
American Journal of Medical Genetics 47:884-892 (1993) 

Animal Model 

Pathologic Characterization of Short-Chain Acyl- 
CoA Dehydrogenase Deficiency in BALB/cByJ Mice 
Dawna L. Armstrong, Michael L. Masiowski, and Philip A. Wood 
Department of Pathology, Baylor College of Medicine, Houston, Texas (D.LA.,  M.L.M.); and Department of 
Comparative Medicine, Schools of Medicine and Dentistry, University of Alabama, Birmingham, Alabama (PA.  W.) 

BALBIcByJ mice have a deficiency of short- 
chain acyl-CoA dehydrogenase (SCAD) and 
are a useful model for studying the inborn 
errors of fatty acid metabolism which affect 
humans. Patients with some of these disor- 
ders present with hypoglycemia, hyperam- 
monemia, and microvesicular fatty change of 
hepatocytes. In the present study we exam- 
ined pathogen-free, SCAD deficient BALBI 
cByJ mice and control BALB/cBy mice for 
biochemical and tissue changes following 
fasting or salicylate challenge. We observed 
mitochondria1 swelling and microvesicular 
fatty changes in hepatocytes in mutant mice, 
especially severe following a fast. However, 
fasting did not alter their blood ammonia and 
there was no apparent clinical disease. Sim- 
ilarly, salicylates did not produce disease in 
the BALB/cByJ mice. We did detect in mice an 
alternative pathway for salicylate metabo- 
lism, by-passing glycine conjugation which is 
the principal metabolic pathway in humans. 
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INTRODUCTION 
Several inborn errors of P-oxidation of fatty acids have 

been described in children. Children with acyl-CoA de- 
hydrogenase deficiency have acute episodes of hypo- 
glycemia, metabolic acidosis, and hyperammonemia 
with prominent microvesicular fatty change of liver 
[Greene et al., 19881 associated with fasting. The recog- 
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nition of these metabolic diseases is confusing due to 
clinical similarities with Reye syndrome (RS) [Greene et 
al., 19881. Classic RS is an acute, potentially fatal meta- 
bolic episode characterized by hyperammonemia, hypo- 
glycemia, and fatty change of the liver [Reye et al., 
19633, and its pathogenesis is understood poorly, but it 
appears to be associated with salicylate ingestion by 
children during acute infectious disease episodes [Hur- 
witz, 19891. Recently, we described a mutant mouse line 
with short-chain acyl-CoA dehydrogenase (SCAD) defi- 
ciency [Wood et al., 19891 that appears to be a useful 
animal model in which to study the clinical, biochemical 
and morphologic expression of inborn errors of fatty acid 
oxidation. We have shown previously that these mutant 
mice develop a marked microvesicular fatty change in 
liver as compared to controls following an 18 hour fast 
[Wood et al., 19891. 

In this report we describe the histopathologic and 
ultrastructural morphology, and some of the biochemi- 
cal characteristics found in specific pathogen free (SPF) 
BALB/cByJ mice in 3 experimental paradigms; non- 
fasted, fasted, and following a salicylate challenge. The 
non-fasted state represents the non-provocative condi- 
tion. The fasted state requires metabolic pathways in- 
volved in the P-oxidation of fatty acids. The salicylate 
challenge was studied because salicylates have been 
implicated in provoking RS in children [Hurwitz, 19891. 
In these situations all mice remained clinically normal 
in spite of biochemical and morphologic abnormalities. 
Our results are compared with the morphologic and 
biochemical changes associated with acutely fatal dis- 
ease in children with RS and in BALB/cByJ mice 
[Brownstein et al., 19841 infected by mouse coronavirus 
or rotavirus. 

MATERIALS AND METHODS 
BALB/cByJ mice (J mutant mice) and the predecessor 

control strain, BALB/cBy (Y control mice), were ob- 
tained from the Jackson Laboratory (Bar Harbor, 
Maine) and subsequently propagated at the Baylor Col- 
lege of Medicine and the University of Alabama at Bir- 
mingham. All mice were documented to be free of the 
common rodent pathogenic viruses, including mouse 
coronavirus and rotavirus, by routine health surveil- 
lance including serologic testing by Microbiological As- 
sociates or Charles River Laboratories. All mice were 
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maintained specific pathogen free using the microisola- 
tor system (Lab Products). 

