
tracts (18), these two clones were con- 
sidered to be lacking both GPI and the 
F-19 chromosome. By these criteria, 
nine clones were positive for both GPI 
and F-19, 28 clones were negative for 
both, and no clones were positive for 
one and negative for the other (Table 
1). The presence of human GPI did not 
correlate with the presence of any other 
human chromosome (Table 2). 

Glucosephosphate isomerase is loosely 
linked to the /3 chain of hemoglobin 
in the mouse (6). Since variants of GPI 
and of the /f chain are present in 
humans, this linkage could be investi- 
gated in man by classical family stud- 
ies. The /B and 8 chains of hemoglobin 
are very closely linked in man (6). If 
GPI and the /3 chain are linked in 
man, this would place the genes for 
GPI and the P. and 8 chains on the 
human F-19 chromosome. 

Concordant segregation of human 
MPI and chromosome C-7 was also 
observed in most cases (Tables 1 and 
2). When hybrid clones containing one 
mouse chromosome set plus one re- 
duced human set (Is + Is) were ana- 
lyzed, MPI and C-7 were always pres- 
ent together or absent together (Table 
1). Presence of human MPI did not 
correlate with the presence of any 
human chromosome other than C-7 
(Table 2). When subclones were derived 
from one clone that expressed GPI 
and MPI, one subclone obtained (WA- 
IaD6) had lost two human chromo- 
somes, C-7 and F-19, and had also 
lost both enzyme phenotypes. These 
data support the linkage of the human 
gene for MPI to the C-7 chromosome. 

Data for hybrid clones containing two 
mouse chromosome sets and one re- 
duced human chromosome set (2s + Is) 
failed to support the linkage of MPI 
to C-7. Five clones of this makeup con- 
tained C-7 chromosomes but did not 
express human MPI. Four of these five 
clones were derived from the RK hy- 
brid series. Data for these same clones 
failed to support two other human 
gene-chromosome linkage relationships; 
in each case, the chromosome was pres- 
ent but the enzyme was not expressed. 
A subclone of one of these clones re- 
expressed a human enzyme that was 
anomalously unexpressed in the paren- 
tal hybrid clone. These considerations 
suggest that some phenomenon in hy- 
brids with the karyotype 2s (mouse) + 
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1 and 2) consistently support the link- 
age of human MPI to chromosome C-7 
and make the linkage of MPI to any 
other chromosome unlikely. Linkage of 
MPI to C-7 is therefore indicated, but 
is not as firmly established as the link- 
age of GPI to F-19. 

We have reported the linkage of 
lactate dehydrogenase subunits A and 
B, which are very closely related in 
structure and function, to the morpho- 
logically similar human chromosomes 
C-11 and C-12, respectively (20). It 
has been suggested that chromosome 
duplication at some point in evolution 
could have provided the genetic raw 
material for producing new, but similar, 
chromosomes and polypeptide se- 
quences (21). In the present case, two 
hexosephosphate isomerases have been 
linked to chromosomes that are at least 
superficially dissimilar (Fig. 1). Struc- 
tural dissimilarity is also suggested for 
the enzymes; GPI is a dimer (11), 
whereas the electrophoretic pattern of 
MPI from hybrid mice and from inter- 
specific somatic cell hybrids suggests 
that MPI is a monomer (12). Further 
research in somatic cell genetics may 
thus contribute to our understanding 
of molecular evolution as well as of 
human genetics. 
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The red blood cells (RBC) of pa- 
tients possessing the genetic disorder 
erythropoietic protoporphyria (EPP) 
(1) contain a much larger amount of 
free porphyrin than is found in normal 
RBC (2). These porphyrinemic RBC 
undergo facile hemolysis upon irradia- 
tion in vitro with visible light, whereas 
normal cells do not (3). Although 
there is no direct evidence that photo- 
hemolysis is the basis for the severe 
cutaneous photosensitivity of EPP pa- 
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tients, the phenomenon has received 
much attention (4-7), largely because 
(i) in vitro photohemolysis serves as a 
useful diagnostic criterion for EPP (8); 
(ii) photohemolysis may be a useful 
model for the skin sensitivity; and (iii) 
photohemolysis is associated with dam- 
age to the RBC membrane, the struc- 
ture of which is being widely studied. 

