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Abstract Classical theory maintained that all significant information 
transmission in the central nervous system was implemented by the 
movement of neurotransmitters at axon-to-dendrite synapses. It is now 
understood that this is an incomplete description. An alternative 
understanding incorporates other forms of information transmission and 
emphasizes the role of synchronization in organizing CNS activity. This 
expanded view has immediate implications for the clinical response to 
neuropsychiatric disorders. Treatment of neuropsychiatric disorders should 
not focus exclusively on neurotransmitters acting at chemical synapses. 
Rather, the focus should expand to include a generic examination of network 
dysfunction. CNS network defects will, it is hypothesized, result in 
abnormalities of synchronization that may be diagnostically disclosing. 
 

 
1 Introduction: The failure of the Neuron Doctrine 
 
Once it was simple. The Neuron Doctrine, it was supposed, provided an essentially 
complete specification of the mechanism of central nervous system (CNS) function. 
The Doctrine could be presented in five statements. 
 
1. All information processing in the CNS is performed by neurons. 
2. Neurons are anatomically discrete units; they do not form a reticulum. 
3. All information transmission is unidirectional from axons of the pre-synaptic neuron 
to dendrites of the post-synaptic neuron. 
4. All information transmission is mediated by all-or-nothing, regeneratively 
propagated action potentials. 
5. All information is transmitted from neuron-to-neuron across the synaptic cleft by 
neurotransmitters. 
 
 In practice neuroscientists did not hold the Doctrine as stated above inflexibly. 
All recognized that there were exceptions to each of the five statements. Indeed even 



 

Ramón y Cajal who introduced the concept of anatomically discrete neurons (as 
contrasted with Golgi’s hypothesis of neurons forming a continuous syncytium) 
recognized that there would be exceptions to the principle of neural discontinuity (as 
cited by Bullock, et al[ 1 ]). Assessment of the frequency and magnitude of these 
exceptions and their operational significance to CNS function is, however, a 
challenging question that must be addressed. The exceptions are frequent, and they are 
highly significant because they lead to an expanded view of CNS operation which has 
immediate implications for the clinical response to neuropsychiatric disorders. As 
summarized by Bullock, et al[1] and Douglas Fields[2], emerging evidence indicates that 
the classical Neuron Doctrine is at best an incomplete description of CNS operation. 
Each of the five assertions made above have been challenged.  
 
 The list of exceptions to the Neuron Doctrine indicate that the search for 
organizing principles that provide a conceptual framework for interpreting CNS 
operation must expand beyond axon-to-dendrite neurotransmitter mediated 
communication between neurons. If not the Neuron Doctrine, what? Bullock’s view, as 
presented by Douglas Fields[2] was that “the unparalleled abilities of the human mind 
arise not as a unique property of our neurons or brain circuitry but as an emergent 
property of the way its billions of neurons operate cooperatively.” This is stated with 
such breadth that it is almost certainly correct, but it is not mechanistically specific. 
Most importantly it does not immediately suggest a potentially falsifiable hypothesis. 
The requirement for a hypothesis driven investigation is addressed by introducing the 
network synchronization hypothesis. 
 
2 The Network Synchronization Hypothesis 
 
A long intellectual development has lead to the concept of organization by 
synchronization. An important contribution to the development of the synchronization 
hypothesis was made by von der Malsburg in a theory of correlative brain function 
published as an internal report of the Max-Planck-Institut für Biophysikalische 
Chemie[ 3 ]. A parallel developmental history took the EEG as its starting point. 
Freeman’s book “Mass Action in the Nervous System”[4] begins with the question 
“What are the neural mechanisms and what is the behavioral significance of the 
electroencephalogram (EEG)?” Freeman’s analysis included an early, perhaps the first, 
mathematical account of the importance of neural synchronization in ongoing in CNS 
activity. 
 
 In the 1980’s investigations of oscillating CNS activity took on an added 
interest because of the hypothesized role of synchronization in feature binding. The 
binding problem has been stated with exemplary concision by Revonsuo and 
Newman[ 5 ]. The binding problem is “the problem of how the unity of conscious 
perception is brought about by the distributed activities of the central nervous system.” 
The problem is often examined in the context of visual processing. How do the distinct 



 

elements of an object, its color, shape, distance, texture and direction and velocity of 
motion bind together to form a unitary percept? Building on earlier work, notably 
Bressler and Freemen[6], Singer[7] and Eckhorn[8] proposed that feature binding was 
accomplished by synchronized oscillations in the visual cortex. 
 