Mice of each strain and both sexes, 6-8 weeks old, 
were killed humanely by inducing anesthesia with aver- 
tin (2,2,2,-tribromoethanol) and immediate exsangui- 
nation by cardiac puncture following an 18 hour food fast 
or without fasting. Necropsies were performed imme- 
diately and portions of liver, brain, kidney, heart, and 
skeletal muscle were either fixed in 3% glutaraldehyde 
for ultrastructural examination, 10% buffered formalin 
for histologic examination, or frozen in liquid nitrogen 
for histochemical studies. The tissues were stained with 
hematoxylin and eosin for documentation of tissue mor- 
phology, Oil Red 0 ( O W )  for demonstration of neutral 
lipid, modified Gomori trichrome for demonstration of 
mitochondria, and NADH for demonstration of oxida- 
tive enzyme activity in mitochondria and cytosol. This 
marker, rather than succinic dehydrogenase or cyto- 
chrome C oxidase, was used for mitochondria because in 
our experience it provides a more reliable obvious 
marker for increased mitochondria1 number or size [Du- 
bowitz and Brooke, 19731. All morphologic evaluations 
were done by subjective examination. 

Blood collected for ammonia studies was obtained by 
cardiac puncture using sodium heparin anticoagulant. 
Blood was chilled immediately on ice, briefly, then cen- 
trifuged to remove the plasma. Plasma ammonia was 

measured using a glutamate dehydrogenase assay 
(Sigma Chemical Co.). Plasma glucose was determined 
using a glucose oxidase method (Sigma Chemical Co.). 
Urea cycle enzymes were assayed on liver homogenates 
as described previously [Nuzum and Snodgrass, 19761. 

Groups of Y control mice and J mutant mice (all 7-8 
weeks old) were dosed daily for 3 consecutive days with 
150 mg/kg sodium salicylate intraperitoneal (IP) fol- 
lowed by an 18 hour fast. Urinary organic acids were 
evaluated as described previously using gas chroma- 
tography-mass spectrometry [Wood et al., 19881. 

All mouse experiments were done in accordance with 
procedures approved by the animal use committees of 
both Baylor College of Medicine and the University of 
Alabama at  Birmingham. 

Statistical Analyses 
All results were analyzed for statistically significant 

differences using either a one way analysis of variance 
or Student’s t-test using the Statistix program (Analyti- 
cal Software). The level of significance was set a t  P < 
0.05. The numbers of mice used in each experimental 
group are given in the data tables. 

RESULTS 
All animals appeared clinically normal at the time of 

sacrifice, and the organs had no gross lesions, except for 

Fig. 1. BALB/cBy mouse liver, nonfasted showing prominent glycogen (solid arrows), regular dense 
mitochondria and no lipid ( x 4,600). Bar indicates 1 km. 
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the livers of fasted BALB/cByJ mice, which were 
smooth, pale, and felt greasy. 

Morphologic Observations 
Liver. The livers of nonfasted Y control mice con- 

tained minute amounts of Oil Red 0 positive staining 
lipid, which was confirmed by electron microscopy. Oxi- 
dative enzyme stains disclosed a diffuse dense reaction 
for NADH. Modified Gomori stain identified no abnor- 
mal mitochondria and electron microscopy (EM) showed 
normal mitochondria with regular round to oval shapes, 
a dense matrix and well defined cristae. The glycogen 
content was prominent (Fig. 1). 

Livers of fasted Y control mice had increased lipid 
with vesicles ranging from 1 to 3 pm in diameter, which 
was confirmed by EM. Mitochondria had more promi- 
nent staining with NADH and modified trichrome, and 
by EM were larger, and more irregular than those of 
normal, nonfasted mice. The matrix density was not 
changed. There was less glycogen (Fig. 2) than in non- 
fasted animals (Fig. 1). 

