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
wV or less (Fig. 1A). Threshold was S 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.

DorROTHEA C. MANGUM
Texas A & M University at Galveston,
Galveston 77553
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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 pH from 4 to 1. The binding constants varied
Srom 5.0 X 10% to 11.1 X 108 liters per mole. These globulins did not react with
monoacetylputrescine, L-ornithine, 1-lysine, and histamine. Negligible cross-reac-
tivity was detected with spermidine, putrescine, N&-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.

Intracellular aliphatic polyamines and
diamines in micromolar quantities facili-
tate tissue growth, hypertrophy, and re-
generation (I-5). By contrast, no more
than picomolar levels of extracellular
polyamines (free, acetylated, and bound)
are observed normally (6-/0). In a num-
ber of systems, extracellular free poly-
amines may promote or inhibit cell
growth depending on their concentration
(11-15). Body polyamine homeostasis
may be seriously disturbed under condi-
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tions of uncontrolled production, tissue
damage, or renal retention (16-18).
These organic cations may bind non-
specifically or specifically to cell mem-
brane components (/9, 20). Similar intra-
cellular interactions have been described
for proteins, nucleic acids, and cell or-
ganelles (21-23).

During the purification of induced rab-
bit antibodies to spermine with affinity
chromatography (24), we noted that
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 [*H]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
centrifuge; the supernatant fraction, contain-
ing bound ligand, was then counted.
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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 0.01M
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 [*H]spermine as the
tracer, we found that 3.4 umole 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 different pH (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 (%)

nd

Compou 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) [*H]spermine binding in serial
dilutions (titer determination); (ii) dis-
placement of [°H]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 KCl, 20 mg of CaCl,, and 21 mg of
MgCl, - 6H,0O per liter was used as in-
cubation medium (total incubation vol-
ume, 1.0 ml). A [*H]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 Ig
after passage through Protein A-Sepharose column; middle well
phy on spermine-Sepharose column (antispermine IgG
the upper trough; goat antiserum to rabbit IgG,

in the lower trough.

G, in the lower trough. (B) Upper and lower wells show migration of rabbit IgG
shows rabbit IgG separated by Protein A-Sepharose after affinity chromatogra-
pool concentrated by lyophilization). Goat antiserum to whole rabbit serum was used in
Fig. 3 (right). Gel electrophoresis on Pharmacia PAA 4/30 gradient gelin

0.94M tris (pH 7.4) with 0.02M sodium acetate, 2 mM EDTA, and 0.2 percent sodium dodecyl sulfate. Sample buffer was 0.01M tris-HCI (pH 8.0)
with 0.001M EDTA, 1 percent sodium dodecyl sulfate, and with or without 1 percent S-mercaptoethanol. Electrophoresis was performed at 150 V
for 4 hours at 18°C. Samples treated with sample buffer containing B-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 B-mercaptoethanol; 5, rabbit IgG
separa}ed by Protein A-Sepharose treated with B-mercaptoethanol; 6, rabbit IgG after passage through spermine-Sepharose column (anti-
spermine IgG pool concentrated by lyophilization) treated with B-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 B-mercaptoethanol;
and 8, standard mixture (Pharmacia) containing thyroglobulin, ferritin, albumin, catalase, and lactate dehydrogenase, and treated with B-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).
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Table 2. Affinity constant (K,), concentration of binding sites [AB,], 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.

Dilu-

K, (liter/

[AB,] (mole/

Pool tion mole X 10%) liter x 107°) «
1 1:10 5.0=+0.3 29 = 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
[*H]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 (seé 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; N®-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 [AB,], the spermine-antibody asso-
ciation constant K ,, and the index of het-
erogeneity («). 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:

B/F* = K,*([AB,] — 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 o = 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 [B-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 K, 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.

D. BarTOS*
F. BARTOS
R. A. CAMPBELL
D. P. GRETTIE
Department of Pediatrics, University
of Oregon Health Sciences Center,
Portland 97201
P. SMEITEK
Department of Physics, Portland State
University, Portland, Oregon 97207
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Abstract. After more than 230 hours of practice in the laboratory, a subject was
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.

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 (7).
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
1'/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. Inmediately
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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than 80 percent of the digits presented to
him. On one occasion (after 4 months of
practice), we tested S.F.’s memory after
the session with a recognition test (be-
cause recognition is a much more sensi-
tive measure of retention than recall is);
he not only recognized perfectly 3- and
4-digit sequences from the same day, but

70

60

Digit span
>
o
T

w
o
T

10+

Practice (5-day blocks)

Fig. 1. Average digit span for S.F. as a func-
tion of practice. Digit span is defined as the
length of the sequence that is correct 50 per-
cent of the time; under the procedure fol-
lowed, it is equivalent to average sequence
length. Each day represents about 1 hour’s
practice and ranges from 55 trials per day in
the beginning to 3 trials per day for the longest
sequences. The 38 blocks of practice shown
here represent about 190 hours of practice; in-
terspersed among these practice sessions are
approximately 40 hours of experimental ses-
sions (not shown).
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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-
ory capacity.

