear condensed. E Endoplasmie reticulum; L eentroacinar lumen. 
× 13875 

Fig. 10. Basal portions of exocrine pancreatic acinar cells of 22 day old rabbit (mother on 
deficient diet). The hyaloplasm (H) appears edematous, and the units of the endoplasmic 

reticulum (E) form vesicles. N Nucleus. × 10500 

Fig. 11. Liver of 21 day old control rabbit (mother on normal diet). A few, relatively small 
cytoplasmic vacuoles (V) are visible. G Glycogen granules; N nuclei; S sinusoidal space. × 7500 
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fed the same protein-deficient diet for several weeks (Volk and Lazarus, 1960; 
Lazarus and Volk, 1964, 1965). They were also similar to the pancreatic and hepatic 
lesions induced by protein restriction in other species (Weisblum et al., 1962; 
Sidransky and Verney, 1964; Svoboda et al., 1964, 1966; Deo et al., 1965; Enwonwu 
and Sreebny, 1970) as well as to some of the morphologie alterations seen in 
human patients with kwashiorkor (Trowell et al., 1954; Camain et al., 1959 ; Theron 
and Liebenberg, 1963; Blackburn and Vinijchaikul, 1969). 

While loss of fur, reduced motor activity, extensive hepatic glycogen deposits, 
fat ty metamorphosis of the liver, and widespread pancreatic acinar cell vacuoli- 
zation--all present in the baby rabbits of this experiment,--are characteristic 
sequelae of chronic protein deficiency, such lesions are not generally found in 
rabbits fed a calorically insufficient but balanced diet even though the total 
weight loss in both groups may be the same (Lazarus and Volk, 1965). This would 
suggest that  the morphologic changes observed in the young of protein-restricted 
does are not merely the effect of partial starvation but reflect a more specific 
nutritional deficiency transmitted from the mother rabbit to her offspring. 

The striking atrophy of pancreatic acinar cells in protein malnutrition is very 
likely related to the high rate of amino acid utilization for enzyme synthesis 
by this organ. I t  has been shown that of all organs the pancreas forms the 
greatest amount of protein per unit weight (Friedberg et al., 1948). Therefore, a 
deficiency of protein or of amino acids is apt to quickly reduce available 
pancreatic enzyme protein precursors. Protein inhibitors, such as the phenylalanine 
analogue B-3-thienylalanine, cause similar morphologie changesincluding a suppres- 
sion of zymogen granule formation and acinar cell vacuolization (I-Iruban et al., 
1962) whereas methionine deficiency induced by ethionine administration is 
followed by somewhat different pancreatic alterations (Farber and Popper, 1950; 
Herman and Fitzgerald, 1962). 

In  contrast to the considerable reduction of the number of zymogen granules 
in many exocrine acinar cells of the baby rabbits on the restricted diet, the B cells 
of their pancreatic islets remained well granulated throughout the experiment. 
Even though large amounts of cysteine are required for insulin synthesis, and 
rabbits on a diet low in methionine and cysteine have been found to display a 
decreased pancreatic insulin content (Griffith, 1950), it was only after very 
prolonged exposure of adult rabbits to the protein-deficient diet that  some visible 
loss of B cell granules did occur (Volk and Lazarus, 1960). These observations 
may perhaps be related to the fact that  the enzyme systems of endo- and exo- 

Fig. 12. Liver of 5 day old rabbit (mother on deficient diet). A large membrane-enclosed cyto- 
plasmic vacuole (V) and a cluster of dense bodies (D) are noted. N Nuclei; • sinusoidal space. 

x 7 500 

Fig. 13. Liver of 28 day old rabbit (mother on deficient diet). Large cytoplasmic vacuoles (V) 
and dense glycogen deposits (G) are visible. B Bile canaliculi. × 5800 

Fig. 14. Liver of 42 day old rabbit (mother on deficient diet). The cytoplasm of the hepatocytes 
contains much glycogen (G) and is compressed into peripheral crescents by huge, membrane- 

enclosed vacuoles only portions of which are illustrated (V). × 7 500 
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crine pancreat ic  cells react  differently to protein  restriction. Thus, acid phospha- 
tase ac t iv i ty  all bu t  ceases at  the secretory pole of exocrine acinar cells in  rabbi t s  
on protein-poor diets whereas islet cell acid phosphatase remains  unaffected (Laza- 
rus and Volk, 1964, 1965). 

I n  h u m a n  kwashiorkor i t  has been surmised t ha t  the pancreat ic  lesions pre- 
cede the hepatic al terat ions (Davies, 1948) and  tha t  the la t ter  depend on the loss 
of pancreat ic  enzymes from the in tes t ine  which is demonstrable  in this disease 
(Davies, 1948; Gi l lman and  Gil]man, 1951; Theron and Liebenberg,  1963). 
However,  in  the present  s tudy  on baby  rabbi ts ,  as well as in  previously recorded 
observat ions on adul t  animals  (Volk and  Lazarus, 1960), lipid globules appeared in  
the hepatocytes  a t  the same t ime at  which pancreat ic  acinar cell al terat ions 
became evident ;  occasionally, in  fact, they  manifested themselves considerably 
earlier (Fig. 12). This suggests t ha t  the hepatic lesions in protein ma lnu t r i t i on  
are a direct result  of the deficient diet  and  are not  secondary to the pancreat ic  
changes. 
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