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SUMMARY 

Ev idence has been accumulating in the last ten years t o 
s~pport the existence o f a molecular code for the processing 
of in f o r mation by the nervo us sys t em. The most direct evi 
den c e has been p r ovided by the behavioral bioassay approach 
which has led t o the isolation of training - induced and be 
havio r-i nducing pe p tides (mnemones ) . The most pro bable role 
of thes e peptides i s to establish and consolidate t he connec 
tions of t he neural ci r cuits in wh i ch info r mation is stored . 
Altho ugh this coding process is based on the gene t ically con 
t r olled labeling system by which neurons are o r ganized into 
spec i f i c pathway s, i t must involve a step of non- genetic pep 
t ide s ynthesis . 

1 , I NT RODUCTI ON 

As a result of the revolution that has taken place in 
the biological sciences during the last quarter of a century, 
it is now obvious that the cycle and utilization of energy in 
living systems is controlled by genetic information stored in 
the DNA of the cell and by stimuli corning from the environment. 
While study of the processing of genetic information made ra
pid and spectacular advances, knowledge of the communication 
of living systems with their environment has been lagging be
hind. The main reason for this probably is the greater com
plexity of the problem. Processing of acquired information 
became, in the course of evolution, a function of the nervous 
system which is by far the most complex organizational net
work known to man. (The only type of acquired information 
that is handled independently from the nervous system is the 
immune process which will not be considered in this paper.) 

Another obstacle to progress in the area of acquired in-
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formation has been the reluctance to admit that, like genetic 
information, it may be coded in terms of molecular structure. 
The main purpose of this paper is to summarize the evidence 
that supports the existence of a molecular code in the nervous 
system and to show that it is in best agreement with the es
tablished facts. 

2. CODING IN THE NERVOUS SYSTEM 

The term code was borrowed from cryptography by informa
tion theory to designate any system of signals into which 
information can be converted. In this sense, languages, mu
sical notations, geographic maps, etc., are all codes. I 
do not have to tell this audience how successful the intro
duction of this concept in°biology has been in elucidating 
the mechanism of heredity. The existence of a molecular code 
of genetic information has gone a long way towards explaining 
the processes by which specific and individual characters are 
transmitted throughout generations and which also provides a 
plausible mechanism for evolution. The genetic code contains 
instructions on how to put together the chemical constitu
ents of a living system. We still do not know exactly how 
the morphological and functional characteristics of the orga
nism are determined but there is little doubt that these are 
all inscribed in the code. 

The innate organization of the nervous system, its spe
cific sensory and motor pathways, are genetically determined. 
Apart from some maturation processes, this organization is com
pleted in most species at birth. It provides the newborn or
ganism with a number of prewired, genetically programmed path
ways that serve the automatic control mechanisms without 
which it could not survive, as well as the elementary reflexes 
and, in some species, some highly complex instinctive beha
vioral patterns. 

The prewired pathways (protocircuits) represent a stuc
tural code. This principle was first formulated in 1826 by 
Johannes MULLER in his "law of specific energies" which would 
be more properly called today the law of specific information. 
The law states that a sensation is independent of the nature 
of the stimulus applied to a nerve and depends only on its 
central connections. Thus, any stimulus applied to the optic 
nerve is interpreted as light, to the acoustic nerve as sound, 
etc. 

The process by which genetic information controls the 
development of specific pathways has been the object of many 
hypotheses. The most widely accepted theory today is the 
concept of "chemospecificity of pathways" proposed by SPERRY 
(1963). It postulates that the neurons that are to be con
nected t0 f0rm a IJathway "recognize" each- ether by their iden
tical or complementary chemical labels. This chemical recog
nition system can be regarded as the ultimate refinement of 
the basic process of histogenesis by which cells of the same 
type tend to form homotypic aggregates (MOSCONA 1963). At 
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the early stages of neurogenesis, the neuroblasts form homo
geneous aggregates but at later stages of differentiation 
different brain structures carry different labels (GARBER AND 
MOSCONA 1972). 