Livers of the nonfasted J mutant mice had increased 
neutral fat. Hepatocytes contained vesicles of neutral 
lipid which ranged in size from 1 to 3 pm. Electron 
microscopy demonstrated variation in the shape of the 
mitochondria, decreased glycogen, increased lipid drop- 

lets with mitochondria wrapping around some of the 
lipid droplets (Figs. 3, 4). 

Livers of fasted J mutant mice had marked increase in 
lipid, with droplets ranging from 1 to 8 pm. The entire 
section stained with OR0 fat stain was red at  low power, 
and almost every cell was involved with this accumula- 
tion of lipid, which was indistinguishable from liver 
lesions demonstrated previously [Wood et al., 19891. Mi- 
tochondrial stains showed increased intensity of stain- 
ing compared with the nonfasting animals. This was 
confirmed by EM in which mitochondria had increased 
size and irregular shape, decreased matrix granules and 
almost no glycogen (Figs. 5,  6). 

Other organs. Kidneys of nonfasted Y controls had 
some small (1 pm) lipid droplets in the collecting tu- 
bules, especially in the proximal tubules. Fasted Y con- 
trols had more lipid with droplets ranging up to 3 pm in 
diameter. Kidneys of nonfasted J mutants had some 
lipid in focal zones of the proximal tubules and con- 
tained similar amounts of lipid in collecting tubules. 
There was no demonstration of neutral lipid in skeletal 
muscle by Oil Red 0 staining in mice of any group. There 
was equivocal increased staining of mitochondria in the 
skeletal muscle of J mutants compared with control 
animals both, before and after fasting. Light microscopy 
of the heart in control and mutant mice showed no 
changes. Light microscopy of the brains of the control 

Fig. 2. BALB/cBy mouse liver, fasting showing less glycogen than control in Figure 1 ( x 4,600). Bar 
indicates 1 km. 
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Fig. 3. BALBicByJ mutant mouse liver, nonfasted showing prominent glycogen (open arrows), irregu- 
lar mitochondria, and prominent neutral lipid (open diamonds) ( x 4,600). Bar indicates 1 pm. 

and mutant mice in the nonfasting and fasting state 
showed no lesions. Results of morphologic studies in J 
mutant mice, and Y control mice are summarized in 
Table I. 

Biochemical Analyses 
Ammonia concentration was determined in plasma of 

J and Y mice (4-12 weeks old) in either the nonfasting 
state or following an 18 hour fast. Results compiled in 
Table I1 demonstrate that specific pathogen-free, non- 
fasted or fasted J mutant mice have only a slight eleva- 
tion in plasma ammonia compared to Y controls. Al- 
though fasting ammonia values appeared to be slightly 
elevated compared to nonfasting values in both strains, 
none was significantly different from any other. The 
liver urea cycle enzymes, carbamyl phosphate syn- 
thetase and ornithine transcarbamylase, located nor- 
mally in mitochondria, had the same activities in both 
genotypes (Table 111). Considering that there was no 
difference in plasma ammonia values, this was the ex- 
pected result, in spite of very abnormal mitochondria1 
morphology. 

Salicylate challenge failed to produce any clinical 
signs in any mice. The Y mice readily produced sa- 
licylglycine, 5-hydroxysalicylate, and also excreted 
some free salicylate as determined by gas chroma- 
tography-mass spectrometry analysis of urinary or- 

ganic acids. The J mutants continued to glycine conju- 
gate butyryl-CoA, producing the usual large amounts of 
butyrylglycine, large amounts of 5-hydroxysalicylate 
and some free salicylate with only traces of sa- 
licylglycine. The relative abundance ratios of these me- 
tabolites are shown in Table IV. 

