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ABSTRACT 

 

 
 

Most antidepressants, including selective serotonin reuptake inhibitors (SSRIs), initiate 

their drug actions by rapid elevation of serotonin, but they take several weeks to achieve 

therapeutic onset. This therapeutic delay suggests slow adaptive changes in multiple neuronal 

subtypes and their neural circuits over prolonged periods of drug treatment. Mossy cells are 

excitatory neurons in the dentate hilus that regulate dentate gyrus activity and function. Here 

I show that neuronal activity of hippocampal mossy cells is enhanced by chronic, but not 

acute, SSRI administration. Behavioral and neurogenic effects of chronic treatment with the 

SSRI, fluoxetine, are abolished by mossy cell-specific knockout of p11 or Smarca3 or by an 

inhibition of the p11/AnxA2/SMARCA3 heterohexamer, an SSRI-inducible protein com-

plex. Furthermore, simple chemogenetic activation of mossy cells using Gq-DREADD is 

sufficient to elevate the proliferation and survival of the neural stem cells. Conversely, acute 

chemogenetic inhibition of mossy cells using Gi-DREADD impairs behavioral and neuro-

genic responses to chronic administration of SSRI. In addition, modulations of mossy cell 
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activity are influence to excitation-inhibition balance in dentate gyrus. The present data es-

tablish that mossy cells play a crucial role in mediating the effects of chronic antidepressant 

medication. These results indicate that compounds that target mossy cell activity would be 

attractive candidates for the development of newer antidepressant medications.  

 

Keywords: Hippocampus, Mossy cells, antidepressant, p11/AnxA2/Smarca3 complex. 

 

 

 

  



- iii - 

List of contents 

 Abstract ·································································································· i 

List of contents ························································································ iii 

List of figures ························································································· vii 

List of tables ··························································································· ix 

 

 

  



- iv - 

Chapter 1. Background ······································································· 1 

1. Major depressive disorder ·································································· 1 

1.1 MDD in the hippocampus ································································ 1 

2. Antidepressive therapeutics ································································ 4 

 

Chapter 2. The role of hippocampal mossy cells in antidepressant actions.

 ·················································································································· 7 

1. Introduction ··················································································· 7 

1.1 Molecular mechanism of SSRI actions ················································· 7 

1.2 Mossy cells in the hippocampus ······················································ 10 

1.3 p11, An SSRI-inducible molecule ···················································· 13 

2. Materials and methods ···································································· 15 

2.1 Materials ················································································· 15 

2.1.1 Antibodies ·········································································· 15 

2.1.2 Virus strains ········································································ 15 

2.1.3 Recombinant DNAs ······························································· 16 

2.1.4 Chemicals ··········································································· 16 

2.1.5 Experimental models ······························································ 17 

2.2 Methods ·················································································· 18 

2.2.1 Animal breeding ··································································· 18 

2.2.2 Drug treatment  ···································································· 18 

2.2.3 Plasmid constructions  ···························································· 19 

2.2.4 Immunoprecipitation of p11/AnxA2/SMARCA3 complex  ················· 19 

2.2.5 Stereotaxic surgery ································································ 20 

2.2.6 Behavioral assessments  ·························································· 21 

2.2.6.1 Elevated plus maze (EPM)  ················································· 21 

2.2.6.2 Open field test (OF)  ························································· 22 

2.2.6.3 Light and dark box test (LD box)  ········································· 22 



- v - 

2.2.6.4 Novelty suppressed feeding test (NSF)  ·································· 22 

2.2.6.5 Tail suspension test (TST)  ················································· 23 

2.2.7 Chronic unpredictable mild Stress paradigm ··································· 23 

2.2.8 Immunohistochemistry  ·························································· 25 

2.2.9 BrdU labeling and neurogenesis assay  ········································ 26 

2.2.10 Electrophysiological recordings of mossy cells ······························ 27 

2.2.10.1 Fluorescence labeling of mossy cells  ··································· 27 

2.2.10.2 Slice preparation  ··························································· 27 

2.2.10.3 Electrophysiology  ························································· 28 

2.2.11. Data analysis and statistics ····················································· 29 

3. Results ························································································ 30 

3.1. The role of p11/AnxA2/SMARCA3 complex in hippocampal mossy cells in an-

tidepressant responses ·········································································· 30 

