foci (9). If most temporal lobe foci can be
localized to mesial structures, the inter-
pretation of electrocorticographic results
must be carefully evaluated; laterally
placed electrodes may show vigorous
epileptic spiking that is primarily a result
of projected activity.

The actual mechanism underlying the
spontaneous events—how this rhythmic
activity is initiated and why it is main-
tained—remains to be elucidated. The
cells display a high threshold calcium
conductance and may even generate cal-
cium spikes (Fig. 2B); some cells may be
capable of generating intrinsic parox-
ysmal depolarizing shift discharge such
as described by Prince and Wong (5).
However, most cells display only synap-
tic events which result from a mixture of
excitatory and inhibitory input. The im-
portance of maintaining an intact mini-
mal circuitry for generating these rhyth-
mic events is underscored by the ab-
sence of such activity in thin (500-wm)
slices. Thicker slices preserve more cir-
cuitry, which consequently may give rise
to spontaneous rhythmic postsynaptic
potentials. The pacemaking mechanism
for these events is unclear, but the syn-
aptic drive certainly seems capable of
initiating the cell burst firing patterns
previously found in in vivo extracellutar
recordings from human epileptic foci (2).

Interpretation of the activity seen in
our slice studies as ‘‘epileptic’’ must, of
course, be conditional, since normal tis-
sue from mesial temporal cortex was not
available for study as a control. It is
possible that cells in normal mesial tissue
produce spontaneous rhythmic activity.
Nevertheless, the dissociation of mesial
and lateral temporal regions with respect
to this activity suggests that the sponta-
neous activity is not simply a normal
discharge pattern. Further, the likeli-
hood of observing these potentials seems
loosely correlated with the abnormality
of the tissue (Table 1). Thus, these spon-
taneous, rhythmic PSP’s may reflect an
underlying pathology of epileptic tissue.
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Ribose Intervention in the Cardiac Pentose Phosphate
Pathway Is Not Species-Specific

Abstract. Ribose is cardioprotective in the rat in a variety of pathophysiological
conditions. The metabolic basis for this effect is the low capacity of the oxidative
pentose phosphate pathway in the myocardium. Ribose bypasses this pathway,
elevates the available pool of 5-phosphoribosyl-1-pyrophosphate, and thus stimu-
lates the biosynthesis of adenine nucleotides. In the study reported here the activity
of glucose-6-phosphate dehydrogenase, the first and rate-limiting enzyme of the
oxidative pentose phosphate shunt, was very low in the human heart and was of the
same order of magnitude in the myocardium of various animal species. Furthermore,
ribose had a similar stimulating effect on myocardial adenine nucleotide biosynthesis
in the guinea pig, in which hemodynamic parameters are different from those in the
rat. It is concluded that the metabolic basis for the effectiveness of ribose is similar in
all species investigated.

A special metabolic feature of the
myocardium is the low capacity of the
pentose phosphate pathway (7). In the
oxidative branch of this shunt ribose-5-
phosphate is produced that is converted
into 5-phosphoribosyl-1-pyrophosphate,
an essential substrate for the synthesis of
purine and pyrimidine nucleotides. As a
consequence, the rates of these synthetic
processes are very low in the myocardi-
um (2). In searching for the rate-limiting
step, Eggleston and Krebs (3) found that
glucose-6-phosphate dehydrogenase
(G6PDH), the first enzyme of the oxida-
tive pentose phosphate pathway, exerts
atight control in the liver. In the myocar-
dium the activity of this enzyme is lower

than in the liver and in most other organs
(4), and the available pool of 5-phospho-
ribosyl-1-pyrophosphate is smaller than
in the liver and kidney (5). Hence, the
rate of adenine nucleotide biosynthesis is
minute in the heart compared with other
organs (2).

The limited pool of 5-phosphoribosyl-
1-pyrophosphate and the low rate of ade-
nine nucleotide biosynthesis can be
overcome by ribose in the heart, both in
the control state (5) and in various patho-
physiological conditions. Ribose en-
hances cardiac adenine nucleotide bio-
synthesis in catecholamine-treated rats
(6) and in animals recovering from oxy-
gen deficiency (7) and experimental

Table 1. Activities of the first two enzymes of the oxidative pentose phosphate pathway in the
myocardium of different species. Heart tissue was homogenized in ice-cold 0.15M KCl
containing 8 ml of 0.02M KHCO; per liter. Centrifugation, dialysis of the supernatant, and
measurements of enzyme activities at 25°C were done in accordance with the methods of Glock
and McLean (4), and protein concentration in the dialyzate was determined with the biuret
reaction. The human papillary muscles, which were kept in the ice-cold solution, were
homogenized within 2 hours after the samples were obtained during cardiac surgery. When rat
hearts were maintained in the same solution for this period of time after excision, enzyme
activities were not altered. Values are means * standard errors.