It would seem logical for this labeling system to be 
genetically controlled but it is difficult to imagine that 
each of the 10 7 protocircuits of the human brain requires a 
distinct gene. ROBERTS and FLEXNER (1966) have proposed a 
hypothesis that might resolve the difficulty but it remains 
to be supported by experimental evidence. 

Many innate stimulus-response situations and behavioral 
patterns are known to be under chemical control. Some o,f the 
neurotransmitters play a role in the emotional motivation of 
behavior and can have a more specific effect when they are in
jected directly into well-defined brain structures, as in the 
induction of eating and drinking behavior. At a somewhat 
higher level, innate behaviors are under the direct or indi
rect control of peptides and proteins. The brain centers that 
ultimately command behavior produce the peptide releasing fac
tors that initiate the chain of reactions leading to behavior
al expression. The hypothalamic peptides are neurosecretory 
products; they are released at nerve endings and act on other 
cells, either directly or after having gone through the hypo
physeal portal system or the general circulation. 

The innate structural code provides prewired circuits 
by means of which a limited number of stimuli can elicit 
stereotyped responses which in the course of evolution proved 
to have survival value. The actual information fed into the 
system by these stimuli is defined, on the one hand, by the 
anatomical connections of the sensory receptors stimulated 
and, on the other hand, by the pattern of the bioelectric 
phenomena into which the energy of the stimulus is transduced. 
These electrical signals are analogous to what in computers is 
called the coding scheme. It includes mostly quantitative in
formation regarding the intensity of the stimulus (converted 
into frequencies) and its temporal characteristics. The qua
lity of the sensation, as mentioned above, depends on the cen
tral connections of the sensory nerves involved. 

3. CODING OF ACQUIRED INFORMATION 

All the processes mentioned up to now can be assumed to 
be under genetic control; they can be explained by the prena
tal organization of protocircuits. However, the mechanisms 
involved in the processing of acquired information must be 
assumed to be non-genetic, since, by definition, acquired 
information cannot be part of the genome. Although the abili
ty to learn is inherited and the type of information that can 
be processed is genetically limited, the actual information 
acquired by each individual organism is not transmitted to its 
descendants by biological means. 

Learning postulates what is commonly called "plasticity" 
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in the nervous system, i.e., the capability to change connec
tions, to make new pathways not inscribed in the genetic code, 
called metacircuits (BARBIZET 1968). 

The mechanism of plasticity is still a matter of hypo
theses but during the last decade the general tendency has 
been to consider it more and more in chemical terms. Under 
the influence of HYDEN's pioneering studies (1967) a number 
of laboratories have been looking for chemical correlates 
of learning and memory. Others have investigated the effect 
of inhibitors of nucleic and protein metabolism on these pro
cesses. A third approach, finally, has consisted in attempt
ing to detect learning-induced synthesis of coded molecules 
by bioassay. 

3.1 CHEMICAL CORRELATES OF LEARNING 

In 1959, HYDEN proposed that bioelectric wave patterns 
could be transduced into RNA sequences. Using this as a 
working hypothesis, he found that neurons involved in learning 
showed a different RNA base composition from control neurons. 
He first interpreted these as indicating the synthesis of a 
new molecular species of messenger RNA, presumably to be 
translated into the corresponding proteins. These findings 
are probably best interpreted today as indicating increased 
synthesis of messenger RNA from pre-existing derepressed DNA 
sites. 

Increased RNA synthesis with or without changed base 
composition in correlation with learning was observed by 
several other laboratories (reviews by GLASSMAN 1969, BOOTH 
1970). In recent years, however, the emphasis has shifted 
from RNA to proteins which are, after all, as Hyd~n himself 
recognized, the "executive molecules." Learning was shown 
to be correlated with increased incorporation of labeled 
amino acids into brain proteins, with increases in some gly
coprotein fractions and in a brain-specific protein called 
S-100 protein. 