3.1.1 Effects of genetic deletion of p11 or Smarca3 in hippocampal mossy cells on 

behavioral responses to chronic SSRI administration ····································· 30 

3.1.2 Effects of mossy cell-specific inhibition of the p11/AnxA2/SMARCA3 complex 

on neurogenic and behavioral responses to chronic antidepressant treatment ·········· 38 

3.1.3. Effects of cell type-specific inhibition of the p11/AnxA2/SMARCA3 complex 

on neuronal activity of mossy cells ·························································· 50 

3.2. The role of hippocampal mossy cells in antidepressant responses ·········· 59 

3.2.1 Effects of selective stimulation of dentate mossy cells on adult neurogenesis in 

the hippocampus ················································································ 59 

3.2.2 Effects of selective inhibition of dentate mossy cells on antidepressant actions in 

the hippocampus ················································································ 67 

3.3. Effects of modulation of mossy cells on micro-circuits in the dentate gyrus78 

4. Discussion ···················································································· 82 

Reference ·························································································· 95 

Summary in Korean········································································· 103 



- vi - 

List of figures 

 

Figure 1. Abnormality in the hippocampus under the major depressive disorders  ··········· 3 

Figure 2. Monoamine hypothesis of depression  ·················································· 6 

Figure 3. Delayed therapeutic effects of SSRIs  ··················································· 9 

Figure 4. Characteristics of hippocampal mossy cells  ········································· 12 

Figure 5. Chronic unpredictable mild stress paradigm ·········································· 24 

Figure 6. Mossy cell-specific Cre-driver line : D2-Cre  ········································ 33 

Figure 7. Mossy cell-specific knockout of p11 gene abolishes behavioral responses to chronic 

SSRI treatment ························································································ 34 

Figure 8. Mossy cell-specific knockout of Smarca3 gene abolishes behavioral responses to 

chronic SSRI treatment ·············································································· 35 

Figure 9. Mossy cell-specific Cre driver line ; MC-Cre ········································· 36 

Figure 10. Mossy cell-specific knockout of Smarca3 gene using MC-Cre mice abolishes behav-

ioral responses to chronic SSRI treatment ························································ 37 

Figure 11. Development of viral construct for mossy cell specific disruption of the 

p11/AnxA2/SMARCA3 complex ·································································· 43 

Figure 12. Mossy cell specific expression of control AcGFP1 or PASIP-AcGFP1 construct along 

the rostro-caudal axis of the hippocampus ····················································· 44 

Figure 13. Effects of mossy cell specific disruption of p11/AnxA2/SMARCA3 complex on pro-

liferation of new-born cells in response to chronic SSRI treatment ··························· 46 

Figure 14. Effects of mossy cell specific disruption of p11/AnxA2/SMARCA3 complex on dif-

ferentiation of new-born cells in response to chronic SSRI treatment ······················· 47 

Figure 15. Effects of mossy cell specific disruption of the p11/AnxA2/SMARCA3 complex on 

basal locomotion or anxiety-related behaviors ·················································· 48 

Figure 16. Effect of mossy cell specific disruption of the p11/AnxA2/SMARCA3 complex on 

behavioral responses to chronic SSRI treatment ················································ 49 



- vii - 

Figure 17. Neuronal activity of mossy cells is enhanced by chronic SSRI treatment, but not by 

acute treatment.  ···················································································· 54 

Figure 18. Effect of chronic unpredictable stress or antidepressant administration on expression 

of c-Fos a neuronal activity marker in the mossy cells ········································· 55 

Figure 19. Neuronal activity of mossy cells is silenced by mossy cell specific deletion of p11 or 

Smarca3 gene ······················································································ 56 

Figure 20. Neuronal activity of mossy cells is silenced by mossy cell specific disruption of 

p11/AnxA2/SMARCA3 complex ·································································· 57 

Figure 21. Effects of p11/AnxA2/SMARCA3 complex inhibition on c-Fos expression in mossy 

cells ·································································································· 58 

