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Background

“Thinking” is a cognitive process associated with words like 
“mentation”, “contemplation”, “meditation”, etc., all referring to 
the activity of the conscious “mind”. Though much theologic, 
philosophic and psychoanalytic ink has been expended to describe 
“thinking” (with a literature to vast to cite), none has “grasped the 
nettle” of detailing how an assembly of neurons can instigate the 
psychic states that are the basis of our memories and conscious 
being. 

The goal of neuroscientists has been to identify the causal 
relationship between the functioning of neurons and the emergence 
of mental (psychic) states, such as emotions and memories. The 
consensus is that neurons engage in electric synaptic signaling 
(action potentials), whose synaptic structures can be modified 
by learning, referred to as synaptic plasticity (SP) and  long term 
potentiation (LTP). But this ignores the non-synaptic (ephaptic,  

 
volume transmission) signaling that is also a feature of neural 
communication [1-5]. In spite of many efforts, a formalization of 
the relationship between objective, external stimuli and internal 
subjective states that generate recall is still lacking. 

Memory and mind

“unconscious mind is where all of our memories and past 
experiences reside.”S. Freud [6]

Though Memory and Mind are inextricable qualities of the 
functioning brain, their connection still puzzles (Figure 1). While 
one can readily define “memory”, particularly in this age of 
computers and memory chips,  “mind is a much “stickier wicket”. 
A valiant attempt to summarize thinking on the subject of “mind” 
was undertaken by Morris [7] a philosopher whose dissertation 
proposed a symbolic theory of mind. His later work summarized 
various theories of mind, categorizing them as:
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                                 a) Mind as substance

                                         b) Mind as process

                                         c) Mind as relation

                                         d) Mind as intentional act

                                         e) Mind as substantitive

                                         f) Mind as function.

Figure 1: The thinker, sculpture by Rodin.

Though written in 1932, Morris’ treatment focused mainly 
on philosophers (Aristotle, Descartes, Spinoza, Husserl, Russell, 
Shopenhauer, Nietze, Dewey,  etc) but totally ignored the 
neurophysical realities of the neural system as  described by  
Galvani (~1790), Golgi and Cajal (circa 1900) and contemporary 
neuroscientists. He also did not allude to psychoanalytic theories of 
“mind” expressed by Freud, Jung and their like.

Mind from matter

Descartes, a French mathematician / philosopher (circa 1750) 
who coined the phrase “I think therefore I am”, posed the mind/body 
duality problem that engaged the minds of  eminent philosophers 
for more than 3 centuries (i.e. Spinoza, ~1660, see:  Matson [8]  & 
Ryle [9]). Unfortunately, philosophy is a poor platform for detailing 
biologic processes or for choosing from the above 6  descriptions 
of Mind. 

We, a pair of chemists versed in the arcane knowledge of blood 
coagulation  (GM) and psycho-pharmaceutical peptides (CG),  are 
of the opinion that Mind, which is inextricably linked to memory, 
is both “substance” and “process”. This is strangely analogous 
to Einstein’s merging of the concepts of  “space” and “time” into 
“spacetime”,  as will be discussed further along this narrative.

Searching for the engram

The notion that the basis for memory is due to external stimuli 
which  produce enduring physical changes in the brain, was first 
proposed by Richard Semon, a German psychoanalyst. Semon 

invented the term “engram”  to refer to  a physical “trace” of 
sensorial stimuli embodied  within the brain and available for recall 
[10]. The word is analogous to the tele-gram which refers to written 
text transmitted through telegraphy. Thus, Semon conceived that 
memory was inscribed/encoded in the brain, but couldn’t delineate 
its material aspect.

The popularity of the term  “engram” stems from a paper by 
Lashley [11] who appropriated the term though he did not cite 
Semon. Lashley worked for more than 30 year, using a combination 
of electrophysiologic techniques, surgery and animal training 
to search for the physiologic locus of the memory trace (with 20 
publications). He concluded that he could not determine the site 
of the putative engram, though he ventured that it was diffused 
throughout the brain. Lashly’s [11] work and lectures made the 
concept of the engram popular;  but his citation oversight ensured 
that Semon and his book were almost forgotten [12].