The main difficulty in evaluating these experiments has 
been the distinction between chemical changes actually in
duced by learning and those associated simply with the in
creased neural activity that is a necessary concomitant of 
the learning process. Another drawback of the approach, as 
it is practiced by most laboratories, is that it may fail 
to detect the synthesis in the brain of small quantities of 
specific substances. It is, somehow, like an attempt at 
isolating specific hormonal agents from tissues by purely 
chemical methods without regard to their biological activity. 

3.2 ACTION OF METABOLIC INHIBITORS 

One way of checking whether RNA and protein synthesis 
was an essential correlate of learning has been to inhibit 
these processes and see whether inhibition had an effect on 
learning. This was done with inhibitors of DNA to RNA 
transcription such as 8-azaguanine and actinomycin D and 
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with the inhibitors of RNA EO protein translation, puromycin 
and cycloheximide. The most convincing results have probably 
been obtained with the latter drug because puromycin has some 
side-effects that may affect performance rather than learning 
and actinomycin Dis too toxic to allow long-term experiments 
(reviews by COHEN 1970, SQUIRE and BARONDES 1972). 

Although the interpretation of these experiments is far 
from being simple, it is probable that metabolic inhibitors 
impair the process of consolidation of learned information, 
that is, the step that converts short-term memory into long
term memory. Under certain conditions there may also be in
hibition of the retrieval of stored information. This ap
proach can be criticized on the same grounds as the search 
for chemical correlates. They may just inhibit the increased 
neural activity necessary for learning without having an ef
fect on some specific chemical processes involved in it. 

3.3 THE BEHAVIORAL BIOASSAY 

Detection of minute amounts of substances of unknown com
position present in complex mixtures has traditionally been 
accomplished by biological assays. This is the method that 
has allowed the discovery of antibodies, hormones, vitamins, 
neurotransmitters and other biologically active substances. 

The principle of the method as applied to the problem of 
neural coding is to communicate information to animals, i.e., 
train them for a specific behavior. If the training is ac
companied by the synthesis of some coded substances, these 
could be detected by injecting recipient animals with brain 
preparations taken from the trained donors and testing the 
recipients for a behavioral change similar to the one induced 
in the donors by training. 

Such experiments were started in 1962 in planarian worms 
and extended in 1965 to mammals. In spite of the controversy 
that developed over the validity of the method, up to the 
present 36 laboratories have published successful behavioral 
bioassays. Since the problem has been reviewed repeatedly 
(UNGAR 1971, UNGAR and CHAPOUTHIER 1971, several chapters in 
FJERDINGSTAD 1971 and ZIPFEL 1973), I shall mention only 
the use of the bioassay for isolating and identifying the 
active substances. 

4. TRAINING-INDUCED AND BEHAVIOR-INDUCING PEPTIDES 
(MNEMONES) 

Bioassays have been used for many years to isolate and 
chemically identify biologically active substances. The 
fractions obtained in the purification procedures are tested 
so as to select the one that contains the material to be iso
lated. This fraction is then further purified until the 
biological activity can be shown to be associated with a 
single homogeneous molecular species. 
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4.1 SCOTOPHOBIN 

Our laboratory started in 1968 to isolate the active 
substances extracted from brains taken from rats trained to 
avoid the dark. Innately, rats, like most rodents, show a 
distinct dark preference: when they have the choice between 
a lighted and a dark enclosure, they invariably choose the 
latter. This behavior can, h0wever, be reversed if the ani
mals are submitted in the dark to some painful stimulus, such 
as electric shocks. Extracts of brain taken from donor rats 
that have undergone such a training, when injected into un
trained recipient animals, reproduce the dark avoiding be
havior of the donors (UNGAR et al. 1968). 

Over 4000 donor rats were trained over a period of two 
years and their brains were subjected to isolation procedures. 
Details of the purification have been published (UNGAR et al. 
1972). About 300 ug of a pure substance were obtained pre
senting all the characteristics of a peptide. The amino acid 
composition and sequence were determined and the peptide 
named scotophobin was reproduced by synthesis. The synthetic 
peptide was distributed to a number of laboratories, most of 
whic h conrirmed our results (MALIN and GUTTMAN 1972, BRYANT 
et al. 1972, THINES et al. 1973). 