Figure 22. Mossy cell-specific expression of control or Gq-DREADD construct along the rostro-

caudal axis of the hippocampus ···································································· 61 

Figure 23. Mossy cell specific expression of Gq-DREADD construct stimulate the mossy cell 

activity by CNO administration  ································································· 62 

Figure 24. Effects of chemogenetic stimulation of mossy cells on proliferation of new-born cells

 ·········································································································· 63 

Figure 25. Effects of chemogenetic stimulation of mossy cells on differentiation of new-born 

cells·································································································· 64 

Figure 26. Effect of chemogenetic stimulation of mossy cells on the basal locomotion or anxiety-

related behaviors  ···················································································· 65 

Figure 27. Effects of chemogenetic stimulation of mossy cells on depression-related behaviors

 ·········································································································· 66 

Figure 28. Mossy cell specific expression of control or Gi-DREADD construct along the rostro-

caudal axis of the hippocampus ···································································· 70 

Figure 29. Mossy cell specific expression of Gi-DREADD construct silence the mossy cell ac-

tivity by CNO administration ······································································· 71 

Figure 30. Effects of chemogenetic silencing of mossy cells on proliferation of new-born cells 

in response to chronic SSRI administration ····················································· 72 



- viii - 

Figure 31. Effects of chemogenetic silencing of mossy cells on differentiation of new-born cells 

in response to chronic SSRI administration ····················································· 73 

Figure 32. Mossy cell-specific expression of control or tethered toxin construct along the rostro-

caudal axis of the hippocampus ···································································· 74 

Figure 33. Effects of t-toxin induced silencing of mossy cells on neurogenic responses to chronic 

SSRI administration ··············································································· 75 

Figure 34. Effects of chemogenetic silencing of mossy cells on the basal locomotion or anxiety-

related behavior ····················································································· 76 

Figure 35. Effects of chemogenetic silencing of mossy cells on the depression-related behaviors 

in response to chronic SSRI treatment ··························································· 77 

Figure 36. Effects of mossy cell suppression on dentate granule cell activity ················ 80 

Figure 37. Effects of mossy cell specific disruption of the p11/AnxA2/SMARCA3 complex on 

PV-positive basket cells in dentate gyrus ························································ 81 

Figure 38. Graphical summary ····································································· 94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- ix - 

List of tables 

 

Table 1. Antibody list  ·············································································· 15 

Table 2. Viral vector list  ··········································································· 16 

Table 3. Recombinant DNA list ··································································· 16 

Table 4. Chemical list  ·············································································· 16 

Table 5. Transgenic mice list  ······································································ 17 

 



1 

 

Chapter 1. Background 

 

1. Major depressive disorder  

 

Major depressive disorder (MDD) is a common and serious medical illness, which 

characterized by lasting at least two weeks of low mood that is present across most situation 

and constitute one of the leading causes of disability worldwide [1]. MDD was affected to 

more than 300 million people around the world, regardless of culture, age, gender, religion, 

race or economic status [2]. Its symptoms are various including depressed mood, diminished 

interest and impaired cognitive function. MDD is caused by a combination of genetic, bio-

logical, environmental, and psychological factors. In addition, MDD has many risk factors 

that can also appear as a complication of other disease including diabetes, heart disease and 

stroke and frequently co-occurs with other psychiatric disorders [3, 4]. However, the mecha-

nisms underlying the pathogenesis of MDD is still unclear.  

1.1 MDD in the hippocampus  

Although numerous factors can cause the MDD, the chronic stress is the most com-

mon cause of occurrence [5]. The most well-described effects of stress on MDD have been 

 

 



2 

 

supported by abnormalities in the hypothalamic pituitary adrenal (HPA) axis in patients with 

MDD, and this may impact the release of glucocorticoids [6]. In particular, stress-related cir-

cuitry in the HPA axis is deeply involved with the hippocampus [7], which regulate the pro-

duction of cortisol and has been a therapeutic target for treatment of MDD. In human neu-

roimaging studies, one of the limbic systems, hippocampus, was reduced in depressed pa-

tients [8]. In addition, rodent models of depression show shrinkage of hippocampal volume, 

reduced neurogenesis in the subgranular zone and atrophy of CA3 pyramidal neurons [9-11] 

(Figure 1). These abnormalities are occurred by abnormal plastic changes in the hippocam-

pus, which induced by chronic stress. In addition, synaptic protein, growth factors and neu-

romodulators are abnormally regulated in animal depression model. However, the causes of 

these dysregulation of plasticity changes and the factors that involved in these changes is not 

well understood.  
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Figure 1. Abnormality in the hippocampus under the major depressive disorders.  

