
graphically. Electrical stimulation was 
administered through another suction 
electrode. Although McFarlane (6) de- 
scribed a number of conducting systems 
for anemones, in our study only the 
nerve net pulses (NNP's) and the poten- 
tials of the retractor muscle were exam- 
ined (7). 

Preliminary studies of anemones in 
aerobic conditions revealed NNP's of 10 
,uV or less (Fig. IA). Threshold was 5 to 
7 V when a 1-msec stimulus was given. 
Anemones that had been kept in sealed 
anaerobic chambers for 1 week were 
placed in recording chambers with nitro- 
gen bubbling through the seawater; as be- 
fore, the oxygen levels were less than 0.1 
ppm. The contracted posture of the ani- 
mals made it difficult to attach the suc- 
tion electrodes; however, one or two 
tentacles were usually exposed. 

The NNP's recorded from the anoxic 
anemones were identical in configura- 
tion and threshold to NNP's seen in anem- 
ones in aerobic conditions (Fig. 1C). 
Also, two shocks 0.5 second apart in- 
duced the muscle potential that is usually 
associated with the second stimulus (Fig. 
1, B and D). Thus the neuromuscular 
system does not fatigue any more rapidly 
in anaerobic conditions. 

It is generally accepted that nerve cells 
require oxygen to function. The sodium 
ion pump requires adenosine triphos- 
phate (ATP) generated by the electron 
transport system. One well-known ex- 
ception is found in the sea turtle. The 
central nervous system of this animal 
functions anaerobically for hours during 
dives (8). Glycolysis is thought to gener- 
ate sufficient ATP for the turtle to sur- 
vive. To my knowledge, the anaerobic 
function of the nervous system of a fac- 
ulative anaerobic invertebrate has not 
been reported until now. The B. cav- 
ernata nerve net and retractor muscle 
function normally in the absence of oxy- 
gen or in the presence of the cytochrome 
inhibitor KCN. There is sufficient ATP 
stored or, more likely, produced by an- 
aerobic metabolic pathways for an anem- 
one to execute a protective withdrawal 
response in anaerobic conditions. In- 
vertebrates that survive anoxic environ- 
ments maintain important behavioral and 
physiological functions despite lower 
production of ATP. 
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s and tions of uncontrolled production, tissue 
facili- damage, or renal retention (16-18). 
id re- These organic cations may bind non- 
more specifically or specifically to cell mem- 
llular brane components (19, 20). Similar intra- 
)und) cellular interactions have been described 
num- for proteins, nucleic acids, and cell or- 
poly- ganelles (21-23). 

cell During the purification of induced rab- 
,ation bit antibodies to spermine with affinity 
stasis chromatography (24), we noted that 
ondi- control rabbit serum treated in the 

same way as serum from immunized ani- 
mals contained a protein fraction with 
strong binding affinity for spermine. As a 
consequence, we completed the separa- 
tion and characterization of this active 

Fig. 1. Inhibition curve for isolated anti- 
spermine antibody (pool 4). Thirty thousand 
DPM of [3H]spermine was used per assay test 
tube (incubation volume, 1 ml). Binding at 0 
pg of unlabeled spermine was 48 percent; at 
10 pg, 47.2 percent. Charcoal dextran solution 
(0.1 ml per assay test tube) (38) was used for 
separating bound and free spermine. After 
being mixed and incubated at 4?C for 20 min- 
utes, the charcoal was centrifuged at 3000 rev/ 
min for 25 minutes in radioimmunoassay test- 
tube carriers in a Beckman J-6B refrigerated 

10,000 centrifuge; the supernatant fraction, contain- 
ing bound ligand, was then counted. 
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Antibody to Spermine: A Natural Biological Constituent 