Enzyme (units per gram of protein)

Species N* 6-Phosphogluconate Py
G6PDH dehydrogenase
Guinea pig 8 6.0 = 0.46 11.6 = 0.36 < 0.0005
Rat 28 43 +£0.15 11.2 £ 0.25 < 0.0005
Rabbit 4 3.4 +0.77 12.2 + 1.21 < 0.0005
Dog 6 1.5 £0.19 8.8 = 0.43 < 0.0005
Calf 4 1.6 = 0.35 9.3 = 0.50 < 0.0005
Monkey 5 2.4 +0.59 5.0 = 0.56 < 0.0250
Human 16 3.4 £0.15 5.9 +0.27 < 0.0005

+Determined with Student’s ¢-test for unpaired data.
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myocardial infarction (8). In the isopro-
terenol-stimulated heart, the enhance-
ment of adenine nucleotide biosynthesis
was such that the decline in the level of
adenosine triphosphate (ATP) was pre-
vented and the incidence of focal myo-
cardial cell lesions reduced (6). Recent-
ly, depressed heart function was normal-
ized by preventing the reduction in ATP
content with ribose (9). From these stud-
ies it appears that ribose qualifies as a
cardioprotective substrate.

To determine whether the capacity of
the oxidative segment of the pentose
phosphate pathway is low in the myocar-
dium of animals other than the rat, we
measured activities of the first two en-
zymes of this shunt, G6PDH and 6-
phosphogluconate dehydrogenase (4), in
the hearts of seven different species (Ta-
ble 1). In all hearts the activity of
G6PDH, the rate-limiting enzyme, was
significantly lower than that of the sec-
ond enzyme in the pathway. The activity
of G6PDH ranged from 1.5 U per gram of
protein in the dog heart to 6 U/g in the
guinea pig heart, with the human enzyme
activity being in between (3.4 U/g).

We next measured heart function and
the influence of ribose on myocardial
adenine nucleotide biosynthesis in guin-
ea pigs and rats. Heart function was
measured in closed-chest females (240 to
260 g) by catheterizing the left ventricle
with a new ultraminiature catheter pres-
sure. transducer (9, 10). The two species
differed considerably in all hemodynam-
ic parameters (Table 2). In the guinea
pig, heart rate, left ventricular systolic
pressure (LVSP), and the maximum rate
of increase in left ventricular pressure
(LV dP/dty,,) were all markedly lower
than in the rat. Despite these pro-
nounced differences, the concentrations
of adenine nucleotides and the rates of
biosynthesis of these-high-energy phos-
phates were surprisingly similar in both
species. Ribose, given as a single intra-
venous injection, enhanced adenine nu-
cleotide synthesis in the guinea pig myo-
cardium somewhat more than in the rat
myocardium. Thus, the metabolic effect
of ribose was similar in the two species
although the functional parameters were
different.

The results suggest a strong correla-
tion between the activity of cardiac
G6PDH and the extent of adenine nucle-
otide biosynthesis. This correlation
holds not only for the rat and guinea pig
(Table 2) but also for the dog, in which
cardiac adenine nucleotide biosynthesis
was recently measured at 1.0- nmole/g
per hour (/1), in accordance with the low
activity of G6PDH (Table 1). In rats and
guinea pigs ribose had a similar stimulat-
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Table 2. Heart function and myocardial adenine nucleotide metabolism in rats and guinea pigs.
To measure heart function we anesthetized the animals intraperitoneally with sodium thiobuta-
barbital (80 mg/kg; Inactin Byk), performed tracheotomies, and placed a catheter in the trachea
to keep the airway open. Heart rate, LVSP, and LV dP/dt,.x were obtained with an
ultraminiature catheter pressure transducer (model PR-249, Millar Instruments) that was
advanced into the left ventricle through the right carotid artery (9, 10). For continuous display a
multichannel Beckman RM recorder or a Gould Brush 2600 recorder was used. To determine
the rate of synthesis of myocardial adenine nucleotides, we injected the tail veins of the animals
with [1-"Clglycine (250 pCi/kg; specific activity, 54.2 mCi/mmole; Amersham International)
and killed them 60 minutes later under ether anesthesia. The hearts were rapidly excised and
immediately immersed in liquid nitrogen. Radioactivity of the adenine nucleotides was related
to the mean specific activity of the tissue glycine precursor pool (2, 5). p-Ribose (100 mg/kg;
Sigma) was injected into the tail vein at the same time as the [1-'*Clglycine. Values are
means *+ standard errors for the number of experiments shown in parentheses. )