The hippocampus has been therapeutic target of mood-related disorder. There are several evidences about the 

pathological association between hippocampal dysregulation and MDD. Firstly, the hippocampi of the de-

pressed patients are about 20% smaller than those of healthy people. Secondly, adult hippocampal neurogenesis 

is decreased in the depressed patients compare to the control group. Lastly, repeated exposure to severe stress 

result in the atrophy of CA3 pyramidal neuron. Abbreviation: PN, pyramidal neurons.  
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2. Antidepressive therapeutics   

 

One popular theory of depression, the Monoamine hypothesis, is that depression is 

the results of monoamines deficiency, especially serotonin [12] (Figure 2). This hypothesis 

was firstly discovered that the hypertensive drug reserpine, monoamine antagonist, which 

used to treat high blood pressure, induce the MDD in the 15 percent of treated patients in 

1950s [13]. Another evidence is the low levels of a 5-HT metabolites were found in patients 

who have a severe MDD [5]. These findings implied that abnormally down-regulated mono-

amine levels in the brain could cause depression. The insight led to the development of the 

first class of antidepressants, monoamine oxidase inhibitors (MAIOs), which stop the break-

down of monoamine including serotonin, dopamine and norepinephrine in the brain. Since 

then, several monoamine-based pharmacological drug including tricyclic antidepressant 

(TCAs), serotonin norepinephrine reuptake inhibitors (SNRIs) and selective serotonin 

reuptake inhibitors (SSRIs) has been developed and approved for the treatment of MDD. 

However, there is a time delay of several weeks to show therapeutic effects of antidepressant 

and remission rate among the treated patients is 67%, in other word, about one-third of pa-

tients are still in depressed. Recently, glutamatergic dysfunctions have found in MDD patients 
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[14, 15] and glutamate receptor blocker as a fast-acting antidepressant, ketamine, are ap-

proved for MDD treatment in a few countries. However, it also has critical side-effects that 

is drug abuse problem and high level of relapse rate. Therefore, currently available antide-

pressant has limitations for remission of depression. From these perspectives, several inves-

tigators are eager to figure out accurate mechanisms of existing antidepressant actions to de-

velop new strategies for depression treatment and find new therapeutic target of depression. 

However, the mechanisms mediating antidepressant actions are still unclear yet.  

In this study, I performed genetic, molecular biological, histological, pharmacologi-

cal, and behavioral experiment to examine the role of hippocampal mossy cells in antidepres-

sant actions.  
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Figure 2. Monoamine hypothesis of depression.  

Monoamine hypothesis has been accepted as the most common hypothesis for the pathophysiological theory 

of MDD. Monoamine level including serotonin, norepinephrine and dopamine in the synaptic cleft was de-

creased in the depressed patients. Thus, recent antidepressants block the reuptake of monoamine at the presyn-

aptic membrane and it causes increasing its concentration at the postsynaptic nerve terminal membrane. 
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Chapter 2. The role of hippocampal mossy cells in antide-

pressant actions.  

1. INTRODUCTION  

Major depressive disorder (MDD) is the most prevalent mental illness, of which lifetime 

prevalence is estimated to be as high as 16.2% in the United States. This disease encompasses 

various symptoms, including anhedonia, depressed mood, increased stress sensitivity, help-

lessness, apathy, shift towards negative emotions (sadness, emotional numbness, irritability 

and anxiety) and cognitive deficits [16, 17].  

