
locus (Figs. 5 to 19). Further explana- 
tion of the mode of action of 2M 
MgSO4 or 2DG, or both, rests on a 
more definitive knowledge of the chem- 
ical composition of the cell walls of 
intact H. capsulatum yeast cells than is 
presently available. 

Since these procedures are believed 
to be the first for the release of proto- 
plasts at 37?C, they should be of par- 
ticular value in further studies of yeasts 
pathogenic for humans. Previous in- 
vestigators have never reported using 
osmotic stabilizing solutions above 
1.3M (3), because this concentration 
appeared to be sufficient to maintain 
osmotically fragile protoplasts which 
had been induced by external enzymatic 
treatment. Whether molarities higher 
than 1.3 of MgSO4 or other osmotic 
stabilizers will induce protoplast re- 
lease in other actively budding yeasts 
remains to be determined. 
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Penicillin as Epileptogenic Agent: 
Its Effect on an Isolated Neuron 

Abstract. Penicillin induces partial depolarization and increased excitability of 
the neuronal membrane of crayfish stretch receptor. Such effects suggest that the 
epileptic focus created by the topical application of penicillin to the mammalian 
cerebral cortex may result from the lowering of the threshold for impluse initi- 
ation by excitatory synaptic action within the neuron population. 
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At high concentrations penicillin con- 
sistently produces seizures when topi- 
cally applied to the cerebral cortex and, 
therefore, has become one of the most 
widely used epileptogenic agents. The 
electrocortical activity of the epileptic 
focus is characterized by a repetitively 
recurring, isolated, high-voltage nega- 
tive wave-the interictal "spike" of 
the electroencephalograph. Simultane- 
ously with the interictal "spike," the 
transmembrane potential of the neurons 
within the focus undergoes a typical 
depolarization of several millivolts 
which lasts as long as 100 msec. Al- 
though these events are quite stereo- 
typed, the mode of action of penicillin 
as an epileptogenic agent is not clearly 
understood. The paroxysmal activity in 
the neurons of an epileptic focus might 
be produced by a variety of mecha- 
nisms. For example, there may be 
changes in the utilization of the pre- 
existing neuronal circuitry within the 
population making up the focus, or 
some radical changes in the mode of 
impulse initiation in individual neurons 
might ,account for the epileptic activ- 
ity (1). 

To study the effect of penicillin on 
the electrical activity of an isolated 
neuron which is free of the complica- 
tions introduced by neuronal circuitry, 
we chose the crayfish muscle stretch 
receptor. This preparation has been 
extensively studied physiologically (2). 
Also, the effect of another convulsant 
agent, strychnine, on this preparation 
is known (3) so that comparison can 
be made. 

The slow-adapting stretch receptor 
was isolated and held unstretched in a 
plexiglass chamber containing Van Har- 
reveld's crayfish saline (4). The axon, 
covered with Vaseline to prevent dehy- 
dration, was suspended by platinum 
electrodes for external recording and 
antidromic stimulation. Glass micro- 
electrodes filled with 3M KC1 were 
used to penetrate the soma. In some 
experiments, microelectrodes filled with 
potassium citrate were also used. No 
differences were noted. A bridge circuit 
permitted simultaneous recording and 
stimulation. An Ag-AgCl electrode 

At high concentrations penicillin con- 
sistently produces seizures when topi- 
cally applied to the cerebral cortex and, 
therefore, has become one of the most 
widely used epileptogenic agents. The 
electrocortical activity of the epileptic 
focus is characterized by a repetitively 
recurring, isolated, high-voltage nega- 
tive wave-the interictal "spike" of 
the electroencephalograph. Simultane- 
ously with the interictal "spike," the 
transmembrane potential of the neurons 
within the focus undergoes a typical 
depolarization of several millivolts 
which lasts as long as 100 msec. Al- 
though these events are quite stereo- 
typed, the mode of action of penicillin 
as an epileptogenic agent is not clearly 
understood. The paroxysmal activity in 
the neurons of an epileptic focus might 
be produced by a variety of mecha- 
nisms. For example, there may be 
changes in the utilization of the pre- 
existing neuronal circuitry within the 
population making up the focus, or 
some radical changes in the mode of 
impulse initiation in individual neurons 
might ,account for the epileptic activ- 
ity (1). 