Once the structure of a substance is determined, it is 
usually possible to devise a chemical method for its detec
tion and thus bypass the bioassay. We were able to develop 
a technique for estimating scotophobin in the brain, by con
verting the peptide into a fluorescent dansyl derivative. 
Partially purified brain extracts can be dansylated and their 
constituents separated by two-dimensional thin-layer chroma
tography so that scotophobin can be estimated by densitometry 
of the corresponding spot. 

By this method, we were able to measure the formation of 
endogenous scotophobin in rat and mouse brains during dark 
avoidance training. It was also possible to follow the fate 
of exogenous scotophobin in the brain after intraperitoneal 
injection (UNGAR 1973). Current work deals with the regional 
and subcellular distribution of both endogenous and injected 
scotophobin. Preliminary experiments have shown that about 
2/3 of the scotophobin formed during training is in the cortex 
but measurable amounts of it are distributed throughout the 
whole brain. 

4.2 AMELETIN 

In 1965, we found that injection of brain extracts 
taken from rats habituated to a sound stimulus, i.e., having 
lost their startle responses to it, causes loss of startle 
responses in the recipient animals (UNGAR and OCEGUERA-NAVARRO 
1965). The active substance proved to be a hexapeptide (UNGAR 
and BURZYNSKI 1973) that was given the name ameletin (from 
the Greek ameleteos = indifferent). Reproduced by synthesis, 
this peptide gave only a partial effect when injected into re-
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cipient animals. A cyclic variant of ameletin is now being 
synthesized and will be tested. 

4.3 PEPTIDES EXTRACTED FROM GOLDFISH BRAIN 

More recently we started using goldfish as experimental 
animals because of their low cost of purchase and maintenance, 
and the possibility of keeping large numbers of them in a li
mited space. 

Groups of goldfish were trained for avoidance behavior 
based on color discrimination in a tank divided into two com
partments, one lighted in blue, the other in green. One group 
was trained to avoid the blue by being given electric shocks 
in the blue compartment; the other group was similarly trained 
to avoid the green. At completion of the training, extracts 
were prepared from the brains of both groups. When injected 
into untrained recipients, these extracts reproduced the 
avoidance of the donors (UNGAR et al. 1972). After having 
trained about 10,000 fish of each group, we purified the 
brain extracts by methods similar to the ones used in the iso
lation of scotophobin and obtained two peptides. The blue- ' 
avoidance inducing peptide is now pure and awaits amino acid 
analysis. The peptide causing green avoidance still requires 
further purification. 

A third peptide has been isolated from the brain of gold
fish that we trained to adapt their swimming :behavior to a 
float attached to them (SHASHOUA 1968, HELTZEL et al.1973). 
This learned motor adaptation is different from the other ac
quired behaviors used up to now and the peptide formed during 
its acquisition is larger than the others: it has about 20 to 
25 amino acid residues. Purification of this peptide has 
been completed but its structure remains to be determined. 

4.4 DEFINITION OF A MNEMONE 

The term rnnemone was coined to designate substances that 
are formed in the brain as a result of acquired information. 
They are different from hormones and other regulatory agents 
by the fact that they do not derive directly from the genetic 
code. Their formation raises the problem of a non-genetic 
mechanism for peptide synthesis. The advances of molecular 
biology have for a while invalidated all the previous mecha
nisms proposed for the synthesis of peptide bonds. In recent 
years, however, there has been a revival of interest in the 
possibility of a non-ribosomal synthesis of peptides. This 
seems to take place for small peptides like glutathione 
(MEISTER 1973) and in prokaryotes, at least, for longer chains 
like gramicidin (LIPMANN 1971). Recent evidence points to 
the presence in the brain of enzymes that could synthesize 
peptides by a non-genetic mechanism (REICHELT and KVAMME 1973, 
REICHLIN and MITNICK 1973). Whether mnemones are formed by 
some such mechanism or by a selective process, as is assumed 
for antibodies, is not clear at present. 
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5. MOLECULAR HYPOTHESES FOR NEURAL CODING 