Relative amounts of each metabolite were calculated 
by determining the ratio of the specific metabolite abun- 
dance divided by the internal standard abundance. In- 
ternal standard (malonic acid) was added based on the 
creatinine concentration of the urine sample [Wood et 
al., 19881. As shown in Table IV, there was no reduction 
in the ability of the mutant J mice to conjugate butyryl- 
CoA in spite of the added metabolite salicylate, com- 
pared to untreated J mutants. There appears to be 
reduction, although not statistically significant, in pro- 
duction of 5-hydroxylated salicylate in J mutants, as 
compared to Y controls. 

DISCUSSION 
Children with defects in p-oxidation of fatty acids, 

particularly medium chain acyl-CoA dehydrogenase 
(MCAD) deficiency, have been described with illness 
partially mimicking RS [Bougneres et al., 1985; Roe et 
al., 19861. There is a wide range of clinical presentations 
of P-oxidative defects and the biochemical alterations 
are complex. In the most severe form, acute episodes 
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Fig. 4. BALBlcByJ mutant mouse liver. nonfasted showing bizarre shaped mitochondria with dense 
granules ( x 23,000). Bar indicates 1 km 

include metabolic acidosis, nonketotic hypoglycemia, 
hyperammonemia, and dicarboxylic aciduria, depend- 
ing on the specific acyl-CoA dehydrogenase deficiency. 
These children may die or recover from such life-threat- 
ening episodes. The pathogenesis of this episodic pres- 
entation is not understood fully. Demonstrated by 
Brownstein et al. [19841, spontaneous viral infections in 
the BALB/cByJ mice, now known to be SCAD deficient, 
provides a possible etiological event for the precipitation 
of a RS-like illness in combination with a inherited 
metabolic defect. This parallels the experience in chil- 
dren with one of several inborn errors, including 
P-oxidation defects and infection resulting in a RS-like 
illness Greene et al. [19881. 

There are similarities of morphologic changes in the 
fasted J mice as summarized in Table I and human RS. 
Mouse lesions appear similar to grade 2 (moderate) RS 
in human patients as described by Daugherty et al. 
119871. Human RS has been associated with characteris- 
tic histopathological alterations. Grossly, cerebral 
edema and fatty liver have been the hallmarks of the 
disease process if examined at a time when symptoms 
peak. The liver has received the most attention and has 
microvesicular fat accumulation or foaminess without 
necrosis or inflammation. 

Lipid droplets, as well as changes in the mitochondria 
(Fig. 7) as visualized by electron microscopy have been 

considered to be most useful in making the diagnosis of 
human RS. There is increased size of mitochondria 
[Partin et al., 1971; Schubert et al., 1972; Daugherty et 
al., 19871 which correlates with the clinical severity of 
the disease. There are decreased numbers of matrix 
dense granules [Partin et al., 1971; Schubert et al., 
1972; Iancu et al., 1977; Daugherty et al., 19871. The 
shape of the mitochondria becomes irregular, 
pleomorphic, and often ameboid [Daugherty et al., 
19871. The smooth endoplasmic reticulum proliferates, 
the peroxisomes increase in numbers and glycogen de- 
creases, according to the severity of the disease. The 
matrix density tends to decrease. 

Liver histopathology of human RS and human MCAD 
deficiency are similar at light microscopy, with micro- 
vesicular steatosis very prominent. Ultrastructural 
characteristics of MCAD deficient liver mitochondria 
are quite variable. The mitochondria1 matrix swelling 
and rarefaction characteristic of RS are not seen in hu- 
man MCAD deficiency. In a study of 7 MCAD deficient 
patients [Treem et al., 19861, mitochondria from three 
liver biopsies showed increased matrix density. One bi- 
opsy disclosed intramitochondrial crystalloid struc- 
tures, and three biopsies showed normal mitochondria 
[Treem et al., 19861. 

The human brain in RS [Partin et al., 1975,19781 has 
watery swelling of the astrocytes and pyknosis of some 
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Fig. 5.  BALBlcByJ mutant mouse liver, fasting showing increased lipid, very irregular swollen mito- 
chondria with decreased matrix density ( x 4,600). Glycogen content is less than nonfasted control and 
mutant mice. Bar indicates 1 pm. 