The most essential part of S.F.’s skill
is his mnemonic associations, which he
described in great detail in his verbal re-
ports. The principle of a mnemonic is to
associate unknown material with some-
thing familiar; the advantage is that it re-
lieves the burden on short-term memory
because recall can be achieved through a
single association with an already-exist-
ing code in long-term memory. What
S.F. did was to categorize 3- and 4-digit
groups as running times for various races
(3). For example, 3492 was recoded as
*3 minutes and 49 point 2 seconds, near
world-record mile time’’ (¢). During the
first 4 months, S.F. gradually con-
structed an elaborate set of mnemonic
associations based initially on running
times and then supplemented with ages
(893 was ‘89 point 3, very old man’’) and
dates (1944 was ‘‘near the end of World
War II"°) for those sequences that could
not be categorized as times. Running
times (62 percent) and ages (25 percent)
account for almost 90 percent of S.F.’s
mnemonic associations.

There are several lines of evidence
concerning the mnemonic associations.
On the basis of S.F.’s verbal reports, we
were able to simulate his mnemonic as-
sociations, that is, to abstract a set of
rules that categorizes a sequence of dig-
its as 3- and 4-digit running times. When
we compared the simulation to the ver-
bal reports, between 85 and 95 percent of
the time the computer categorized the
digit sequences as S.F. did. By means of
the simulation, we were also able to de-
termine which sequences of digits would
be categorized as running times and

1181



	Article Contents
	p.1178
	p.1179
	p.1180
	p.1181

	Issue Table of Contents
	Science, Vol. 208, No. 4448, Jun. 6, 1980
	Front Matter [pp.1077-1094]
	Letters
	Saccharin Controversy [p.1086]
	Upwelling Agents? [pp.1086-1088]
	``Retreading'' Ph.D.'s [p.1088]
	The ``Monster'' Proof [p.1088]

	Erratum: Nutrient and Oxygen Redistribution During a Spring Neap Tidal Cycle in a Temperate Estuary [p.1088]
	Public Doubts about Science [p.1093]
	Extraterrestrial Cause for the Cretaceous-Tertiary Extinction [pp.1095-1108]
	No-Tillage Agriculture [pp.1108-1113]
	Risks of Risk Decisions [pp.1114-1119]
	News and Comment
	Ending Sex Discrimination in Academia [pp.1120-1122]
	Fight Brewing over Reactor Fuel for India [pp.1124-1126]

	Briefing
	Math Center Protests Army Contract Terms [pp.1122-1123]
	NSF Searches for New Leaders [p.1123]
	Oil Embargo Might Cost $270 Billion, CBO Reports [p.1123]

	Research News
	Coronary Artery Spasms and Heart Disease [pp.1127-1130]
	FDA Says No to Anturane [pp.1130-1132]

	AAAS News
	AAAS Annual Elections: Preliminary Announcement [pp.1133-1136]
	Science Enrichment Programs to Include Handicapped Students [p.1136]
	Reminder [p.1136]
	New Releases from the Symposia Series [pp.1136-1137]
	R & D Colloquium [p.1137]
	Fellowships Awarded [p.1137]

	Book Reviews
	Patterns of Health Risk [pp.1138-1139]
	History of Mathematics [pp.1139-1140]
	Chain Polymers [pp.1140-1141]
	Control Theory [p.1141]

	Reports
	Precipitation Chemistry Patterns: A Two-Network Data Set [pp.1143-1145]
	The Striking Resemblance of High-Resolution G-Banded Chromosomes of Man and Chimpanzee [pp.1145-1148]
	Oxygen Consumption and Cellular Ion Transport: Evidence for Adenosine Triphosphate to O$_{2}$ Ratio near 6 in Intact Cell [pp.1148-1150]
	Intercellular Adhesion: Coconstruction of Contractile Heart Tissue by Cells of Different Species [pp.1150-1152]
	In vitro Reassembly of Squid Brain Intermediate Filaments (Neurofilaments): Purification by Assembly-Disassembly [pp.1152-1155]
	Cholecystokinin Receptors in the Brain: Characterization and Distribution [pp.1155-1156]
	Sex Ratio Adaptations to Local Mate Competition in a Parasitic Wasp [pp.1157-1159]
	Reactivation of Infant Memory [pp.1159-1161]
	Vertical Transmission of Acquired Ulcer Susceptibility in the Rat [pp.1161-1163]
	Saccades are Spatially, not Retinocentrically, Coded [pp.1163-1165]
	Synthesis of the Contingent Negative Variation Brain Potential from Noncontingent Stimulus and Motor Elements [pp.1165-1168]
	Feeding Increases Dopamine Metabolism in the Rat Brain [pp.1168-1170]
	Opiate Receptor Function May be Modulated through an Oxidation-Reduction Mechanism [pp.1171-1173]
	The Fetal Sound Environment of Sheep [pp.1173-1174]
	Of Human Bonding: Newborns Prefer their Mothers' Voices [pp.1174-1176]
	Sea Anemone Neuromuscular Responses in Anaerobic Conditions [pp.1177-1178]
	Antibody to Spermine: A Natural Biological Constituent [pp.1178-1181]
	Acquisition of a Memory Skill [pp.1181-1182]

	Back Matter [pp.1141-1192]