There have been many allusions in the older literature 
to the possibility of a chemical mechanism in the storage of 
memory but no plausible hypothesis could be formulated until 
the chemistry of the nervous system became better known and, 
especially, until the emergence of a molecular code for here
ditary information. The hypothesis of KATZ and HALSTEAD (1950) 
proposed "nucleoproteins" as the molecular carriers of memory 
and, through HYDEN, had considerable influence on those who 
attacked the problem experimentally. 

On the whole, the many speculations published in the last 
two decades can be classified into a) "non-neurological" hy
potheses, b) assumption of wave-pattern induced molecular 
changes and c) "sign-post" or "labeled metacircuit" hypotheses. 

5.1 NON-NEUROLOGICAL HYPOTHESES 

When the first evidence for molecular coding appeared, it 
was interpreted by some as a vindication of the so-called 
"field" or "mass"theory of brain function. This theory, ori
ginated in LASHLEY's negative findings on the localization of 
memory in the brain (1950), negated the importance of specific 
synaptic connections and emphasized the propagation of elec
trical pulses across masses of brain tissue. It seemed pos
sible that memory traces, instead of being stored in terms of 
brain circuits, might be coded in molecular structures inde
pendently of synaptic connections. The molecular hypotheses 
of LANDAUER (1964) and ROBINSON (1966) assume that coded mole
cules may be synthesized in random nerve cells. McCONNELL 
(1965) tends to assume that molecular carriers of acquired in
formation, like those of genetic information, may be present 
not only in nerve cells but in all cells of the body. This 
type of hypothesis is at present incompatible with most of 
the established notions on the functioning of the nervous sys
tem. 

5.2 TRANSDUCTION OF ELECTRICAL PULSES INTO MOLECULAR STRUCTURES 

The original hypothesis of KATZ and HALSTEAD (1950), men
tioned above, was based on the assumption that information 
carried in the wave forms of the nerve impulses can be con
verted into molecular structures of nucleoproteins. HYDEN 
(1959) accepted this assumption and tried to prove that the 
electrical pulses acted on RNA, producing new molecular spe
cies. When this idea clashed with the "central dogma" of 
molecular biology, the emphasis shifted to the possible dere
pression of parts of the genome that had not been transcribed 
before learning had taken place. 

That neural activity can cause chemical changes in the 
neurons is a plausible assumption. The ionic environment of 
the cell has a definite influence on the enzymic reactions of 
cell metabolism and it is well known that Na+ , ~ and ca++ 
ions undergo rapid changes in neural activity. The most ques-
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tionable postulate of these hypotheses is that the wave form 
carries all the information to be encoded as memory. There 
is no evidence at present that would indicate this; the wave 
patterns have no meaning outside the context of the pathways 
on which they travel and they probably contain only quantita
tive information. 

5. 3 LABELING OF METACIRCUITS 

The idea that the molecular code may be superimposed on 
the structural code originated probably with SZILARD (1964). 
He distinguished two types of nerve cells: the "congenitally 
determined" neurons and the "memory" neurons: the former 
make up the innately connected protocircuits, while the latter 
are initially uncommitted but form the new connections between 
the innate pathways to create the metacircuits. This would 
take place by the process called "transprinting", i.e., the 
uptake by the memory cells of the "specific membrane proteins" 
by which the congenitally determined neurons are labeled. 

The same assumptions have been made in other similar 
hypotheses (ROSENBLATT 1967, BEST 1968). The working hypothe
sis of my laboratory, first published in 1968, postulates that 
the molecular code is essentially a labeling of the synaptic 
connections correlated with the reprogramming process that re
sults in the formation of metacircuits. It interprets trans
printing as a combination of the innate labels of each of the 
protocircuits that participate in the formation of the new me
tacircuits. The mnemones would, therefore, represent a com
bination of two or more of the innate labels (UNGAR 1968, 1970, 
1972). 