 The concept of integration by synchronization has subsequently been 
generalized beyond the specific context of sensory feature binding to provide a generic 
dynamical metaphor for CNS organization including cognition[9], [10]. Synchronization 
of EEGs and ERPs (event related potentials) are associated with attention, learning, 
memory and perception. (A large primary literature is identified in[11].) We must guard 
against an unduly simplistic conceptualization of the role of synchronized activity. The 
importance of a cautionary view becomes especially apparent when considering 
patterns of event related synchronization and desynchronization. Complicated patterns 
of synchronization and desynchronization can be seen simultaneously at different scalp 
sites in response to the same stimulus[12], [13], [14] With these complexities of mechanism 
and interpretation explicitly recognized, we can ask an empirical question: are 
abnormalities of synchronization and desynchronization associated with 
neuropsychiatric disorders? The answer is “Yes.” A large literature is listed in[11]  Table 
3. General reviews are given in [15], [16], [17], [18].  
 
3 Clinical Implications 
 
At present, the principal treatment for psychiatric disorders is pharmacological. These 
treatments are directed to manipulating synaptic transmission by either facilitating 
transmission, for example by providing transmitter precursors, or by blocking 
transmitter receptor sites. The growing list of exceptions to the Neuron Doctrine 
indicates that synaptic transmission is only a part, possibly a small part, of CNS 
function. We should look beyond the chemical synapse and try to identify forms of 
treatment that will have a positive impact on network integrity. It is possible that some 
forms of treatment already in use act by enhancing network function. Fluoxetine 
(Prozac) is a widely prescribed serotonin reuptake inhibitor with antidepressant action. 
Paradoxically, tianeptine (Stablon) which is a serotonin reuptake enhancer also has 
antidepressant action. Though these drugs have opposite effects on serotonin transport, 
they have a common action in promoting increased innervation in the forebrain.[19]. 
This result is pertinent to the thesis of the present contribution because the resulting 
increase in serotonin fiber density in the forebrain would have an effect on network 
function. 
 
 The increased fiber density reported in [19]  could be the result of increased 
arborization of exiting neurons. This is the possibility that they emphasize in the 
discussion of their results. Other investigations, however, suggest that neurogenesis 
may be a critical element in antidepressant action. For example, Madsen, et al.[20] have 
shown increased hippocampal neurogenesis in an animal model of electroconvulsive 



 

therapy. Malberg, et al.[21] showed that chronic antidepressant treatment using several 
different classes of antidepressant medication increased neurogenesis in the adult rat 
hippocampus. Santarelli, et al.[ 22 ] carried the analysis further with animal studies 
showing that interventions blocking the neurogenesis effect of antidepressants also 
blocked the behavioral antidepressant action of these drugs. Similarly, aerobic exercise 
can have significant antidepressant action[23] and exercise can increase hippocampal 
neurogenesis to high levels[ 24 ]. Ernst, et al.[ 25 ] have argued that the antidepressant 
effects of aerobic exercise may be related to its impact on neurogenesis. Treatments that 
increase fiber density or create new neurons have an impact on the hardware available 
for network activity.  
 
4 Conclusions 
 
Neuropsychiatric disorders are disorders of networks. Treatment of neuropsychiatric 
disorders should not focus exclusively on neurotransmitters acting at chemical synapses. 
Rather, the focus should expand to include a generic examination of network 
dysfunction. Among other consequences, CNS network defects will, it is hypothesized, 
result in abnormalities of synchronization and desynchronization that may be 
diagnostically disclosing. Additionally, longitudinal time-frequency analysis of event 
related signals may provide an important technology for assessing the response to 
treatment. 
 
Acknowledgments 
 
This research was supported by the Naval Medical Research Center. We also 
acknowledge support from the Traumatic Injury Research Program of the Uniformed 
Services University. The opinions and assertions contained herein are the private ones 
of the authors and are not to be construed as official or reflecting the views of the 
Department of the Navy or the Department of Defense. 
 
References 
 
                                                 
1. Bullock,T.H., Bennett,M.V.L., Johnston,D., Josephson,R., Marder,E., Douglas Fields,R. The 

Neuron Doctrine, redux. Science. 310 (2005) 791-793 
2. Douglas Fields,R. Beyond the neuron doctrine Scientific American Mind. 17(3) (2006) 20-27 
3. von der Malsburg, C. The correlation theory of brain function. (Internal Report 81-2). Max-

Planck-Institut fur Biophysikalische Chemie. (1981) Reprinted in E. Domany, J. L. van Hemen 
and K. Schulten, eds. Models of Neural Networks II. Berlin: Springer Verlag (1994)  

4. Freeman, W.J. Mass Action in the Nervous System: Examination of the Neurophysiological 
Basis of Adaptive Behavior through the EEG. New York: Academic Press (1975)  

5. Revonsuo, A., Newman, J. Binding and consciousness. Consciousness and Cognition. 8 (1999) 
123-127 



 

