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Summary but may be secondary to the excessive accumulation of CAMP in 
specific tissues. 

The specific activity and kinetic constants of the four forms of In an earlier publication, we reported an increase in basal 
cyclic nucleotide phosphodiesterase (PDE) activities of liver ob- activity of adenylate cyclase in fat tissues from R ~ ~ ~ ' ~  subjects 
tained at  autopsy from patients with and without Reye's syndrome obtained at postmortem (16). H ~ ~ ~ ~ ~ ~ ,  liver and brain tissue 
have been analyzed and compared. Assays were 'Onducted On activities were comparable to controls. The activity of the degrad- 
supernatants of 30,000 x g spun homogenates after dialysis to ing enzyme, PDE, was kinetically analyzed in brain without remove endogenously accumulated substrate. demonstrable difference between the two groups. The specific 
K, values were derived by the double reciprocal plot method. A activity of PDE in adipose tissue and liver was examined only at 

higher mean value for the low affiity cAMP activity is found in mM concentration. N~ difference was observed (16). 
~ e ~ e ' s  subjects (11.36 + 7.33 X lo-' M compared to 3.6 1.73 w e  have now extended our study of PDE in the liver to include for for the other forms are concentrations of cAMP substantially lower and more physiologic 
between groups. Values for controls are: 4.03 + 1.8 X 10-' M for than 2 m ~ .  In this report we characterize PDE activity ofhuman 
the high affinity cAMP PDE activity and 2.57 k 0.27 X lo-' M liver obtained from R ~ ~ ~ , ~  syndrome at the time of 
and A 5.74 lo-' for the low plus high affinity cCMP autopsy and from patients who died from a variety of other causes. 
PDE activities. Differences in V,, values are not statistically We note the existence of several kinetic forms including their 
significant. kinetic constants and the effect of the other naturally occurring 

~t 10 and 500 PM CAMP concentrations, infants exhibit the cyclic nucleotide, c G ~ p ,  on the hydrolysis of CAMP. Further- highest specific activities. When all subjects in each group are more, significant differences in the high K, c~~~ PDE activity 
included in calculation of the mean specific activity, no difference are demonstrated between control subjects and children who 
of significance is apparent. If all infant values are excluded from succumb to Reye's syndrome. 
both groups, the mean specific activity of the high K, or low 
affinity cAMP PDE obtained for Reye's subjects is significantly 
higher than for control subjects (4.18 + 2.17 nmol/mg/min com- MATERIALS AND METHODS 

pared to 1.52 k 0.93). Such differences are not observed for the 
low K, or high affinity cAMP PDE or for the high and low affiity CLINICAL MATERIALS 
cCMP PDE enzymes. 

In supernatant fractions from both groups, the presence of 10-6 Tissues for enzyme studies were at autopsy and 

ccMP enhanced the hydrolyzing capacity. Higher frozen at -80" until analysis. Pertinent laboratory and clinical 

concentrations of cCMP are inhibitory for both forms of cAMP features of these subjects are present in 
PDE. PDE assays were performed on representative sections of liver. 

All tissues were obtained with the informed consent of the 
responsible next of kin. 

Speculation Phosphodiesterase activity was assayed in the supernatant and 
These raise the distinct possibility that children paflic~late fractions of liver after homogenization 3 V O ~  glass- 

who develop Reye's syndrome may exhibit an altered responsive- distilled water, rapid freeze-thawing three times, centrifugation at 
ness to the polypeptide hormones which utilize the second messen- 30,000 x g (0-4") for 30 min and dialyzing overnight at 4" in Tris 
ger system to produce their intracellular effects. buffer, 20 mM, pH 7.4. Amounts of protein used over a 4-min 

period of incubation at 34-36" were 50-100 pg in 100 pl total 
volume in 40 mM Tris-HC1, pH 7.4. Mn++ was used as the divalent 

The concentration of cAMP in plasma has been reported to be cation at a final concentration of 2 mM for liver. The two-step 
elevated in Reye's syndrome (16). Because this cyclic nucleotide isotopic method of Thompson and Appleman was used 35 . B )  originates within cells, this finding suggests that the intracellular Substrate concentrations varied over a range of 2 X 10-3-10- M. 
concentration of this nucleotide must have been increased earlier Percentage conversion of labeled substrate to 5'-AMP was deter- 
in the course of the disease. mined in an aliquot of the supernatant after resin precipitation in 

