
studies were to demonstrate proportion- 
al differences between pongid and homi- 
nid species in the incidence of minor 
configurations (patterns 1 and 2), only 
the component of such differences that is 
independent of size (if any such com- 
ponent exists) would be useful in phylo- 
genetic deduction. The occurrence by it- 
self of a prismatic keyhole pattern in Ra- 
mapithecus suggests no closer kinship of 
that taxon to H. sapiens than to the ex- 
tant apes. 
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Diazepam and other closely related 
benzodiazepines are potent anticon- 
vulsants in a wide variety of experimen- 
tal and clinical seizure disorders; they 
are especially effective in the treatment 
of recurrent multiple seizures such as 
status epilepticus (1). Despite the un- 
equivocal efficacy of the benzodiaze- 
pines in elevating seizure threshold (2) 
and rapidly inhibiting the spread of epi- 
leptic discharges from neocortical and 
rhinencephalic foci (1, 3), little is known 
about their underlying mechanism of ac- 
tion. Recent reports have demonstrated 
the presence of saturable, stereospecific, 
high-affinity diazepam-binding sites in 
the central nervous system of both rat 
and man (4, 5). Competition for this 
binding site by other benzodiazepines 
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closely parallels their potency as anti- 
convulsants (4, 5) suggesting that these 
sites may function as receptors mediat- 
ing the pharmacological actions of these 
drugs. If benzodiazepine receptors or 
their presumed endogenous ligands are 
related to the anticonvulsant actions of 
these compounds (4), they may normally 
be involved in the regulation or patho- 
genesis of seizure activity. We now re- 
port that both electrically and chemically 
induced seizures result in a rapid in- 
crease in the number of cortical ben- 
zodiazepine receptors without altering 
the apparent affinity of diazepam for 
these receptor sites. 

Adult (125 to 150 g) male Sprague- 
Dawley rats (Taconic Farms) housed un- 
der standard laboratory conditions, were 
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used in all experiments. Maximum elec- 
troshock seizures were induced with a 
Medicraft electroconvulsive therapy unit 
(150 V, 1 second, a-c) through ear clips 
attached to the pinnae (6). Generalized 
seizures, characterized by tonic-clonic 
movements, lasted for less than 1 min- 
ute. Subconvulsive electroshock (70 V, 
0.4 second, a-c) was administered in the 
same manner. Control rats were sub- 
jected to the same procedures except 
that current was not applied. Chemically 
induced seizures were elicited by a single 
intraperitoneal injection of pentylene- 
tetrazol (K & K Laboratories) (45 mg/ 
kg in 0.9 percent saline). Control animals 
received saline alone. Only animals dis- 
playing generalized tonic-clonic move- 
ments within 2 to 3 minutes of injection 
were studied. Pentylenetetrazol-treated 
animals occasionally had free-running or 
multiple generalized seizures, or both. 
In order to control for the effects of inter- 
ictal or postictal hypoxia on diazepam 
binding, additional rats were rendered 
hypoxic with argon gas (7). No seizures 
were observed in this group. Rats were 
killed by decapitation and crude syn- 
aptosomal (the second pellet) fractions 
of cerebral cortex (pooled frontal, tem- 
poral, and occipital cortices) were pre- 
pared as described (5). The final pellet 
was resuspended in 40 to 50 volumes of 
cold tris buffer (Calbiochem) (0.05M, pH 
7.4) to a final protein concentration of 
approximately 1 mg/ml. Total, specific, 
and nonspecific diazepam binding was 
measured as described (5) with minor 
modifications (8). Specific binding refers 
to the total binding of [3H]diazepam mi- 
nus nonspecific binding which was ob- 
tained in the presence of 3 tM diazepam. 
Nonspecific binding was generally less 
than 5 percent of total binding at concen- 
trations near the apparent dissociation 
constant (Kd) for diazepam. Nonspecific 
binding was not significantly affected by 
any of the experimental conditions, nor 
did pentylenetetrazol have any effect on 
diazepam binding in vitro at concentra- 
tions up to 1 MuM (unpublished observa- 
tions). 