To study the effect of penicillin on 
the electrical activity of an isolated 
neuron which is free of the complica- 
tions introduced by neuronal circuitry, 
we chose the crayfish muscle stretch 
receptor. This preparation has been 
extensively studied physiologically (2). 
Also, the effect of another convulsant 
agent, strychnine, on this preparation 
is known (3) so that comparison can 
be made. 

The slow-adapting stretch receptor 
was isolated and held unstretched in a 
plexiglass chamber containing Van Har- 
reveld's crayfish saline (4). The axon, 
covered with Vaseline to prevent dehy- 
dration, was suspended by platinum 
electrodes for external recording and 
antidromic stimulation. Glass micro- 
electrodes filled with 3M KC1 were 
used to penetrate the soma. In some 
experiments, microelectrodes filled with 
potassium citrate were also used. No 
differences were noted. A bridge circuit 
permitted simultaneous recording and 
stimulation. An Ag-AgCl electrode 

connected to the bath through a KCl 
agar bridge served as ground. This re- 
duced the large junction potential which 
developed when the concentrated peni- 
cillin solution was introduced into the 
chamber. Two procedures were used to 
measure the membrane potential. In 
those experiments where the penicillin 
solution was not rinsed away, the po- 
tential was calculated with the reading 
obtained after the withdrawal of the 
microelectrode from the neuron as zero 
potential. Where the penicillin solution 
was replaced with saline, the micro- 
electrode was withdrawn, penicillin was 
again introduced into the chamber, and 
the junction potential was measured. 
The measurements usually coincided 
when both methods were used in the 
same preparation. The values reported 
are corrected for the junction potential. 
The sodium concentration in the cray- 
fish saline was appropriately reduced 
to allow for the sodium in the penicillin 
salt. Both the crayfish saline and the 
penicillin solutions were oxygenated. 
To change the solution in the perfusion 
chamber, a volume of fluid at least 50 
times that of the chamber volume (1.6 
ml) was allowed to flow. 

The effect of penicillin was related 
to the concentration. Perfusing with a 
solution containing 20,000 international 
units (I.U.) per milliliter (0.034M) pro- 
duced (i) a decrease of the membrane 
potential difference, (ii) an increase of 
membrane excitability, iand (iii) a de- 
crease of activation of the soma by the 
antidromic spike. 

An increase of a few millivolts in 
the transmembrane potential was ob- 
served in some preparations immedi- 
ately after the start of perfusion (Fig. 
1, B and C). This hyperpolarization 
lasted a few minutes and then, in all 
cases, disappeared. There followed a 
slow depolarization which, if the prep- 
aration was not rinsed with crayfish 
saline, brought the membrane to zero 
potential after 90 to 180 minutes. 

The excitability of the membrane, 
as tested with pulses of constant inten- 
sity of outward current through the mi- 
croelectrode, decreased during the early 
part of the hyperpolarization (Fig. 1B), 
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Fig. 1 (top left). Perfusion with sodium 
penicillin G (20,000 I.U./ml) solution. 
The vertical bars at the beginning of the 
sweep represent a 50-mv calibration. The 
bottom horizontal short bars in each sweep 
represent 10 msec each, except that in 
(G), which represents 1 second. The 
amount of outward current injected 
through the microelectrode was kept con- 
stant. The spike before the direct stimu- 
lation was obtained by antidromic stimu- 
lation. In (F) only an axonal spike was 
present. In (H), (I), and (J) the intensity 
and duration of the antidromic stimulation 
was increased; a depolarization followed 
the axonal spike and an antidromic spike 
was obtained with different delays. (A) 
Control, membrane potential 65 mv. The 
perfusion was started between (A) and 
(B). The respective membrane potentials 
and time intervals from the start of per- 
fusion for each example were: (B) 68 my, 
2 minutes; (C) 68 my, 3 minutes; (D) 
64 mv, 15 minutes; (E) 62 my, 18 min- 
utes; (F) 61 mv, 25 minutes; (G) 58 mv, 
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but returned to control during the last 
part of hyperpolarization (Fig. 1C) and 
increased with depolarization (Fig. 1, 
D to H). In some preparations, this 
increase of excitability was observed 
even during the hyperpolarization, be- 
fore the membrane potential had re- 
turned to control value (preperfusion 
level). When membrane resistance was 
measured by intracellular injection of 
pulses of constant inward and outward 
current, either no change or an increase 
was observed during the late phase of 
the hyperpolarization and the early part 
of the depolarization. When the mem- 
brane potential approached the trigger- 
ing potential, it became unstable and 