High concentrations of cAMP in specific target tissues can result Bray's solution by scintillation spectrophotometry (This method 
in the excessive release of substrates for gluconeogenesis, i.e., has been reported to underestimate PDE activity (21). Since all of 
alanine from muscle (10); free fatty acids and glycerol from our assays were performed identically, results relative to each 
adipose tissue (5). Among the abnormalities which characterize other are clearly valid.) 
Reye's syndrome are hyperalaninemia (15, 17), increased concen- [ 8 - 3 H ] c ~ M ~  was purchased from Schwarz-Mann and [G-3H] 
trations of free fatty acids (4), and glycerol (16). Thus, it appears cGMP was obtained from New England Nuclear. Isotopes were 
that some of the disturbances seen in this disease not only parallel further purified by chromatography on thin layer plates of cellu- 

761 



KANG 

Table 1. Pertinent data of auto~sied subiects' 
No. of hr from Liver mg protein/g 

Patients Age, yr Sex death to autopsy wet wt mg DNA/g wet wt 

Controls 
1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
1 I 
12 

13 
14 

Reye's 
syndrome 
1 
2 
3 
4 
5 
6 

4/12 
10/12 
10/12 
3 
9 

15 
15 

19 
22 

Newborn, 1 wk 
Newborn, 1 wk 

10 

12 
18.5 

(A) 

4/12 
7/12 
4 
7 

15 
16 

Acute viral hepatitis with coma 
pneumonia, myocarditis 
Congenital heart disease, failure 
Leptospirosis with coma 
Chronic renal failure 
Hypertension, cerebral hemorrhage 
Mental retardation, polycystic 

renal disease 
Acute traumatic death 
Eclampsia 
Urea cycle defect 
Methyl malonic aciduria 
~reaied acute lymphocytic 

leukemia 
Post craniopharyngioma 
Treated acute lymphocytic 

leukemia 
(B) (C) (Dl 03 (F) 

' (A) all with clear cerebrospinal fluid; (B) SGOT in units; (C) plasma glucose (milligrams per 100 ml); (D) prothrombin, percent of control; (E) 
plasma bilirubin (milligrams per 100 ml); (F) number of days from onset of encephalopathy to death. 

Table 2. Effect of storage on liver PDE activity (nanomoles 
hydrolyred per mg protein per min)' 

Activity after 6-mo inter- 
Sample Initial activity val 

Control 3 3.92 3.53 
Control 4 2.13 1.57 
Reve's 3 3.75 4.07 

' cAMP 200 pM, 37'. 

Time in Minutes 
Fig. 1. Effect of time on cAMP PDE activity of liver supernatant at 

micromolar concentrations. Incubated for varying times in 100 pl40 mM 
Tris-HC1, pH 7.4, containing 2 mM Mn++, 10 or 0.3 pM cAMP ([8-3H] 
CAMP, 0.02 uCi), and 68 pg protein at 3436'. Reaction terminated by 
boiling 2-3 min. Product, tritrated 5'-AMP converted to [3H]adenosine 
using Croralus atrox (35) which was separated by ion-exchange resin. 

lose in 2-propanol, ammonia, water (7:l:l) before use (33). All 
other chemicals were of reagent grade. 

Protein was determined by the method of Lowry with bovine 
serum albumin as a standard (22). DNA was measured by the 
diphenylamine method of Burton (6). 

Changes in total PDE activity due to variation in duration of 
storage before analysis was negligible for a 6-month interval as 
seen by the results of repeat analysis on three individual specimen 
presented in Table 2. Similar results were observed on repeat 
analysis of cAMP PDE activity at lower substrate concentrations. 

To determine a common basis for comparison of enzyme activ- 
ity from subjects of wide age differences, changes in protein and 
DNA content of liver were determined in control liver samples. 
Age effects on DNA and protein content of liver are apparent. 
Results fluctuate probably due to individual subject variations 
(see Table 1). The least variable parameter appears to be protein. 
Therefore, PDE activity is computed based on this factor. 

RESULTS 

cAMP PDE ACTIVITY 

PDE activity in the supernatant fraction of 30,000 x g spun 
liver homogenates is time, concentration, and protein dependent 
(see Figs. 1-4). Double reciprocal plots demonstrate anomalous 
kinetics suggestive of at least two types of activity, one exhibiting 
low and the other high affinity for cAMP (Fig. 4). 

