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for Biomedical Research, University of Genoa, Italy  

4Division of Biology and Genetics, Department of Molecular and Translational Medicine, 
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The monoamine hypothesis of depression, formulated from the serendipitous observation 

that drugs able to increase the synaptic availability of monoamines produce an 

antidepressant effect, postulates that deficits in monoaminergic neurotransmitters underlie 

the pathophysiology of depression. Despite the undoubted involvement of monoamines in 

mood and anxiety disorders, the monoamine-deficiency theory has relevant inconsistencies, 

including the high percentage of non-responding patients and the delay of therapeutic onset. 

In the last decade, it has become increasingly acknowledged that dysfunctions of the 

glutamate system have a primary role in the etiology of mood disorders. Clinical 

neuroimaging studies of mood and anxiety disorders, showing volumetric changes in 

cortical/limbic brain areas where glutamate neurons/synapses predominate, and preclinical 

studies with rodent stress models showing dendritic remodeling and reduction of synapses 

in the same areas, suggested these architectural changes are major factors in stress-related 

psychopathology. In addition, recent compelling evidence has shown that direct 

pharmacological intervention on the glutamate system exerts rapid antidepressant action. 

Recent studies reported that a single infusion of sub-anesthetic dose of the non-competitive 

NMDA receptor antagonist ketamine induces rapid (within hours) and sustained (up to 1 

week) antidepressant effect. These observations have been extended to different 

drugs/compounds directly acting on the glutamate system.  

In a series of recent animal studies on stress as a risk factor for mood and anxiety disorders, 
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the destabilizing synaptic effects of stress in the glutamate system were dissected and it was 

shown that antidepressants exert a stabilizing action on these effects of stress.  

We reported that acute inescapable stress (footshock-stress) rapidly and selectively 

enhances depolarization-evoked glutamate release/transmission in prefrontal and frontal 

cortex (PFC/FC), by increasing glucocorticoid levels, stimulation of glucocorticoid synaptic 

receptors, and rapid (non-genomic) enhancement of trafficking of glutamate synaptic 

vesicles into the readily releasable pool, a step required for enhancement of glutamate 

release. Intriguingly, both prior chronic treatment with traditional antidepressants (2 

weeks), and single administration of ketamine (KET; 10 mg/kg) 24 h before stress blocked 

the enhancement of glutamate release.  

Moreover, we have shown that acute stress also dramatically increases the number of 

vesicles docked onto the presynaptic membrane of excitatory perforated synapses in PFC/FC, 

as well as the total number of excitatory non-perforated synapses in layers II/III pyramidal 

neurons of prelimbic PFC. Importantly, most of these effects on synaptic morphology and 

brain architecture, likely related to the activation of excitatory transmission by stress, were 

attenuated in animals chronically treated with antidepressants. At the same time, acute 

stress caused a significant atrophy of apical dendrites, measured already 24 h after stress 

exposure and sustained for at least 14 days, while chronic antidepressants prevented these 

alterations. 

We are also using the Chronic Mild Stress (CMS) model of depression to look at the effects of 

chronic stress and of the antidepressant mechanism of ketamine. Rats were subjected to 

CMS for 5 weeks. Sucrose Preference Test was used to distinguish stress-resilient (CMS-R) 

from vulnerable (CMS-V) rats. Ketamine was acutely administered to CMS-V 24 hours 

before sacrifice. A decrease in basal and depolarization-evoked glutamate release was 

measured in synaptosomes from the hippocampus of CMS-V. In situ hybridization showed 

reduced dendritic trafficking of BDNF mRNA in CA1 and CA3 of CMS-V. Morphological 

analysis of CA3 pyramidal neurons showed a reduction in total length and branching of 

apical dendrites. Ketamine reversed most of these CMS-induced changes in CMS-V. 

Overall, our results showed that both acute and chronic stress induce a functional and 

structural remodeling of excitatory synapses, while acute ketamine restores most of the 

maladaptive changes induced by stress.   
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1. Yamasaki, N., et al. Alpha-CaMKII deficiency causes immature dentate gyrus, a 
novel candidate endophenotype of psychiatric disorders. Mol Brain 1, 6 (2008). 
2. Kobayashi K, Ikeda Y, Sakai A, Yamasaki N, Haneda E, Miyakawa T et al. Reversal 
of hippocampal neuronal maturation by serotonergic antidepressants. Proc Natl Acad 
Sci U S A 2010; 107(18): 8434-8439. 
3. Kobayashi K, Haneda E, Higuchi M, Suhara T, Suzuki H. Chronic fluoxetine 
selectively upregulates dopamine D(1)-like receptors in the hippocampus. 
Neuropsychopharmacology 2012; 37(6): 1500-1508.  
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