spontaneous firing occurred (Fig. 1G). 
The firing was maintained until the de- 
polarization was great enough to arrest 

spike electrogenesis. Spike arrest oc- 

Fig. 2 (bottom left). Perfusion with so- 
dium penicillin G (100,000 I.U./ml) solu- 
tion. The changes in membrane potential 
are plotted in (A), (B), (C), and (D). 
Each insert is numbered to correspond to 
the numbered arrow. (A) and (B) are 
from the same receptor and the plottings 
are continuous in time. In this receptor 
only direct stimulation was used. The 
stimulating outward current was increased 
during the initial hyperpolarization to ob- 
tain the spike and was kept constant until 
insert 7, when it was increased. Then it 
was decreased to the same intensity as in- 
serts 2 to 6. The current of insert 12 is the 
same as that of insert 1, the control be- 
fore the penicillin perfusion. (C) and (D) 
illustrate the changes occurring in the 
antidromic spikes of two different recep- 
tors. No action potentials were obtained 
after spike 14 in (C) and spike 9 in (D). 
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curred at a membrane depolarization 
which, in previous tests with outward 
currents through the microelectrode, 
was still capable of producing spikes. 

The threshold for antidromic activa- 
tion was also affected, and it was nec- 
essary to increase the duration or the 
intensity, or both, of the stimulating 
current to maintain the antidromic re- 
sponse. At control intensities, only the 
axonal spike appeared (Fig. IF) which 
was often followed by a long depolari- 
zation of a few millivolts and la spike 
occurring after a variable delay (Fig. 
1, H to J). 

If the penicillin solution was replaced 
with saline within 30 to 40 minutes, 
that is, during the period of increased 
excitability of the receptor but before 
the spontaneous firing had occurred, 
the membrane immediately depolarized 
further and spontaneous firing began. 
The membrane depolarization remained 
at this new value for hours. However, 
the conditions for antidromic activa- 
tion were reestablished at the control 
levels following penicillin removal. 

The perfusion with higher concentra- 
tions of penicillin accelerates the rate of 
development of the events described. 
The initial hyperpolarization lasted 1 
minute at most, and the rate of depo- 
larization was faster (Fig. 2A). The 
arrest of antidromic activation occurred 
in 1 or 2 minutes. This is shown in 
Fig. 2, C and D, where no action poten- 
tials were obtained after the last ones 
illustrated. The somatic spike triggered 
by direct stimulation was arrested be- 
fore any sign of increased excitability 
could be observed. It was possible to 
trigger a spike only by applying large 
amounts of outward current. The elec- 
trogenesis of somatic spikes was com- 
pletely arrested at a depolarization of 
only a few millivolts (Fig. 2A). No 
spontaneous firing was observed with 
a solution of 100,000 I.U./ml (0.175M) 
and only random spikes occurred with 
50,000 I.U./ml of solution. However, 
if these solutions of high concentrations 
were removed within a few minutes 
(even after the characteristic changes 
had already taken place), the membrane 
potential, the excitability, and the anti- 
dromic activation soon returned to con- 
trol values (Fig. 2B). 