Variable Rat Guinea pig
Heart rate (beats per minute) 409 = 7 (19 271 = 11 (9
LVSP (mmHg) 142 = 4 (19 94 + 6 (9
LV dPldt,,.x (mmHg/sec) 6073 =+ 187 (19) 3248 *+295 (9)
ATP (umole/g) 4.4 =  0.1(30) 41 0.1(6)
ATP + ADP + AMP (umole/g) 5.8+ 0.130) S.1 = 0.1(6)
Adenine nucleotide synthesis 6.0 0.7 (25 7.1 44@4)
(nmole/g-hour)
Adenine nucleotide synthesis 267 5.0 (7) 414+ 720)

+ ribose (nmole/g-hour)

ing effect on myocardial adenine nucleo-
tide biosynthesis, and in the dog ribose
enhanced adenine nucleotide biosynthe-
sis in the myocardium during recovery
from ischemia (/7). Thus, one may con-
clude that ribose will also have a pro-
nounced influence in the other species,
in which the oxidative branch of the
pentose phosphate pathway in the myo-
cardium is less developed (Table 1).
From our data it is not possible, howev-
er, to assess the possible contribution of
the nonoxidative segment of the pentose
phosphate pathway (/2) to the formation
of  5-phosphoribosyl-1-pyrophosphate
and to adenine nucleotide biosynthesis in
the hearts of the different species. If this
nonoxidative pathway plays a role, its
significance appears to be limited, at
least in the myocardium of the three
species in which ribose had a stimulating
effect.

All the human papillary muscles in
which the enzyme activities were deter-
mined were obtained from hearts that
had undergone surgery for aortic or mi-
tral valve replacement. The hearts had
been subjected to an increased load, as
evidenced by an elevated left ventricular
end-diastolic pressure, and had been
treated with cardiac glycosides and di-
uretics or vasodilators. However,
G6PDH activity in these tissues did not
exceed that in the other species. Thus,
conventional cardiac therapy does not
seem to affect the pentose phosphate
pathway.

Animals rarely develop myocardial
ischemia and infarction subsequent to
coronary atherosclerosis (13, 14), so
they have no need for increased produc-
tion of S-phosphoribosyl-1-pyrophos-

phate through the oxidative pentose
phosphate pathway for the synthesis of
purine nucleotides. Man, who is exposed
to cardiovascular risk factors (/5) lead-
ing to hypertension and coronary athero-
sclerosis, would certainly benefit from a
higher capacity of the oxidative branch
of the pentose phosphate pathway in
situations involving impaired oxidative
phosphorylation of adenosine diphos-
phate (ADP) or during recovery from an
ischemic insult to the heart. Perhaps
man’s exposure to the stress of civiliza-
tion has not lasted long enough to trigger
adaptation of the oxidative pentose
phosphate pathway. Since an increased
synthesis of cardiac G6PDH is hardly
imminent, we must rely on the therapeu-
tic approaches available. In addition, in-
travenous infusion of ribose would ap-
pear to be an appropriate adjunct in the
medical and surgical management of cer-
tain heart diseases, since the enzymatic
basis for the efficacy of ribose in the
human heart seems even better than in
the rat or guinea pig myocardium.
HEINZ-GERD ZIMMER
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Susceptibility of Skeletal Muscle to Coxsackie A, Virus
Infection: Effects of Botulinum Toxin and Denervation

Abstract. Coxsackie A viruses can infect denervated but not innervated mature
skeletal muscles. The role of synaptic transmission in preventing susceptibility to
Coxsackievirus infection was studied by surgically denervating leg muscles of mice
or injecting the muscles with botulinum toxin to block quantal release of acetylcho-
line. Control muscles were injected with heat-inactivated toxin. Subsequent injection
of Coxsackie A; virus resulted in extensive virus replication and tissue destruction in
the denervated and botulinum toxin-treated muscles, while the control muscles
showed only minimal changes. This suggests that the susceptibility of skeletal
muscle to Coxsackievirus infection is regulated by synaptic transmission.