TABLE I. Subjective Comparison of Morphologic Features of SCAD 
Deficiency in BALBkByJ Mice* 

Nonfasting Fasting 

Morphology Y controls J mutants 
Liver 

Lipid 
Mitochondria 

Size 
Shape 
Matrix 

Peroxisomes 
Glycogen 

Brain 
Lipid 
Mitochondria No. 
Size 
Shape 
Astrocytes 

Kidney 
Lipid 

Heart 
Lipid 
Mitochondria 

Muscle 
Lidd  

+ 
+ +  
Normal 
+ + + + D G  
ND 
+ + + +  
NP 
+ 
+ + 
+ 
t 

+ 
NE 

+ 
+ 

+ t  

+ +  
Irregular 
+ +/+  + + 
ND 
+ +  
NP 
+ 
+ 
+ 
+ 
t 

+ 
NE 

+ 
+ +  

Y controls J mutants 

+ +  
+ +/+ + + 
Normal 
+ + / + + +  
ND 
+ +  
NP 
+ 
+ 
+ 
+ 
+ +  
+ 
NE 

+ 
+ 

+ + + +  
+ + + +  
+ 
+. 

Swollen 

ND 

NP + 
+ 
+ 
+ 
+ +  
+ 
NE 

+ 
+ +  Mitochondria . .  . .  

* Glossary: + = quantitation of the amounts of glycogen and lipid, and mitochondria1 size 
and matrix density was evaluated by comparison with the control amounts in the nonfasted 
Y control mice. DG = dense granules; NE = not examined; ND = not determined; NP = not 
present. The various organs were examined from two mice of each genotype and fed state. 
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Fig. 6. BALBkByJ mutant mouse liver, fasting demonstrating prominent lipid, decreased glycogen 
and irregular swollen mitochondria with decreased matrix density ( x 15,180). Bar indicates 1 pm. 

of the nuclei of neurons, but no inflammation. Neutral 
lipid stains of the brain demonstrate no accumulation of 
neutral lipid. By electron microscopy there are osmio- 
philic deposits in pericytes [Chang et al., 19731. There is 
astrocyte swelling and deglycogenation. There are blebs 
in the myelin and there is injury of the mitochondria of 
the neuronal cell bodies, but not the processes. Mito- 
chondria have a pleomorphic appearance with irregular 
outer membranes, and these cristae appear normal, but 
the matrix is expanded. Although the fasted J mutant 
mice show most of the morphologic changes seen in the 
liver of patients with RS, brain lesions are not present in 
clinically normal J mice, however brain lesions in J 
mutant mice, similar to those found in human RS, were 
described by Brownstein et al. [19841. 

We performed a salicylate challenge of control and 
mutant mice to examine a possible competitive inhibi- 
tion of butyrylglycine formation by salicylate glycine 

TABLE 11. Plasma Ammonia Concentration (wmol/L)* 

Genotype (age) Nonfasting Genotype (age) Fasting 
Y controls n = 5  120(49) Y controls n = 9  164(40) 

J mutants n = 6 15760) J mutants n = 9 198(63) 

* Values given are f (S.D.). 

(6-12 wk) (6-8 wk) 

(4-6 wk) (4-10 wk) 

conjugation. The goal in this experiment was to model 
the hypothethical situation of a child with MCAD defi- 
ciency, who is presumably dependent on glycine conju- 
gation of suberyl-CoA and hexanoyl-CoA for maintain- 
ing an asymptomatic state. Theoretically such a child 
challenged by an infectious disease or another stressful 
situation might be challenged additionally with aspirin 
which would require glycine to form salicylglycine 
[Goodman et al., 19801. In man, approximately 75% of 
urinary salicylate metabolites is in the form of sa- 
licylglycine [Goodman et al., 19801. A possible outcome 
for such glycine competition would be acute clinical dis- 
ease, thus providing an explanation for the incrimina- 
tion of aspirin in the etiology of RS-like illness in an 
MCAD deficient child dependent on glycine conjugation 
as an alternative pathway for normal metabolic func- 
tion. However, we were unable, in our model, to interfere 
with the butyryl-CoA/glycine conjugation with salicy- 