Wavelengths of light near 400 nm 
are the most effective for both the skin 
effects and photohemolysis (1-4). This 
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Cholesterol Hydroperoxide Formation in Red Cell Membranes 

and Photohemolysis in Erythropoietic Protoporphyria 

Abstract. 338-Hydroxy-5a-hydroperoxy-A6-cholestene is produced in proto- 
porphyrin-containing red blood cell ghosts irradiated with approximately 400- 
nanometer light in the presence of oxygen. Incorporation of this cholesterol 
photooxidation product into normal red blood cells leads to increased osmotic 
fragility and eventual hemolysis. These results may be relevant to photohemolysis 
associated with erythropoietic protoporphyria. 
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indicates, as expected, that both phe- 
nomena involve excitation of the pro- 
toporphyrin. Further evidence for this 
correspondence is provided by the ob- 
servations that normal RBC can be 
rendered light-sensitive after incubation 
with protoporphyrin (4). Photohemol- 
ysis requires molecular oxygen (4) and 
is accompanied by the formation of 
"lipid peroxides" (7). That damage to 
the RBC membrane occurs is also indi- 
cated by the fact that cell K+ is lost 
before hemolysis (6). 

We were intrigued by the effective- 
ness of fl-carotene as an inhibitor of 
the photoerythema in EPP patients (9) 
and the reports of significant inhibition 
of in vitro photohemolysis by fl-caro- 
tene (5, 10). The demonstration by 
Foote et al. (11) that fl-carotene is an 
effective quencher of singlet oxygen 
(10,*) (specifically, the 1A. state) in 
solution, taken together with the obser- 
vations that protoporphyrin can sensi- 
tize 10.,' production, suggested to us 
that I'0.' may be involved in the pho- 
tohemolysis. Thus we thought it worth- 
while to consider the possible reactions 
of 'O.' with the lipids of RBC mem- 
branes. 

The structures of the lipids found in 
human RBC membranes (12) sug- 
gested that the so-called "ene-reaction" 
of 10,*, in which allylic hydroperox- 
ides are produced (13), be given pri- 
mary consideration. Furthermore, both 
reactivity considerations and the large 
content of cholesterol compared to that 
of unsaturated fatty acid side chains in 
the membrane (12) suggested to us that, 
in the absence of localization effects, 
the cholesterol should be the primary 
substrate for 10.,. 

Indeed, Schenck et al. (14) and 
others have reported that cholesterol 

undergoes facile oxidation under con- 
ditions known to involve 10.* as the 
active oxygen species. It appears that 
a single hydroperoxide, 3fl-hydroxy- 
5a-hydroperoxy-A'-cholestene (1), is 
obtained under conditions that do not 
allow isomerization. Both hemato- 
porphyrin and protoporphyrin are ef- 
fective sensitizers. The reactivity of 
cholesterol toward 10.: compared to 
that of various alkenes (13, 14) sup- 
ports our contention that cholesterol 
should be more reactive toward 10.) 
than are the unsaturated fatty acid side 
chains. 
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The RBC containing 1 were then in- 
cubated in buffered saline at 37?C, 
and fragility measurements were made 
at intervals. Typical results are shown 
in Fig. 1, which includes several fragil- 
ity curves. In these measurements, the 
hemolysis is monitored as a function 
of decreasing salt concentration, which 
occurs linearly with time. The dashed 
curve is the control, a sample incu- 
bated with liposomes containing cho- 
lesterol but not 1. The control showed 
no change in osmotic fragility after 80 
minutes in saline at 37?C. Curve 1 
was obtained for RBC exposed to a 
pulse of 1 (about 5 percent of the RBC 
cholesterol was exchanged for 1) and 
then kept at 37?C in saline for 10 min- 
utes; corresponding times in saline were 
20 minutes for curve 2, 50 minutes for 
curve 3, 80 minutes for curve 4. 