The behavior of the antidromic spike 
during perfusion with high concentra- 
tions of penicillin presents some in- 
teresting features. If an initial hyper- 
polarization occurs, the height of the 
spike becomes larger but the overshoot 
remains unchanged (spike No. 2, Fig. 
2C). This may be an indication that 
27 FEBRUARY 1970 

there is no reduction of membrane re- 
sistance (at least in those portions of 
the neuronal membrane where the so- 
matic spike is generated). However, 
when the membrane began to depolar- 
ize, the overshoot progressively de- 
creased and the base of the spike 
became wider (spikes 4 to 14, Fig. 
2C), until finally the spikes were ar- 
rested. Note that the arrest of the 
spike occurred even before the mem- 
brane potential regained control value. 
If there was no initial hyperpolariza- 
tion, the spike size and overshoot were 
initially unchanged (spikes 2 to 4, Fig. 
2D), then a reduction of the overshoot 
occurred (spike 5, Fig. 2D). There 
was then a delay of somatic activation 
(spike 6, Fig. 2D) as shown by the 
clear breaking of the spike into its 
two components, IS-SD (initial seg- 
ment, soma dendrite). Eventually, only 
the IS spike was triggered (spikes 7 to 
9, Fig. 2D), until it, too, was arrested 
so that only the propagation of the 
axonal spike could be observed (not 
shown in the figure). 

Thus the direct effects of penicillin 
on the membrane of an isolated neuron 
are, at the concentrations used, an ini- 
tial hyperpolarization, a later sustained 
depolarization associated with increased 
excitability and final arrest of spike 
electrogenesis. Such effects are much 
easier to see and simpler to interpret 
than those seen in cortical cells where 
circuitry evidently is responsible for the 
explosive depolarizing responses. 

These effects of penicillin on the 
crayfish stretch receptor are quite dif- 
ferent from those reported for strych- 
nine (3), which induced sustained 
abrupt depolarizations and grouped 
firing. 

Some of our observations, such as 
the antidromic spike arrest, the time 
course of the slow depolarization, and 
the spontaneous firing, are similar to 
those reported by Obara and Grund- 
fest (5) who treated the same prep- 
aration with lithium solution. These 
authors suggested the possibility of so- 
dium pump inactivation to account for 
the effects. Most of our observations 
with penicillin are likewise explainable 
if the sodium pump of the crayfish 
stretch receptor is assumed to be im- 
paired in its ability to maintain a full 
resting membrane potential and nor- 
mal ionic gradients. We have performed 
preliminary experiments with ouabain, 
an agent believed to selectively block 
the sodium pump, and observed an ap- 
parent similarity between ouabain and 
penicillin effect. 

Although spike electrogenesis in- 
volves an interplay among several proc- 
esses, the block of the spike production 
in the soma in these experiments can- 
not be attributed to the depolarization 
since it can occur even before the de- 
polarization takes place (Fig. 2C). Ar- 
rest of sodium extrusion would decrease 
the diffusional electromotive force 
across the membrane because of accu- 
mulation of intracellular sodium. One 
would observe first a decrease of the 
overshoot (Fig. 2, C and D) and finally 
a complete arrest of the spike. The loss 
of normal ionic gradient could also ex- 
plain the slow depolarization and the 
increased excitability. However, at this 
time we do not have explanations for 
the increased depolarization when the 
penicillin solution (20,000 I.U./ml) 
was replaced with saline in 20 to 30 
minutes, and for the initial hyperpolari- 
zation observed with all the concentra- 
tions tested. 

The increase of excitability of the 
neuronal membrane of the crayfish 
stretch receptor suggests a possible 
mechanism for the apparently different 
effect of the drug when it is applied 
topically to the mammalian cerebral 
cortex. If the assembly of neurons ex- 
posed to the drug develops the same 
depolarization and increased excita- 
bility observed in the stretch receptor, 
the threshold for impulse initiation by 
excitatory synaptic action would be 
lowered. This effect would greatly po- 
tentiate recurrent excitatory pathways 
of the cortex so that recruitment of 
more neurons could take place until a 
paroxysmal discharge occurs. The fail- 
ure to identify definite changes in rest- 
ing membrane potential in cortical neu- 
rons during the interictal spike-free pe- 
riod may be due to technical difficulties. 
In fact, because of the inability to com- 
pare the true resting membrane poten- 
tial before and after the application of 
the epileptogenic agent, the limited de- 
gree of membrane depolarization that 
is sufficient to enhance the gain of the 
recurrent excitatory system may have 
escaped identification. 
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A8 at the second sublocus (1). Four 
additional HL-A antigens [Da 6, Da 9 