Abstract. A protein that binds spermine specifically was separated from normal 
rabbit serum by affinity chromatography. Immunoelectrophoresis, the Ouchterlony 
immunodiffusion test, and gradient gel electrophoresis indicated that this protein has 
immunoglobulin characteristics and consists of several populations of antibodies to 
spermine. These were sequentially released from Sepharose-spermine gel by step- 
wise elution with solutions ranging in pHfrom 4 to 1. The binding constants varied 
from 5.0 x 10s to 11.1 x 10l liters per mole. These globulins did not react with 
monoacetylputrescine, L-ornithine, L-lysine, and histamine. Negligible cross-reac- 
tivity was detected with spermidine, putrescine, NS-monoacetylspermidine, cadav- 
erine, and diaminopropane. Since perturbations in polyamine metabolism have been 
identified in several diseases, the study of extracellular polyamine homeostasis may 
reveal an important regulatory function for this protein. 
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fraction from larger volumes of normal 
rabbit serum. In this study, we report the 
detection, separation, and character- 
ization of a natural antispermine immu- 
noglobulin (Ig) in normal rabbit serum. 

Protein A-Sepharose CL-4B (3.0 g; 
Pharmacia), which selectively reacts 
with the Fc part of IgG, was used for 
separating IgG from four 10-ml portions 
of pooled normal rabbit serum. Eluted 
IgG (for its purity, see legend to Fig. 2, B 
and C) was immediately dialyzed against 
distilled water, pooled, and lyophilized. 
It was then dissolved in 10 ml of 0.O1M 
borate buffer (pH 8.0) containing 0.14M 
NaCl and 0.02 percent sodium azide, 
centrifuged, and applied on spermine- 
Sepharose gel in a 15-ml polystyrene 
Sarstedt column (24). 

Two grams of dry activated CH-Seph- 
arose 4B (Pharmacia) was used to pre- 
pare the spermine-Sepharose complex 
(24). With purified [3H]spermine as the 
tracer, we found that 3.4 /imole of sperm- 
ine was bound per milliliter of gel. Af- 
ter application of a 10-ml solution of IgG 
on the spermine-Sepharose column, un- 
reacted proteins were washed out with 
an excess of the borate buffer. Anti- 
spermine IgG was eluted with solutions 
of differentpH (3.8 to 1.0), and 1-ml frac- 

Table 1. Percentage of cross-reactivity of polyamines and other compounds of similar structure 
with antispermine IgG from normal rabbit serum, eluted in fraction pools 1, 2, 3, and 4. 

Cross-reactivity (%) 
Compound 

Pool 1 Pool 2 Pool 3 Pool 4 

Spermine 100 100 100 100 
Spermidine 1.7 1.9 1.7 1.5 
Putrescine 0.002 0.05 0.03 0.08 
N8-acetylspermidine 0.13 0.16 0.13 0.17 
Monoacetylputrescine 0 0 0 0 
Cadaverine 0 <0.001 0.001 0.003 
Diaminopropane 0.01 0.02 0.03 0.04 
L-lysine 0 0 0 0 
L-ornithine 0 0 0 0 
Histamine 0 0 0 0 

tions were collected into test tubes con- 
taining neutralizing buffers (24). Protein 
content was monitored by ultraviolet 
spectrophotometer. Four distinct protein 
peaks were obtained and identified as 
pools 1, 2, 3, and 4. All were dialyzed 
against distilled water for 48 hours at 
4?C, lyophilized, dissolved in 5 ml of dis- 
tilled water, centrifuged to eliminate 
denatured protein, and stored frozen in 
0.5-ml portions. Each IgG pool was test- 
ed for (i) [3H]spermine binding in serial 
dilutions (titer determination); (ii) dis- 
placement of [3H]spermine by unlabeled 
spermine (inhibition curve); and (iii) 

cross-reactivity with other polyamines, 
diamines, and compounds of similar 
structure (24, 25). In all these tests, 0. 1M 
borate buffer (pH 8.0) containing 20 mg 
of KCI, 20 mg of CaCl2, and 21 mg of 
MgCl2 - 6H20 per liter was used as in- 
cubation medium (total incubation vol- 
ume, 1.0 ml). A [3H]spermine solution 
(in distilled water) containing 30,000 dis- 
integrations per minute (DPM) per 0.1 ml 
was prepared fresh daily from highly pu- 
rified stock solution (specific activity, 56 
Ci/mmole; New England Nuclear) (26, 
27). Bound and free spermine were sepa- 
rated by adding 0.1 ml to each assay test 