TABLE 111. Mitochondria1 Urea Cycle Enzyme Activity 
(nmol/midmg Liver Protein)* 

Carbamylphosphate Ornithine 
GenotvDe svnthetase transcarbamvlase 
Y controls n = 4  1.07 (0.283) 103 (10.0) 
J mutants n = 4  1.13 (0.158) 100 (15.7) 

~ 

*Values are ir (S.D.). 18 hour f a s t 6  weeks old. 
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TABLE IV. Urinary MetabolitesSalicvlate Challenge ExperimentRelative Abundance Ratio* 

Mice and treatment Malonate (IS) Salicylate 5-Hydroxysalicylate N-butyrylglycine 
Salicylate challenged 1 0.76 (0.76) 0.45 (0.38) 7.6 (7.0) 

J mutant mice n = 5 

Y controls n = 6  

J mutant n = 3 

Salicylate challenged 1 0.99 (1.0) 2.3 (1.9) 0 

Nonsalicylate challenged 1 0 0 8.0 (4.7) 

*All mice were 6-8 weeks old and all urines were collected after the 18 hour fast as  described in Methods. Values given 
are the x (S.D.). Internal standard (IS) was addedto the urine based on the creatinine concentrationlWood et al., 19881 
to normalize metabolite values. Using Student’s t-test, there were no significant differences between ratios for 
salicylate and 5-hydroxysalicylate in controls and mutants having the salicylate challenged, as well as no significant 
differences in the ratios for butyrylglycine excretion between salicylate or nonsalicylate challengedmutants. We were 
unable to quantify the salicylglycine due to co-elution with stearic acid. We could qualitatively evaluate these two 
compounds based on their distinct mass spectra. 

late. The dose chosen was 2-3 times higher than the 
usual human dose of aspirin. It is unknown what hap- 
pens to glycine conjugation of suberyl and hexanoyl- 
CoAs, in human MCAD deficiency treated with salicy- 
lates. Our experiment demonstrated that mice 5-hy- 
droxylate salicylate very efficiently compared to the 
normal human, in whose urine, this metabolite only 
accounts for <1% of total salicylate metabolites [Good- 
man et al., 19801. 

Comparisons of the biochemical and pathological 
changes found in our studies of pathogen-free J mice 

with those described by Brownstein et al. [19841 in their 
mice with the associated corona or rota virus infections, 
reveal the following. The normal blood ammonia concen- 
trations found in our study is in striking contrast to the 
severe hyperammonemia (1,489 5 106 pmolL) re- 
ported in the J mice [Brownstein et al., 19841 infected 
with mouse coronavirus or rotavirus. We speculate that 
the hyperammonemia is likely the key metabolic abnor- 
mality that causes the potentially fatal clinical signs 
and lesions of the central nervous system as reported 
[Brownstein et al., 19841 in infected J mice. Therefore 

Fig. 7. Liver in human RS, electron micrographs showing lipid (open diamond) in hepatocyte with large 
mitochondria (solid arrow), with decreased matrix granules and pleomorphic shape. The mitochondria in 
adjacent Kupffer cell (open arrow) serves as an internal control. Bar indicates 1 km. 
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viral infection possibly plays a critical role in the patho- 
genesis of an acute, fatal disease episode in J mutant 
mice, possibly by inducing a hyperammonemia. Patho- 
gen-free J mice fasted in our study developed hypo- 
glycemia [Wood et al., 19891 and hepatic steatosis with 
ultrastructural mitochondrial changes, but remained 
clinically normal. We speculate that SCAD deficiency, 
found specifically in these mice, is the other critical 
factor in the pathogenesis of the syndrome, because 
Brownstein et al. [19841 observed that other mouse 
strains were infected, but did not develop the syndrome. 
We believe that this is an exciting model to pursue for 
studying the possible combined pathogenetic factors of 
genetics and infectious disease in the production of a 
serious, potentially fatal disease of children. 
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