Coxsackie A viruses are capable of
infecting skeletal muscles, but only un-
der certain circumstances. Immature (/)
or denervated (2) muscles are suscepti-
ble to infection, while mature innervated
muscles are relatively resistant. At pres-
ent, neither the factors that determine
susceptibility to Coxsackievirus infec-
tion nor the role of innervation in regu-
lating muscle resistance to infection are
understood. Certain other properties of
skeletal muscles are regulated by acetyl-
choline (ACh) released from nerve termi-
nals (3). We therefore wondered whether
muscle cell resistance to Coxsackie A
infection might also be regulated by syn-
aptic transmission. To investigate this
possibility, we used botulinum toxin to
block the quantal release of ACh from
motor nerve terminals in mouse muscles
and then determined their susceptiblity
to infection with Coxsackie A, virus.

A total of 132 adult (30 to 40 g) female
Swiss mice (Buckberg) were surgically

Fig. 1. Effects of various treatments on sus-
ceptibility of skeletal muscles to Coxsackie
A, virus infection. Light photomicrographs
show transverse sections of gastrocnemius
muscles 4.5 days after inoculation. The mus-
cles had been treated 7 days previously with
(A) heat-inactivated botulinum toxin, (B) sur-
gical denervation, or (C) botulinum toxin
(0.18 x 107° g). Some artifact due to freezing
is seen in the fibers in (C) and does not
represent any effect of toxin or virus on the
muscle. The control muscle cells (A) show
only minimal changes while the denervated
and botulinum-treated muscles show cellular
infiltration and fiber necrosis.
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denervated or injected with botulinum
toxin or given control injections of heat-
inactivated botulinum toxin. Unilateral
denervation of the lower limb was per-

formed in 44 mice by excising a 5- to 6-
mm length of the proximal sciatic nerve
from the mid-thigh. In 48 mice the gas-
trocnemius muscles were surgically ex-
posed and 40 pl of type A crystalline
botulinum toxin freshly diluted in sterile
Ringer solution (4.5 X 107% mg/ml) was
injected into each muscle through a 30-
gauge needle. (Surgical exposure was
found to facilitate accuracy of injection
in these small muscles and did not pro-
duce any artifactual effects in controls.)
Another 40 mice received control injec-
tions of 40 ul of heat-inactivated (100°C
for 30 minutes) botulinum toxin (4.5 X
107% mg/ml) into their gastrocnemius
muscles. One week later all the muscles
were directly injected with 2.6 X log;o
TCIDs, (50 percent tissue culture infec-
tive dose) of Coxsackie A, virus sus-
pended in 40 ul of Ringer solution (4). At
1.5, 3.0, 4.5, and 6.0 days after the virus
injections, groups of rats were killed and
their gastrocnemius muscles were ex-
cised. One hundred five muscles were
assayed for the content of infectious
virus (5) and 27 muscles were quick-
frozen and prepared for histological ex-
amination (6).

In general, both denervated and botu-
linum toxin-treated muscles developed
severe infection, while control muscles
showed only mild changes. The progres-
sion of infection was slightly but signifi-
cantly more rapid in denervated muscles
than in botulinum-treated muscles (Table
1). At 1.5 days after inoculation, muscles
from denervated and botulinum-treated
animals had between 10 and 100 times
more infectious virus than control mus-
cles. At 3 days the virus concentration in
denervated muscles reached its maxi-
mum, 1000 times greater than that of the
original viral inoculum. By 4.5 days the
concentration had decreased slightly.
The concentration of virus in botulinum-
treated muscles continued to rise
through day 4.5, reaching levels nearly
1000 times greater than that of the origi-
nal inoculum. Control muscles showed
less than a tenfold increase in virus
throughout the experimental period. Vi-
rus titers in all three experimental groups
declined after day 4.5.

The histological changes in infected
skeletal muscles followed a similar pat-
tern, though lagging somewhat behind
the changes in virus titer (Figs. 1 and 2).
At 1.5 days denervated and botulinum-
treated muscles showed a few focal areas
of infiltration, with occasional degener-
ating fibers, while control muscles had
only rare foci of minimal cellular infiltra-
tion. At 3 days denervated muscles
showed widespread diffuse or multifocal
cellular infiltration and fairly extensive
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