Nonlinear plots for the phosphodiesterases have been found in 
a wide range of tissues from diverse animal sources (1). This 
phenomenon has been attributed to the existence of multiple 
enzymes with varying affinities for both nucleotides (32) or to the 
possibility of negative cooperativity of allosteric enzymes in which 
binding at high affinity sites induces a conformational change in 
the enzyme leading to a lower affinity at a second site (8, 20, 32). 

Comparison of the kinetic constants between Reye's and control 
subjects reveals a significant difference between the K, values of 
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the low affinity enzyme activity (see Table 3). Mean values 
obtained were 3.6 * 1.73 X M for controls and 11.36 f 7.73 
X M for Reye's samples (tlz = 2.7838; P between 0.025 and 
0.010). 

~ L e t i c  constants obtained from the analysis of particulate 
fractions gave high affinity values similar to those observed in 
supernatant fractions. 

At 10 and 500 pM cAMP concentrations, higher PDE activities 
are exhibited by infants (see Fig. 5 and 6). If this higher activity 
in infants is not taken into consideration, mean values for Reye's 
and control samples are comparable. If the contribution of high 
values by infants to both control and Reye's groups is removed, a 
difference of significance in the specific activity of PDE is seen at 
the higher substrate concentration. A mean value of 4.18 * 2.17 
nmol/ml/min is obtained for Reye's samples whereas the value is 
1.52 -1 0.93 for controls (ts = 2.7134, P between 0.050 and 0.025). 
Despite differences in methodology and the rather long incubation 

Ti me in Minutes 
~ i g . 2 .  Effect of time on cAMP PDE activity of liver supernatant at 

millimolar concentrations. Incubation in 100 pl total volume, 40 mM Tris- 
HCl, pH 7.4: Mn++ 2 mM, 200 pM or 2 mM cAMP ( [ 8 - 3 H ] c ~ ~ ~ ,  0.02 
pCi); and 68 pg protein at 34-36'. The two-step procedure of Thompson 
and Appleman (35) was used. 

5'0 lb I!% 
pg Protein 

Fig. 3. Effect of increasing protein on cAMP PDE activity at micromolar 
concentrations. Total volume 100 pl, 40 mM Tris-HC1, pH 7.4; Mn++ 2 
mM, cAMP as indicated (0.02 uCi), 34-36" according to the method of 
Thompson and Appleman (35). 

S (cAMP,pM) 
I= nmdes hydrolyzed per mg protein per v 

4 min-' 
Fig. 4. Initial velocity at varying CAMP concentrations and double 

reciprocal plots. 

time (30 min) used by Menahan et al. (26), specific activities of 
liver specimen from two normal adults were comparable to the 
activities found in our series (3.62 and 1.50 nmol/mg/min). 

cGMP affects the hydrolysis of cAMP in a variety of mamalian 
tissues (2). In the liver of both Reye's and control subjects, the 
addition of M cGMP enhanced the ability of PDE to hydro- 
lyze cAMP over a wide range of concentrations. The increase in 
activity ranged from 50-250%. Higher concentrations of cGMP 
progressively inhibited cAMP hydrolysis. In the presence of mil- 
limolar concentrations of cGMP the activity of cAMP PDE was 
reduced by 4047% (see Fig. 7). cGMP increased the K, and V,.. 
values of the high a f f i t y  (low K,) cAMP PDE activity and had 
a variable effect on the constants of the low affinity high K, 
cAMP PDE (see Table 4). No significant difference in these effects 
was noted between Reye's and control samples. 

cGMP PDE ACTIVITY 

Liver supernatant fractions demonstrated cGMP hydrolizing 
capability which is concentration, protein, and time dependent 
also. No significant age effect is noted in the small groups studied 
and Reye's and control activities are similar. On a protein basis 
liver supernatants exhibited a greater capacity to hydrolyze the 
guanosine nucleotide than the adenosine. The Michaelis constants 
for cGMP PDE are presented in Table 3. V,.. values indicate that 
liver supernatant has the capacity to hydrolyze cAMP at twice the 
rate of cGMP at high substrate concentrations. At low substrate 
concentrations, cGMP would be hydrolyzed at a rate nearly 5 
times that of cAMP (see Table 3). 

