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83.Fuxe K, Borroto-Escuela DO, Ciruela F, Guidolin D and Agnati LF. (2014) 
Receptor-receptor interactions in heteroreceptor complexes: a new principle in 
biology. Focus on their role in learning and memory. Neurosci Discov. 2014;2:6. 
http://dx.doi.org/10.7243/2052-6946-2-6 
Summary 
In this publication 83  we introduced a new hypothesis on the structure and 
operation of the molecular engram. The molecular basis of learning and 
memory is proposed to be based on novel heteroreceptor complxes formed 
and on the reorganization of homo- and heteroreceptor complexes in the 
postjunctional membrane of synapses. This takes place  through allosteric 
receptor-receptor interactions in different types of homo-heteroreceptor 
complexes  (built up of receptor-ion channel-adapter protein complexes).  
This leads also to changes in the prejunctional receptor complexes to 
facilitate the maintenance of the pattern of transmitter release to be learned 
through signals from the altered postjunctionl membrane.Long-term memory 
may be created by the transformation of parts of the heteroreceptor 
complexes into unique transcription factors which can lead to the formation of 
specific adapter proteins which can consolidate the homo and-heteroreceptor 
complexes into long-lived complexes with conserved allosteric receptor-
receptor interactions. Thus, new types of “barcodes” can be formed based 
on reorganized homo and heterreceptor complexes and on novel receptor 
complexes formed in the post and perisynaptic membranes of synapses 
through allosteric mechanisms. 
Hypothesis 
Novel allosteric receptor-receptor interactions in sets of altered homo 
and  heteroreceptor complexes  in postsynaptic and perisynaptic 
membranes act as a molecular basis for learning  and memory, the 
molecular engram 
 
Learning A new temporal pattern of release of multiple transmitters in the 



synapse is learnt through a transient  reorganization of  sets of homo- and 
heteroreceptor  complexes ( receptors, ion channels, adapter proteins) in the 
postsynaptic and adjacent perisynaptic membranes. This results in novel 
allosteric receptor-receptor interactions altering receptor protomer functions. 
In this way a short-term memory is created from the novel pattern of 
transmitter release to be learned leading to a novel transient bar-code 
representing a molecular engram of short term memory. 
  
The novel pattern of transmitter release to be learned can be stabilized by 
reorganization of pre-synaptic and associated perisynaptic homo-
heteroreceptor complexes. This can involve agonist dependent processes, 
release of soluble molecules like neuropeptides and trophic factors and 
exosomes from the post-perisynaptic membranes as a result of the new bar-
code. 
  
Long-term memory  Consolidation of the reorganized homo-heteroreceptor 
complexes in the postjunctional membrane produces the molecular engram 
of long-term memory, a permanent barcode  
1.Production of unique transcription factors from the new barcode;  
2. Unique adapter proteins formed through trough these transcription factors 
 Thus ,protein synthesis is needed 
3. consolidation of the receptor complexes themselves and also to their link 
to the cytoskeleton. 
4. Volume  transmission signals  from  adjacent terminals of emotional 
pathways reaching the postjunctional membrane leads to  life-long memories 
through exceptional formation of special adapter proteins 
  
 
 
81. Wydra K, Suder A, Borroto-Escuela DO, Filip M, Fuxe K. On  the role of A2A 
and D 2 receptors in control of cocaine and food-seeking behaviors in rats. 
Psychopharmacology (Berl). 2014 Nov 26. [Epub ahead of print] 
 
86.Wydra K, Gołembiowska K, Suder A, Kamińska K, Fuxe K, Filip M. On the role 
of adenosine (A)2A receptors in cocaine-induced reward: a pharmacological and 
neurochemical analysis in rats. Psychopharmacology (Berl). 2015 Jan;232(2):421-35. 
 
 
Strong support was obtained for our hypothesis  that A2AR-D2R heteromers are 
critically involved in cocaine addiction based on two psychopharmacology papers 
(81,86). More specifically the activation of the A2AR protomer of the heteroreceptor 
complex inhibits the development of addictive behavior through antagonistic 
allosteric A2A-D2 receptor-receptor interactions in these complexes.This brings down 
the D2 protomer signaling of this complex in the ventral striato-pallidal GABA   
pathway which increases the activity of this pathway leading to antireward actions ( 
punishment).Targeting this receptor complex may lead to development of novel  
drugs against cocaine addiction. 
 
61. Borroto-Escuela DO, Brito I, Romero-Fernandez W, Di Palma M, Oflijan J, 
Skieterska K, Duchou J, Van Craenenbroeck K, Suárez-Boomgaard D, Rivera A, 



Guidolin D, Agnati LF, Fuxe K. The G protein-coupled receptor heterodimer network 
(GPCR-HetNet) and its hub components. Int J Mol Sci. 2014 May 14;15(5):8570-90. 
 
The overall architecture of the GPCR-GPCR heteroreceptor complexes is 
presented 
 The entire number of demonstrated GPCR heteroreceptor complexes was 
linked together and represented as a GPCR heterodimer network (GPCR-HetNet: 
http://www.iiia.csic.es/~ismel/GPCR-Nets/) (61). In this study  static/non-dynamical 
human GPCR data were manually collected with  a total of 187 different 
nodes/protomers (until August 2014) derived from 537 GPCR-GPCR 
edges/interaction studies in annotated databases and literature. This information was 
then integrated in a large scale graph, called the GPCR heterodimer network (GPCR-
HetNet), where the nodes are the receptor protomers and the edges are their 
relationships. The results from the GPCR-HetNet indicate a scale free model in which 
only a few of the protomers dominate the connectivity and hold the network together. 
Two different hub criteria show that the dopamine D2 receptor, the beta-2 adrenergic 
receptor, the growth hormone secretagogue receptor type 1, the mu-type opioid 
receptor, the secretin receptor, the delta-type opioid receptor and the Cannabinoid 
receptor 1 are the hubs in the network. Other highly connected protomers are also 
identified and described in this study, as well as the emergence of potential allosteric 
interaction avenues and of higher order heteroreceptor complexes. In this study the 
overall architecture of the GPCR-GPCR heteroreceptor complexes is for the first time 
presented, which provides relevant insight into receptor-receptor interaction 
connectivity, topology and organization. This may help researchers to better 
understand the complexity of GPCR heteroreceptor  systems. 
 
82. Fuxe K, Guidolin D, Agnati LF, Borroto-Escuela DO. Dopamine heteroreceptor 
complexes as therapeutic targets in Parkinson's disease.Expert Opin Ther Targets. 
2014 Dec 8:1-22. 
 
The hypothesis is introduced that the molecular mechanism for development of l-
DOPA-induced dyskinesias involve a reorganization of the D1R and D2R 
heteroreceptor complexes in the direct and indirect efferent pathways respectively and 
a disbalance of the signaling of dopamine receptor homomers versus non-DA receptor 
homomers in these pathways. It gives a novel understanding of the mechanism for the 
antidyskinetic actions of several drugs. 
The hypothesis also states that combined blockade of mGluR5 and A2AR receptors in 
early PD in homomers and in A2AR-D2R-mGluR5 heterotrimeric complexes would 
restore the balance of A2AR/mGluR5 and D2R signaling and remove the brake on 
D2R protomer signaling in this heteroreceptor complex. Therefore, combined 
treatment with these antagonists early in PD and later on with l-DOPA or dopamine 
receptor agonists as PD progresses is an exciting novel strategy for restoring motor 
function in early and late PD and for preventing motor complication to develop like 
dyskinesias. 