The process by which mnemones are formed implies that sub
stances can pass from one neuron to the other across the syn
aptic gap. Evidence for transsynaptic transport has been ac
cumulating in recent years (GRAFSTEIN 1971). The hypothesis 
also postulates that peptide fragments can be combined to
gether to form a new molecular species by a non-genetic, pre
sumably enzymic process. This point was discussed above. 

5.4 PROPOSED MECHANISM OF MOLECULAR CODING 

The evidence available at present suggests that the cod
ing process may include the following steps: 

1. Activation of the protocircuits involved in the ac
quisition of new information. The resulting neural activity 
stimulates synthesis of the innate labels of these pathways, 
together with that of other proteins necessary for increased 
function. This may be the step that is blocked by metabolic 
inhibitors. 

2. Simultaneous firing of two or more protociruits by in
creasing the permeability of synaptic membranes allows the 
transsynaptic transfer of the labels (transprinting). At the 
same time, the peptide-synthesizing enzymes are activated, 
probably in some specialized cells (memory neurons) to com
bine the innate labels and form a mnemone. 
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3. The newly formed peptide is incorporated into the 
activated synaptic membranes to consolidate the connections . 
As long as these persist and the metacircuit can be reacti
vated, the information can be retrieved by the appropriate 
stimuli. The mechanism by which memory may be stored for 
many years would require a process of replication of the 
mnemones which is not clear at present. 

In its present form, the hypothesis postulates that the 
neural code is based on the twerity-letter alphabet of the 
common amino acids . Combinations of these form the "voca
bulary" of the code consisting of the genetically determined 
labels of the protocircuits. In the human brain the number 
of these is estimated to be of the order of 10 7 which would 
not require sequences of more than six amino acids (20 6 = 
6 x 101 ). According to the process just summarized, these 
"words" can form a practically infinite number of "sentences" 
or "composite words" represented by the mnemones . 

6. CONCLUDING REMARKS 

Whether the hypothesis just summarized can withstand the 
test of experimental verification or not , the facts observed 
in the last ten years require an explanation . A segment of 
opinion holds that molecular coding is an "unnecessary" hypo
thesis and that the neural circuitry and its electrical im
pulse patterns are adequate to explain all the problems of 
brain function (BARONDES 1972). About the only chemical step 
admitted is the chemical mediation of synaptic transmission . 
Neurobiological thinking has, for the last twenty years , been 
dominated by the neurotransmitter concept which, when it 
emerged in the 1920's, was considered just as heretical as the 
molecular coding idea is today and did not gain recognition 
until the late 1940's. 

There is no doubt that neurotransmitters play a role in 
information processing but at a level different from the 
mnemones . They are merely the chemical switches of the com
puter while the mnemones are the agents by which it is .pro
grammed and can reprogram itself . The possibility cannot be 
excluded that the mnemonal system derives from a primitive 
coding represented by the neurotransmitters. It is note
worthy that all the recognized neurotransmitters are either 
amino acids (glycine, glutamic acid) or derive from these by 
decarboxylation (serotonin, y-amino butyric acid , dopamine) 
with additional hydroxylation (norepinephrine) or more com
plex transformations (acetylcholine) . It is probable that 
as the complexity of the nervous system was increasing, 
single amino acids and their derivatives were less and less 
able to code for all the pathways and the task had to be 
taken over by peptide chains . 

Explanation of learning and memory by non-specific 
chemical changes involving the machinery for synthesizing 
and releasing transmitters cannot account for the formation 
of metacircuits, their stability and specificity. Non-spe-
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cific interpretations do not require the existence of mnemones, 
which are therefore often interpreted merely as agents produced 
by the stressful stimuli associated with training . Resolu
tion of the controversy will come with the isolation and cha
racterization of more mnemones confirming their information
specificity and with further studies elucidating the mecha
nism by which they contribute to the processing of informa
tion by the brain. 
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