The amount of [3H]diazepam specifi- 
cally bound to cerebral cortical mem- 
branes (crude synaptosomal fraction) in- 
creased after seizures had been induced 
in the rats by electroshock; the binding 
increased by 21.2 percent (P < .005) and 
21.4 percent (P < .001) at 15 and 30 min- 
utes, respectively (Fig. 1). The binding 
of [3H]diazepam returned to preseizure 
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changes in cortical diazepam binding 
were secondary to seizure-induced hy- 
poxia, we investigated the effect of hy- 
poxia on cortical benzodiazepine recep- 
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Rapid Changes in Brain Benzodiazepine 
Receptors After Experimental Seizures 

Abstract. Seizures induced in the rat by electroshock or by injections of pen- 
tylenetetrazol increase the specific binding of diazepam to putative receptor sites in 
cerebral cortical membranes. The enhancement of diazepam binding results from a 
rapid increase in the number of available binding sites rather than a change in recep- 
tor affinity. The postictal increase in cortical benzodiazepine receptors suggests that 
the cerebral cortex might be more sensitive to the anticonvulsant effects of the ben- 
zodiazepines after seizures. This observation may be related to the mechanism of 
action of these drugs in the treatment of recurrent seizures such as status epileptictus. 
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Fig. 1. Temporal changes in [3H]diazepam 
binding in rats subjected to electrically in- 
duced seizures. Values represent means (+ 
standard error) of four animals per time point. 
*P < .005; **P < .001 compared with sham- 
shocked controls. The binding of [3H]di- 
azepam to synaptosomal membranes from 
sham-shocked rats was 446 + 12 fmole per 
milligram of protein (N = 8) at a diazepam 
concentration of 1.87 nM. The dashed line at 
the bottom of the figure represents the mean 
binding of sham-shocked controls; solid lines 
represent ? standard error. Control animals 
were killed from 5 to 60 minutes after a sham 
shock. 

tors. No significant difference in diaze- 
pam binding was observed between 
control rats and rats rendered hypoxic 
by inhalation of argon gas (Table 1). 
In addition, subconvulsive electroshock 
was without effect on the number of cor- 
tical benzodiazepine receptors, indica- 
ting that a generalized seizure was a 
requisite for the observed changes (Ta- 
ble 1). 

To determine whether enhanced di- 
azepam binding results from an increased 
number of binding sites or from a change 
in receptor site affinity, we performed 
a Scatchard analysis on data derived 
from both electroshock and sham-shocked 
controls. Thirty minutes after seizures 
were induced by electroshock, the ap- 
parent Kd for L[jH]diazepam binding 
to cortical synaptosomes was not sig- 
nificantly different from that of sham- 
shocked controls (Kd = 3.55 + 0.17 nM 
as opposed to 3.36 + 0.18 nM, respec- 
tively), while the total number of binding 
sites (Bmax) increased by 24.7 percent 
(1779 + 59 fmole per milligram of pro- 
tein as opposed to 1427 ? 105 fmole, 
P < .05) (Fig. 2). A comparable increase 
(21.2 percent, P < .05) in the number of 
cortical diazepam-binding sites was also 
observed 30 minutes after seizures were 
induced by pentylenetetrazol, suggest- 
ing that the postictal enhancement of 
diazepam binding may be a general phe- 
nomenon (Table 1). 

A number of explanations are compat- 
ible with a rapid increase in the number 
of diazepam-binding sites without an ac- 
companying change in receptor affinity 
24 NOVEMBER 1978 

after seizures are induced experimental- 
ly. These include (i) an alteration in re- 
ceptor turnover, (ii) a conformational 
change in the binding site, or (iii) a dis- 
sociation of an endogenous ligand from 
the binding site. 

The rapid changes in cortical ben- 
zodiazepine receptors after the induction 
of generalized seizures are of the same 
order of magnitude as those reported for 
other central neurotransmitter receptors 
altered by various pharmacological ma- 
nipulations (9). However, the rapid tem- 
poral changes in diazepam binding ob- 
served after seizures is in marked con- 
trast to the changes observed in binding 
of other central neurotransmitter ligands 
(9) because only minutes, rather than 
days or weeks, were necessary for their 
development. The rapid increase in 
diazepam binding after seizures is similar 
to the rapid changes in the binding of cat- 
echolamine-receptor ligands in a number 
of peripheral systems (10). Since an in- 
creased number of binding sites in both 
the peripheral and central nervous sys- 
tem is usually associated with a height- 
ened or supersensitive physiological re- 
sponse (9, 10), and the anticonvulsant 
activity of the benzodiazepines results 
from their marked inhibitory action on 
neuronal activity (1, 3), the increase in 
diazepam receptors observed after ex- 
perimental seizures may enhance the 
physiological effect of a normally occur- 
ring inhibitory ligand. Nevertheless, the 

Table 1. Effects of electrically or chemical- 
ly induced seizures and hypoxia on [3H]- 
diazepam binding. Animals were killed 30 
minutes after treatment. The [3H]diazepam 
binding to cerebral cortical membranes was 
measured as described (5, 8). Values repre- 
sent means (? standard error) for four to eight 
animals per group. Statistical evaluations 
were made with Student's t-test. The concen- 
trations of [3H]diazepam used in these experi- 
ments were: Experiments 1 and 2, 1.8 nM; ex- 
periment 3, 2.8 nM; and experiment 4, 2.9 nM 
(12). NS, not significant. 