                                                                                                                       
6. Bressler, S.L., Freeman,W.J.  Frequency analysis of olfactory system EEG in cat, rabbit and rat. 

Electroencephalography and Clinical Neurophysiology. 5 (1980) 19-24 
7. Gray, C.M., König, P., Engel, A.K., Singer, W. Oscillatory responses in the cat visual cortex 

exhibit inter-columnar synchronization which reflects global stimulus properties. Nature. 338 
(1989) 334-337 

8. Eckhorn, R., Bauer, R., Jordan, W., Brosch, M., Kruse, W., Munk, M., Reitboeck, H.J. 
Coherent oscillations: A mechanism of feature linking in the visual cortex? Biological 
Cybernetics. 60 (1988) 121-130 

9. Bressler, S.L., Freeman,W.J.  Frequency analysis of olfactory system EEG in cat, rabbit and rat. 
Electroencephalography and Clinical Neurophysiology. 5 (1980) 19-24 

10. Varela, F., Lachaux, J.P., Rodriguez, E., Martinerie, J. The brainweb: Phase synchronization 
and large scale integration. Nature Reviews Neuroscience. 2 (2001) 229-239 

11 . Rapp, P.E., Cellucci, C.J., Hernandez, R.S. CNS synchronization/desynchronization 
abnormalities following blast exposure. (2007) Technical Report. Combat Casualty Care 
Directorate. Naval Medical Research Center, Silver Spring, Maryland 

12. Pfurtscheller, G. Event-related synchronization (ERS): an electrophysiological correlate of 
cortical areas at rest. Electroencephalography and Clinical Neurophysiology. 83 (1992) 62-69 

13. Pfurtscheller, G. Induced oscillations in the alpha band: functional meaning. Epilepsia. 44 
Suppl. 12 (2003) 2-8 

14. Neuper, C., Pfurtscheller, G. Event-related dynamics of cortical rhythms: frequency-specific 
features and functional correlates International Journal of Psychophysiology. 43 (2001) 41-58 

15. Herrmann, C.S., Demiralp, T. Human EEG gamma oscillations in neuropsychiatric disorders. 
Clinical Neurophysiology. 116(12) (2005) 2719-2733 

16 . Llinás, R., Ribary, U., Jeanmonod, D., Kronberg, E., Mitra, P.P. Thalamocortical 
dysrhythmia: a neurological and neuropsychiatric syndrome characterized by 
magnetoencephalography. Proceedings of the National Academy of Sciences, USA. 96 (1999) 
15222-15227 

17. Schnitzler, A., Gross, J. Normal and pathological oscillatory communication in the brain. 
Nature Reviews: Neuroscience. 6(4) (2005) 285-296 

18 . Uhlhaas,P.J., Singer,W. Neural synchrony in brain disorders: relevance for cognitive 
dysfunctions and pathophysiology. Neuron. 52(1) (2006) 155-168 

19. Zhou, L., Huang, K.-X., Kecojevic, A., Welsh, A.M., Koliatsos, V.E. Evidence that serotonin 
reuptake modulators increase the density of serotonin innervation in the forebrain. Journal of 
Neuorchemistry. 96(2) (2006) 396-406 

20 . Madsen, T.M., Treschow, A., Bengzou, J., Bolwig, T.G. Lindvall, O., Tingstrom, A. 
Increased neurogenesis in a model of electroconvulsive therapy. Biological Psychiatry. 47 
(2000) 1043-1049 

21. Malberg, J.E., Eisch, A.J., Nestler, E.J., Duman, R.S. Chronic antidepressant treatment 
increases neurogenesis in adult rat hippocampus. Journal of Neuroscience. 20 (2000) 9104-
9110 

22. Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa,S., Weisstaub, N., Lee, J., 
Duman, R., Arancio, O., Belzung, C., Hen, R. Requirement of hippocampal neurogenesis for 
the behavioral effects of antidepressants. Science. 301 (2003) 805-809 

23 . Dunn, A.L., Trivedi, M.H., Kampert, J.B., Clark, C.G. and Chambliss, H.O. Exercise 
treatment for depression. Efficacy and dose response. American Journal of Preventive 
Medicine. 28(1) (2005) 1-8 



 

                                                                                                                       
24. Rhodes, J.S., van Pragg, H., Jeffrey, S., Girard, I., Mitchell, G.S., Garland, T., Gage, F.H. 

Exercise increases hippocampal neurogenesis to high levels but does not improve spatial 
learning in mice bred for increased voluntary wheel running. Behavioral Neuroscience. 117(5) 
(2003) 1006-1016 

.25 Ernst,C., Olson,A.K., Pinel,J.P.J., Lam,R.W., Christie,B.R. Antidepressant effects of exercise: 
evidence for an adult-neurogenesis hypothesis? Journal of Psychiatry and Neuroscience. 31(2) 
(2006) 84-92 