(2), Da 18, HN] may be included on the 
second sublocus (3). The antigens deter- 
mined at each of the subloci occur as 
alternative alleles. It is also probable 
that a large majority of the HL-A anti- 

gens capable of conditioning the survi- 
val of human organ transplants is in- 
cluded in these two subloci (4). 
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Calculations based on donor-recipi- 
ent compatibility for the ABO erythro- 
cyte group antigens and the HL-A anti- 

gens listed above indicate that a mini- 
mum of 500 prospective recipients may 
be required in order to give a cadaver 

organ donor a 95 percent chance of 

being transplanted to a serologically 
compatible host. Terasaki has indicated 
that such a waiting list might actually 
be as high as 1000 subjects (5). As 

progress is made in the isolation of 
additional HL-A alleles, the size of such 
a waiting list, if based upon this type 
of calculation, will inevitably grow in 
direct proportion to increases in the 
number of known alleles. Concurrent 
advances in our understanding of the 
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genetic determinants of the HL-A sys- 
tem may, however, provide for an al- 
ternative approach to the selection of 
donors. Such an approach is based upon 
the notion that donor-recipient antigenic 
identities at the two known HL-A sub- 
loci are of the greatest importance in 
conditioning allograft survival. The re- 
sults of experimental (6) and clinical 
transplantation studies (7) support this 
concept. 

During these studies an attempt was 
made to correlate the survival time of 
skin allografts from sibling to father 
with the HL-A genotypes of donor and 
recipient. The actual ratio of antigenic 
identities (ID) to incompatibilities (IN) 
at each of the known HL-A subloci may 
provide a particularly reliable statistical 
index of compatibility between donor 
and recipient (3). In an extension of this 
series to 135 skin allografts from sibling 
to father, 33 transplants survived for 
13.5 days or more (group A), and 27 
grafts were rejected on or before day 
10 after operation day (group B). In 
30 of the 33 grafts (90 percent) in group 
A, the number of antigenic identities 
between donor and recipient was as 
great or greater than the number of in- 
compatibilities at each of the two known 
HL-A subloci. In contrast, 17 of 27 (63 
percent) of the grafts in group B were 
applied under circumstances where the 
number of incompatibilities exceeded 
the number of identities. Genotyping 
of the subjects in group A has indicated 
subsequently that 42 percent of the 
genes at the HL-A subloci in these sub- 
jects governed antigens which consti- 
tuted incompatibilities between donor 
and recipient, and 36 percent of such 
genes provided for donor-recipient iden- 
tities. In contrast, similar genotype stud- 
ies in group B indicated that 77 percent 
of the genes at the two HL-A subloci 
determined antigenic incompatibilities, 
and only 3 percent of the genes pro- 
vided for donor-recipient identities. The 
number of donor-recipient identities was 
therefore 12 times greater in group A 
(that is, the grafts accorded the longest 
survival times) than in group B (the 
grafts which underwent early rejection). 
These studies have also yielded evidence 
that the currently known HL-A antigens 
may be roughly equipotential in their 

immunogenicity (4). 
Review of the observed ratio of iden- 

tities to incompatibilities (ID/IN) in 
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Ranks of Donor-Recipient Histocompatibility 
for Human Transplantation 

Abstract. Correlation of leukocyte groups with skin and renal allograft survival 
indicates that ranks of histocompatibility based upon current genetic concepts of 
the HL-A system may provide an approach to the selection of optimally com- 

patible subjects for clinical organ transplantation. Such ranks may be expressed 
as a net histocompatibility ratio (NHR) between prospective donors and recipients. 
The best clinical results have been when this ratio is of 0.5 to 1. Donor-recipient 
compatibility situations where the ratio was 0.25 or less have been associated with 
a high incidence of transplant failure, regardless of whether the organ source 
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