Fig. 2 (left). (A) Immunoelectrophoresis on 2 percent agar gel (29). Whole rabbit serum was used in the middle well; goat antiserum to whole 
rabbit serum, in the upper trough; and goat antiserum to rabbit IgG, in the lower trough. (B) Upper and lower wells show migration of rabbit IgG 
after passage through Protein A-Sepharose column; middle well shows rabbit IgG separated by Protein A-Sepharose after affinity chromatogra- 
phy on spermine-Sepharose column (antispermine IgG pool concentrated by lyophilization). Goat antiserum to whole rabbit serum was used in 
the upper trough; goat antiserum to rabbit IgG, in the lower trough. Fig. 3 (right). Gel electrophoresis on Pharmacia PAA 4/30 gradient gel in 
0.04M tris (pH 7.4) with 0.02M sodium acetate, 2 mM EDTA, and 0.2 percent sodium dodecyl sulfate. Sample buffer was O.01M tris-HCl (pH 8.0) 
with 0.001M EDTA, 1 percent sodium dodecyl sulfate, and with or without 1 percent /3-mercaptoethanol. Electrophoresis was performed at 150 V 
for 4 hours at 18?C. Samples treated with sample buffer containing /3-mercaptoethanol were boiled for 5 minutes at 100?C. Samples: 1, rabbit IgG 
standard; 2, rabbit IgG separated by Protein A-Sepharose before affinity chromatography; 3, rabbit IgG after passage through spermine-Seph- 
arose column (antispermine IgG pool concentrated by lyophilization); 4, rabbit IgG standard treated with /3-mercaptoethanol; 5, rabbit IgG 
separated by Protein A-Sepharose treated with /3-mercaptoethanol; 6, rabbit IgG after passage through spermine-Sepharose column (anti- 
spermine IgG pool concentrated by lyophilization) treated with 3-mercaptoethanol; 7, standard mixture containing (a) bovine serum albumin 
[molecular weight (MW) 67,000], (b) a-chymotrypsinogen (MW 25,000), and (c) lactalbumin (MW 14,400), and treated with /3-mercaptoethanol; 
and 8, standard mixture (Pharmacia) containing thyroglobulin, ferritin, albumin, catalase, and lactate dehydrogenase, and treated with /3-mercap- 
toethanol. Standard mixture shows bands for (a) bovine serum albumin and subunit bands for (b) catalase (MW 60,000), (c) lactate dehydrogenase 
(MW 36,000), and (d) ferritin (MW 18,500). 
6 JUNE 1980 1179 



Table 2. Affinity constant (Ka), concentration of binding sites [ABO], and heterogeneity index (a) 
for the four protein pools. Total volume of each pool was 5 ml, which represented 40 ml of 
original normal rabbit serum. The error is expressed as - 1 standard deviation. 

Pool Dilu- Ka (liter/ [ABo] (mole/ Pool tion mole x 108) liter x 10-9) a 

1 1: 10 5.0 ? 0.3 2.9 + 0.1 0.92 
2 1: 7.5 6.5 ? 0.3 2.0 ? 0.05 0.95 
3 1: 7.5 7.8 + 0.5 2.3 + 0.1 1.00 
4 1:10 11.1 0.5 0.8 ? 0.05 1.00 

tube of charcoal dextran solution, which 
is used routinely in radioimmunoassay 
procedures. Dilutions of separated IgG 
that bound 30 to 50 percent of 
[3H]spermine were used in further tests 
(inhibition curve and cross-reactivity). 
Figure 1 is a representative inhibition 
curve showing the competition of labeled 
and unlabeled spermine for binding sites 
of isolated IgG. 