DISCUSSION 

cAMP is important in the regulation of the intracellular metab- 
olism of a wide variety of hormonally responsive tissues. It is 
involved in the mobilization of reserves of carbon and energy 
when the circulating basic fuel, glucose, becomes limiting (9, 27). 
Thus, cAMP has a stimulatory effect on the gluconeogenic process 
through activation of glycogenolysis (34), lipolysis (5), the conver- 
sion of the amino acids to their keto derivatives in mammals (23), 
as well as the activation of the liver enzymes required for gluco- 
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Table 3. Michaelis constants: Liver cyclic nucleotide phosphodiesterases 

CAMP PDE cGMP PDE 

High K, Low K, High K, Low K, 

Supernatant V,, (nmol/mg K, V,.. (pmol/mg K, V,, (nmol/mg K, Vmax (pmol/mg 
fraction K, (M) protein/4 min) (M) protein/4 min) (M) protein/4 min) (M) protein/4 min) 

Control 
Mean 3.60 x lo-' ' 30.5 4.03 x 149.3 2.57 x lo-' 18.4 8.28 x 730 
SD f 1.73 f 27.0 f 1.80 f 106.7 k0.27 f6.1 33.74 *540 
n 8 8 9 9 4 4 4 4 

Reye's 
Mean 11.36 x lo-' ' 42.1 3.51 x 151.5 4.21 x 18.1 6.68 x 1020 
SD f 7.73 f32.8 f 1.96 f 88.7 f5.39 f 10.2 k2.38 f790 
n 6 6 6 6 4 4 4 4 

Age in Years 
Fig. 5. Effect of age on the specific activity of human liver cAMP 

phosphodiesterase (low K, enzyme). 9: Reye's subjects; 0: control sub- 
jects. cAMP concentration 10 pM in reaction mixture containing 40 mM 
Tris-HCI, pH 7.4; Mn++ 2 mM; protein 50-100 pg; total volume 100 pl, 
34-36". 

1 5 10 15 1922 
Age in Years 

Fig. 6. Effect of age on the specific activity of human liver cAMP 
phosphodiesterase (high K, enzyme). 9: Reye's subjects; 0: control sub- 
jects. cAMP concentration, 500 pM in reaction mixture containing Tris- 
HC140 mM, Mn++ 2 mM, protein 50-100 pg, total volume 100 p1.34-36". 

neogenesis, in response to hormones which interact with specific 
receptors on target cells. Many of these effects are opposed by 
insulin. Insulin levels have been reported as low (11) and high 
(14) in Reye's syndrome. Glucagon levels are slightly elevated 

(14) and cortisol is increased (14). Similar hormone elevations are 
found under a variety of stress or traumatic situations, which, 
however, do not result in the metabolic profile observed in Reye's 
syndrome (18, 19, 25). 

The metabolic features of Reye's syndrome when viewed in the 
context of the prevailing prandial status of most patients suggests 
at least two patterns of responsiveness to fasting. Early reports of 
this disorder indicated that hypoglycemia was a prominent finding 
(28). Extensions of studies indicate that the blood sugar may be 
normal (13, 30), elevated (13, 14), or low (28, 30). Hypoglycemia 
is more likely to occur in infants than in older children (30). In 
addition, a number of glucose substrates and other fuels are 
elevated in Reye's syndrome and their elevation does not correlate 
with the degree of the hypoglycemia. Lactate and pyruvate (14, 
30), amino acids, especially alanine (17, 30), glycerol (14, 16), and 
free fatty acids (3) are found in increased amounts in blood. 

Since most of these metabolites can be converted to the universal 
currency of metabolism, glucose, their accumulation in blood in 
the presence of hypoglycemia is indicative of a block in the 
enzymatic pathway in the liver responsible for the conversion of 
these precursors to glucose. This possibility was suggested by 
Glasgow et al. (12). The accumulation of these metabolites in the 
presence of normal or increased levels of glucose in blood, on the 
other hand, indicates that gluconeogenesis is accelerated, both 
with respect to the mobilization of substrates from peripheral 
stores as well as to the conversion of these precursors via the 
enzymatic processes of the liver. Assuming that the process of 
mobilization of glucose precursors from adipose tissue and muscle 
is under complex feedback regulation, elevation of these compo- 
nents when glucose concentrations are normal or increased is 
indicative of impairment of this highly regulated process (7,9, 10, 
36). 

Robinson et al. (29) recently reported that while the activities of 
pyruvate dehydrogenase and pyruvate carboxylase, which are 
mitochondrially located, are low in Reye's liver compared to 
controls, the activities of three key enzymes of gluconeogenesis 
are normal. Phosphoenolpyruvate carboxykinase, located in both 
the cytoplasm as well as the mitochondria, and the two wholly 
cytoplasmically located enzymes, fructose-1,6-diphosphatase and 
glucose-6-phosphatase, are within normal limits. Thus, precursors 
such as glycerol and fructose might still enter the pathway of 
gluconeogenesis despite inhibition or reduction of pyruvate car- 
boxylase activity (which would limit the entry of pyruvate towards 
glucose production). Entry of precursors via these routes or limi- 
tation of the reduction of pyruvate carboxylase activity must 
account for patients with normal or increased blood glucose levels. 