Modern hypotheses of  the “engram”

Elements of Semon’s concept are echoed nowadays in 
descriptions of “engram cells”, referring to neurons which 
supposedly store and recall the memory trace. For example, using 
a combination of optogenetics  and other modern  techniques, 
specific populations of “engram cells” have been identified [13]. 
“Engram cells” have been reported to underlie the addiction to 
cocaine [14], though the site-specific substrate  or process has 
remained undefined [15]. It has been  proposed that neural  synaptic 
connections correlate with the  “fear memory engram” [16,17]. 
Some infer an electrodynamic  code among synaptically connected 
neurons [18]. Others  suggest that memories are encoded by sparse 
populations of hippocampal “engram cells” operating as 2 prevailing 
models; one is  that the hippocampal memory trace is based on 
the synaptic representations (maps) whose plasticity  stabilizes 
them; an alternate theory is that the hippocampal memory trace is 
primarily an index to the memory stored in the neocortex [18-20].

But none of these studies addresses the issue of emotions: What 
kind of code or signaling is appropriate to describe the emotive 
states experienced by neural systems and remembered? They 
also suffer from presenting “naked neurons”,  not recognizing that 
neural shape reflects synaptic, as well as  non-synaptic signaling 
through the neural extracellular matrix (nECM) surrounding them 
( as recently reviewed Marx [5]).  

The engram revealed

What is still lacking is a atomic-scale physical description of 
the encoding of  cognitive information (cog-info), and storing it in 
a form available for recall by the neural circuit. A mechanism of the 
phenomenon of recall (memory) should conform to the composition 
and energetics of brain tissue and also address key issues, such as:

1.	 Identity of relevant physiologic compartments.

2.	 Molecular features of encoding/decoding cog-info.

3.	 A description of the process by which emotive states are 
achieved.
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4.	 Formalism (a theory) which reflects the physicality of 
neural encoding of cog-info. 

In a series of articles, we proposed a tripartite mechanism to 
address some of the above issues [5]. It is based on the dynamic 
interactions of 3 physiologic compartments:

1.	 The neuron 

2.	 Neural extracellular matrix (nECM) , the hydrogel around 
the cell which performs as its “memory material”.

3.	 Trace metals and neurotransmitters (NTs) distributed 
therein (dopants).

These all are involved in the transformation of  sensorial cog-
info, into encoded [nECM/metal] complexes, molecular correlates 
of cognitive units of information (cuinfo), like computer bits. To 
some extent, it is analogous to the “memory materials” of computer 
chips [21-23]. 

We  also introduced an iconographic notation to describe 
different types of metal-centered complexes called  cuinfo  (Figure 
2) and cited many publications for detailed background material 
and supportive evidence. The tripartite mechanism describes a 
chemical code for psychic states not accessible to synthetic artifacts 
or simulations.  It presents cuinfo as the molecular correlates of a 
memory engram that render the synapse operative. Essentially, the 
entire “edifice” of memory rests on the proper functioning of such a 
molecular encoding process. 

Figure 2: Chemographic representation of the tripartite 
mechanistic process, revealing the chemical composition of 
the cognitive units of information (cuinfo). It includes NTs 
which elicit physiologic reactions along with emotive states, 
which are remembered.

A cuinfo  as well as an engram can both be characterized as [24]:

1.	 A persistent change in  the brain which corresponds to a 
particular stimulus.

2.	 Manifest behaviorally and experientially.

3.	 May exist in a dormant state. 

4.	 The physical (chemical) correlate of the emerging 
experience of recall.

The tripartite mechanism suggests that our experience of 
feelings are “engrammed” into cuinfo which are stored in the nECM. 
Unlike Champolion’s decipherement of the Egyptian hieroglyphic 

Rosetta Stone,  we have no linguistic crib to decode the memory 
traces of neurons which elicit recall of emotive experiences.

Heuristic implications

As the information technology races to ever increasing the 
memory capacity of computer chips, it  needs to develop new 
“memory materials” [21-23]. The above-described  tripartite 
mechanism provides a psycho-chemical description of a 
neural memory system. The nECM performs as the ‘medium of 
representation’; the dopants (metals and NTs) are the ‘symbols of 
representation’ [25].

Thus, we suggest that a synthetic polymer of select sulfated 
glycosaminoglycans (GAGs), be employed  as a new  “memory 
material”.  For example, polymers of disaccharide units of glucuronic 
acid (GlcA) and D-glucosamine (GlcN) which have been sulfated at 
the 4 or 6 position could be polymerized,  to form the matrix   [GlcA- 
GlcN)]n .  This could  be exposed to dopant trace metals in a manner 
analogous to the use of metal dopants  in silicon or carbon matrices 
in current chips [21-23, 31]. 

Such efforts would result in the development of a new class of 
neuromimetic memory devices. Success would also buttress the 
concept of the engram as a chemically-described memory trace. 
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