The separated IgG pools were highly 
selective (see Table 1). They reacted 
specifically with spermine. The average 
cross-reactions with other substances 
of similar structure were as follows: 
spermidine, 1.7 percent; putrescine, 0.04 
percent; Na-monoacetylspermidine, 0.15 
percent; cadaverine, 0.003 percent; and 
diaminopropane, 0.02 percent. The other 
compounds tested (monoacetylputres- 
cine, histamine, L-lysine, and L-orni- 
thine) did not react with these isolated 
IgG's at all. 

The IgG pools were characterized by 
the concentration of spermine binding 
sites [ABo], the spermine-antibody asso- 
ciation constant Ka, and the index of het- 
erogeneity (a). These were obtained 
from data on inhibition of binding of la- 
beled spermine by unlabeled spermine 
by using the Sips model (28, 29) for anti- 
gen-antibody interaction: 

BIFa = Kaa([ABo] - B) 

where B and F are the concentrations of 
bound and free antigen. The association 
characteristics were determined from the 
fit of the above equation to the experi- 
mental data with an Olivetti minicom- 
puter P6060 (Table 2). Since a = 1 for 
pools 3 and 4, we assume that these con- 
tained homogeneous antibody. Although 
the association constant varied slightly 
among the pools, the last fraction had 
the highest value. 

The presence of spermine-binding IgG 
in the protein pools was also confirmed 
by immunoelectrophoresis (30). Clear 
single bands of IgG were found in a mix- 
ture of all four pools by using goat anti- 
serum to "whole rabbit serum" and to 
rabbit IgG (Fig. 2, A and B). The Ouch- 
terlony test showed a line of identity 
when we compared purified antisperm- 
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ine Ig with pure rabbit IgG standard 
(31). Gel electrophoresis of separated 
antispermine Ig showed migration identi- 
cal to that of standard rabbit IgG. Simi- 
larly, protein fragments of about 50,000 
and 23,000 daltons were identified after 
treatment of standard rabbit IgG and 
separated antispermine Ig's with 1.0 per- 
cent 8/-mercaptoethanol (Fig. 3). We 
identified a similar spermine-binding pro- 
tein in eight other samples of normal rab- 
bit serum when Rivanol (32) or ammo- 
nium sulfate (final concentration, 40 per- 
cent at 4?C) (33) were used for separating 
gamma globulins. No spermine-binding 
IgG's were recovered after passing the 
samples through the ethanolamine-Seph- 
arose gel column (prepared by the same 
procedure as for the spermine-Sepharose 
column). 

These unexpected findings lead us to 
conclude that the naturally occurring 
spermine-binding protein recovered 
from normal rabbit serum is a member of 
the IgG class. Moreover, the high Ka val- 
ues derived for each of the tested pools 
suggest that the binding reactions are 
specific. The cross-reactivity data sup- 
port the possibility of a specific biologi- 
cal role for this protein. 

The presence of a spermine-binding 
IgG in the serum of the normal laborato- 
ry rabbit raises questions about the 
molecule's function. It could act as a 
detoxifying agent for excess free sperm- 
ine, or, more routinely, as a scavenger 
for spermine-containing macromolecules 
released from cells. A reservoir of re- 
versibly bound spermine available for 
tissue utilization on demand might also 
prove useful. With respect to detoxifica- 
tion, a protein with the capacity to bind 
spermine, the most toxic of the free poly- 
amines (34), could serve as a biological 
buffer during periods of rapid rise in ex- 
tracellular spermine. Further, under con- 
ditions of trauma or tissue necrosis, the 
antibody, acting as a scavenger, could 
initiate complex formation with protein 
molecules or large cellular fragments 
containing bound but exteriorized sperm- 
ine. There is probably also reticuloen- 
dothelial clearance of these complexes 
and induction of Ig in a fashion analo- 

gous to that of antibodies to DNA and 
histone (35, 36). 