The phosphodiesterases are the only enzymatic means for de- 
grading the cyclic nucleotides. Aberrations of their activities 
and/or kinetic constants are likely to be reflected by enhancement 
or inhibition of hormonal effects. Our findings of differences both 
in the specific activity and K, of the low affmity cAMP PDE of 
liver raise the possibility that an altered state of responsiveness to 
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1b0 2 b  5 b  ldoo 
S (CAMP, UM) 

Fig. 7. Effect o f  c G M P  on c A M P  PDE activity of the  homogenized 
h u m a n  liver. 0: c A M P  PDE activity a t  varying concentrations in the  
absence o f  added  cGMP.  c A M P  P D E  activity in the  presence o f  varying 
concentrations o f  added  c G M P  identified by  molar  concentrations o f  
c G M P  f rom 10-6-10-3 M. 

Table 4. Effects of cGMP on Michaelis constants derived for liver 
cAMP PDE' 

Final  concentration o f  added  c G M P  (M) 

o lo-= lo-= lo-' 1 0 4  

Control  
K,, (X lo-' M) 4 1.2 1.03 2.54 3.61 
Vmail 3. I 11.53 7.04 13.1 12.8 

(nmol/mg/min) 
K,, (X M )  3.57 8.7 10.3 5.99 5.68 
Vm-2 4 5  1260 926 461 338 

(pmol/mg/min) 
Reye's syndrome 

K,, (X lo-' M) 20  1.3 0.16 0.23 9.4 
vm-I 12.5 13.3 0.69 10.5 20.1 

(nmol/mg/min) 

K,, ( x  M)  1.39 9.0 10.9 10.3 3.13 

Vmaxz 13.7 1560 518 746 150 
(pmol/mg/min) 

' K, a n d  V,., = derived constants for t he  high K,, low affinity c A M P  
PDE. K,, a n d  V,,, = derived constants for  the  low K,, high affinity 
c A M P  PDE. 

hormonal stimulation might be present in patients who suffer 
from this disease. The kinetic difference between the two groups 
(higher K, for the low affinity cAMP PDE in Reye's samples) 
indicates that the intracellular concentrations of cAMP must reach 
higher levels in the liver of Reye's syndrome subjects before this 
enzyme can function at maximum velocity. 

The high affinity (low K,) enzyme is believed to be of impor- 
tance in maintaining basal tissue concentrations of the cyclic 
nucleotides. Since the high affinity forms of PDE for both cAMP 
and cGMP are similar between control and Reye's samples, it 
might be expected that tissue concentrations of the cyclic nucleo- 
tides under basal conditions are probably similar, assuming rates 
of synthesis are comparable. However, after s t i m u l a t i o n  with such 
hormones as glucagon or epinephrine, intracellular concentrations 
of cAMP would be expected to be higher in Reye's hepatic cells 
as compared to control cells, again, assuming rates of synthesis of 
cAMP are comparable in Reye's as compared to control cells. 
Adenylate cyclase ac t iv i ty  of liver has been reported to be normal 
in Reye's syndrome (16). 

The observed increase in specific activity in Reye's samples may 
be compensatory to high intracellular concentrations of cAMP 
since the enzyme, PDE, is readily inducible by substrate (24). The 

fact that only the high K, activity was increased d e s p i t e  the 
presence of at least three other forms of PDE ac t iv i ty  suggests that 
Reye's subjects may be exposed to increased hormonal stimulation 
beyond that encountered by non-Reye's syndrome subjects who 
die of a variety of other cond i t ions .  Furthermore, the selective 
increase of only one of four possible forms of PDE activity 
conforms to the accepted view that the various forms of PDE are 
under separate genetic regulation (3 1). 

Our observations are in accord with the high plasma cAMP 
content and exaggerated persistence of cAMP effects re f l ec t ed  by 
increased lipolysis and gluconeogenesis as seen in many p a t i e n t s  
with normal or increased plasma concentrations of glucose. They 
raise the distinct possibility that hormone responsiveness may be 
abnormal in this condition and that a premorbid phenotype may 
be characteristic of children who, at least, succumb to Reye's 
syndrome. 
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