These observations show that incor- 
poration of 1 into normal RBC mem- 
branes leads at first to a decrease in 
osmotic fragility (19); but after in- 
cubation for a time at 37?C an in- 
crease in fragility and hemolysis is 
achieved. That an "induction period" 
is observed before increased fragility 
may be rationalized in two ways. It 
may be that 1 is the precursor of the 
species that causes the hemolysis. That 
is, a rearrangement or decomposition 
product of 1 may be responsible for 
the increased fragility of the RBC, or 
the decomposition of 1 may initiate 
nonselective free-radical chain oxida- 
tion of unsaturated membrane lipids. 
Alternatively, the action of 1 may at 
first cause K+ ions to leak out of the 
RBC faster than Na+ ions leak in. 
This would cause the RBC to shrink 
initially and appear less fragile until 
most of the K+ is gone (20). 

In summary, we have found efficient 
formation of 1, the product of attack 
of singlet oxygen upon cholesterol, 
after irradiation of RBC ghosts con- 
taining protoporphyrin. Incorporation 
of I into normal RBC membranes 
leads to increased osmotic fragility and 
eventual hemolysis of the RBC. Photo- 
hemolysis of RBC from EPP patients 
can be rationalized on the basis of 
these observations. We are performing 
several kinds of experiments to deter- 
mine whether the photohemolysis 
mechanism that does operate involves 
singlet oxygen and 1 as important inter- 
mediates. 
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mediates. 
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One experimental approach to the 
understanding of the neurophysiological 
basis of epileptic seizures has been the 
study of action of convulsant drugs 
(1). Unfortunately, there exists a myriad 
of convulsant agents with different, and 
possibly multiple, actions on nervous 
structures. Some of these drugs block 
inhibitory synaptic transmission, but 
these drugs constitute only a minority 
of the known convulsants. At the cel- 
lular level, focal epileptic activity is 
characterized primarily by high-fre- 
quency synchronous firing in associa- 
tion with oscillatory membrane poten- 
tial changes (1). The experiments to be 
reported were undertaken to analyze 
the action of convulsant drugs responsi- 
ble for repetitive firing at short inter- 
vals. Our hypothesis was that some 
convulsant may act by directly chang- 
ing membrane properties related to 
excitability and stability. 

The experiments were performed on 
neurons of the isolated abdominal gan- 
glion of the marine mollusk Aplysia 
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californica. Intracellular voltage record- 
ing and voltage and current clamping 
techniques were used to study the ef- 
fects of two convulsants, strychnine and 
pentylenetetrazol (PTZ). The latter was 
chosen in comparison with strychnine 
because it does not seem to have a di- 
rect effect on synaptic transmission in 
Aplysia, while strychnine blocks ace- 
tylcholine, dopamine, and 5-hydroxy- 
tryptamine receptors in the ganglion 
(2). Previous investigations have demon- 
strated, furthermore, that both drugs 
produce high-frequency discharges with 
abnormally short interspike intervals 
and oscillatory membrane potential 
changes in the Aplysia neurons (3). 

The soma of identified neurons (4) 
were penetrated with single or double 
microelectrodes (3 to 15 megohms). The 
drugs were added directly to the arti- 
ficial seawater perfusate (pH = 8.0; 
16?C). The effects studied generally 
took 5 to 8 minutes to become mani- 
fest, and all were readily reversible upon 
washing. 
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Strychnine- and Pentylenetetrazol-Induced Changes of 

Excitability in Aplysia Neurons 

Abstract. In Aplysia neurons isolated from their synaptic input strychnine in- 
duces doublet discharges associated in voltage clamp with a decrease in the thresh- 
old for the inward current and a reduction and delayed onset of the outward 
current. Pentylenetetrazol causes oscillations and bursting behavior in normally 
silent cells together with an increased inactivation of the delayed outward current 
and induced or enhanced anomalous rectification. 
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