It is unlikely that the antispermine Ig's 
described in this report are species-spe- 
cific. This view is based on the prelimi- 
nary results of our study of spermine- 
binding serum fractions in normal human 
serum. Moreover, Roch et al. (37) re- 
cently conducted studies that indicate 
that natural antibodies to polyamine are 
present in normal human serum. 

The inducibility of this natural Ig, its 
possible role in ontogeny, and its suscep- 
tibility to quantitative change under the 
stresses of disease are of theoretical and 
practical concern. The availability of 
naturally occurring, high-affinity, high- 
specificity antibody to spermine in nor- 
mal rabbit serum should make possible 
wide experimental and clinical appli- 
cations. 
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One of the most fundamental and 
stable properties of the human memory 
system is the limited capacity of short- 
term memory. This limit places severe 
constraints on the human ability to pro- 
cess information and solve problems (1). 
On the other hand, this limit (about sev- 
en unrelated items) stands in apparent 
contrast to documented feats of memory 
experts (2). Whether these memory skills 
are the result of extensive practice or of 
exceptional ability has often been dis- 
puted. The goal of this research is to ana- 
lyze how a memory skill is acquired. 

An undergraduate (S.F.) with average 
memory abilities and average intelli- 
gence for a college student engaged in 
the memory span task for about 1 hour a 
day, 3 to 5 days a week, for more than 
11/2 years. S.F. was read random digits at 
the rate of one digit per second; he then re- 
called the sequence. If the sequence was 
reported correctly, the next sequence 
was increased by one digit; otherwise it 
was decreased by one digit. Immediately 
after half the trials (randomly selected), 
S.F. provided verbal reports of his 
thoughts during the trial. At the end of 
each session, he also recalled as much of 
the material from the session as he 
could. On some days, experiments were 
substituted for the regular sessions. 

During the course of 20 months of 
practice (more than 230 hours of labora- 
tory testing), S.F.'s digit span steadily 
improved from 7 to almost 80 digits (Fig. 
1). Furthermore, his ability to remember 
digits after the session also improved. In 
the beginning, he could recall virtually 
nothing after an hour's session; after 20 
months of practice, he could recall more 
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also recognized sequences from earlier 
in the week. 

With only a few hundred hours of 
practice, S.F. would be classified as a 
beginner at most skills. However, in his 
field of expertise, memory for random 
digits, he compares favorably with the 
best-known mnemonists, such as Luria's 
S. and Hunt and Love's V.P. (2). For ex- 
ample, after about 6 months of practice, 
we set S.F. the task of recalling a matrix 
of 50 digits because data on this task are 
available for both S. and V.P. S.F.'s 
study times and recall times were at least 
as good as those of the lifetime mem- 
ory experts. 

The key to understanding this skill 
comes from analyses of S.F.'s verbal re- 
ports and his performance on various ex- 
perimental tests. We will first describe 
two essential components of this skill: (i) 
his mnemonic associations and (ii) his 
retrieval structures. Then we will ad- 
dress the question of whether or not S.F. 
was able to increase his short-term mem- 
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account for almost 90 percent of S.F.'s 
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, , There are several lines of evidence 
35 concerning the mnemonic associations. 

On the basis of S.F.'s verbal reports, we 
a func- were able to simulate his mnemonic as- 
as the sociations, that is, to abstract a set of 

50 per- rules that categorizes a sequence of dig- ire fol- its as 3- and 4-digit running times. When 
quence 
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tal ses- termine which sequences of digits would 
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able to increase his memory span from 7 to 79 digits. His performance on other 
memory tests with digits equaled that of memory experts with lifelong training. With 
an appropriate mnemonic system, there is seemingly no limit to memory perform- 
ance with practice. 
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