[3H]Diazepam 
Treatment bound P 

(fmole/mg protein) 

Experiment 1 
Electroshock 540 + 12 
Sham-shocked 446 + 12 

Experiment 2 
Pentylenetetrazol* 553 + 16 
Vehicle 456 + 28 

Experiment 3 
Electroshockt 573 ? 5 N 
Sham-shocked 613 ? 31 

Experiment 4 
Argon 567 + 22 
Air 572 + 24 

*The dose was 45 mg/kg, injected intraperitone- 
ally. tSubconvulsive. 
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Fig. 2. Kinetics of [3H]diazepam binding in 
rats subjected to electroshock and sham 
shock. The inset shows the saturation iso- 
therm and [3H]diazepam binding as a function 
of increasing concentrations of [3H]diazepam. 
Open circles, sham-shocked control rats; sol- 
id circles, rats subjected to electroshock. B/F, 
ratio of bound to free [3H]diazepam. 

data presented here suggest that the 
postictal cerebral cortex may be altered 
with respect to its pharmacologic re- 
sponse to benzodiazepines. These find- 
ings may, therefore, be relevant to the 
marked potency and rapid therapeutic 
effects of these drugs in the treatment of 
recurrent seizure disorders such as sta- 
tus epilepticus (1, 1I). 
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also be measured quantitatively. 

The peculiar shape and unusual de- 
formability of mammalian red blood cells 
(RBC's) have been the subject of much 
scientific debate. In the last century con- 
flicting concepts of the structure of the 
red cell were advocated; hypotheses 
ranged from the assumption of an elastic 
internal matrix to the model of a flexible 
membrane shell filled with a fluid (1). In 
the first part of this century the low vis- 
cosity of RBC suspensions led to the 
model of blood as an emulsion (2). This 
idea was taken up by Dintenfass (3), who 
stated that the fluidity of concentrated 
RBC suspensions can only be explained 
if the cytoplasm of the red cell is liquid 
and participates in shear flow. By mea- 
suring the viscosity of RBC suspensions 
in which the viscosity of the suspending 
phase and the volume concentration of 
RBC's were varied and comparing the 
results with a theoretical equation for the 
viscosity of concentrated emulsions, he 
estimated the viscosity of the cytoplasm 
(4). Furthermore, by using a theory for 
the viscosity of emulsions, he postulated 
a membrane that becomes an extremely 
inviscid liquid surface film when the 
RBC suspension is sheared (4). Alterna- 
tively, Schmid-Sch6nbein and Wells (5) 
explained the viscometric data in terms 
of a tank tread-like motion of the whole 
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illary viscometer (12) and corrected for 
the temperature of the room in which the 
experiments were done. To prevent cre- 
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100 ml) was added. Latex particles (di- 
ameter, 0.8 /im) (13) were used as ex- 
ternal membrane markers, but only in 
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lute suspen- incubation of RBC's (hematocrit, 2.5 
ved and can percent) in acetylphenylhydrazine (2 mg/ 

ml) in phosphate-buffered saline at 30?C 
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elevated, the cells become more elon- 
gated, assume a more stationary orienta- 
tion, and show less change of shape. In 
the oriented state of the RBC, the tank 
tread motion of the membrane can be ob- 
served through the Heinz bodies bound 
to the cytoplasmic side of the membrane. 

Suspension of To simplify the fluid mechanical 
erythrocytes erythrocytes 

boundary conditions of an individual 

cell, RBC's were suspended at a low 
hematocrit in viscous solutions. In these 
suspensions, the behavior mentioned 
above is not complicated by cell-cell in- 
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The Red Cell as a Fluid Droplet: Tank Tread-Like Motic 

of the Human Erythrocyte Membrane in Shear Flow 

Abstract. When whole human blood is subjected to viscometricflow, in 
cells are seen to be elongated and oriented in the shear field. In addil 
tread-like motion of the membrane around the cell content occurs. In dii 
sions of erythrocytes in viscous media, the same behavior is better obser 
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