1.1 Molecular mechanism of SSRI actions 

Selective serotonin reuptake inhibitors (SSRIs) are the most widely used class of anti-

depressants [18], Antidepressant drugs are generally beneficial for depressed patients, but 

SSRIs generally take several weeks to show therapeutic effects, despite their immediate effect 

on serotonin neurotransmission [18, 19]. This therapeutic delay suggests the existence of slow 

adaptive changes in neural circuits over a long-lasting period of drug treatment, possibly in-

volving changes in gene expression and protein translation [20-22]. In addition, although 

significant progress has been made in treating depression by SSRIs, only a little more than 

half of severely depressed patients has been found to respond to this class of drugs [23]. Our 
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knowledge of the molecular mechanisms underlying therapeutic responses to long-term treat-

ment with SSRIs, as well as the side effects of the drugs, have yet to be established at the 

level of neuronal cell types (Figure 3). 
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Figure 3. Delayed therapeutic effect of SSRIs.  

Selective serotonin reuptake inhibitor (SSRI) rapidly increases the serotonin levels within an hour. However, 

the onset of therapeutic effect usually takes at least 3 to 4 weeks. It means that, therapeutic responses to antide-

pressant treatment is not ascribed to only short-lived chemical changes, but substantial, long-lasting neuroplastic 

changes in the brain.  
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1.2 Mossy cells in the hippocampus  

Mossy cells reside in the hilus of the dentate gyrus and make synaptic connections 

with various types of cells, such as granule cells and basket cells [24-27]. Moreover, they are 

positioned to integrate numerous inputs mainly from multiple granule cells, CA3c pyramidal 

cells, as well as from the local GABAergic interneurons including basket cells and HIPP 

(Hilar perforant path-associated) cells and then to propagate a signal over the longitudinal 

axis of the hippocampus [27-29] (Figure 4). 

Of particular interest, recent studies have shown that mossy cells are highly enriched 

in selective subsets of monoamine receptors, proving mossy cells to be immediate regulatory 

targets of monoaminergic inputs to the hippocampus [25, 30, 31]. They also highly express 

type II glucocorticoid receptors which sense the stress hormone, cortisol [32]. Mossy cells 

fire frequently in multiple place fields in various environments, in contrast to granule cells 

which fire sparsely [33-35]. The neuronal activity of mossy cells within the dentate gyrus 

circuitry is crucial for the proper function of the hippocampus [36]. Indeed, degeneration of 

mossy cells results in the dysregulation of granule cell excitability, which leads to abnormal 
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behaviors such as elevated anxiety, and impaired pattern separation [37]. Despite the potential 

implication of the mossy cells in the affective disorders, as well as in the actions of monoam-

inergic drugs, a detailed analysis of the role of mossy cells in antidepressant responses has 

not yet been carried out.  

Chronic antidepressant administration is believed to reverse depressive symptoms 

through neuronal plasticity. Plasticity occurs at several levels, ranging from gene expression 

and protein translation to neurogenesis and adjustment of synaptic transmission and thereaf-

ter modulation of the structure and function of the neuronal circuits and networks associated 

with mood regulation.  
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Figure 4. Characteristics of hippocampal mossy cells.  

Mossy cells localize in the hilus of dentate gyrus and make synaptic connections with various types of cell 

population such as granule cells and basket cells. And they have proximal dendrite with numerous large spine 

called thorny excrescences which give an advantage to receive the excitatory synaptic input from granule cells. 

In addition, mossy cells are highly enriched in selective subsets of monoamine receptors, type II glucocorticoid 

receptors and antidepressive molecule, p11. Abbreviation: GC receptor, glucocorticoid receptor; GCL, granule 

cell layer; 5-HT, serotonin; DA, dopamine; NA, norepinephrine.  
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1.3 p11, an SSRI-inducible molecule  

 p11 (S100A10) is a key factor involved in regulating affective state and in determin-

ing responses to antidepressants [38, 39]. It is down-regulated in depressed humans and ro-

dents and is induced by chronic but not by acute administration of antidepressants in rodents 

[38, 40, 41]. Global abolition of p11 in mice produces a depressive state  [38]. Removal of 

p11 from specific classes of p11-enriched neurons produces a variety of depressive effects, 

depending on the subtype of p11-containing neurons that is targeted [40, 42-50]. 

 p11 was initially identified within a heterotetrameric complex where it forms with 

Annexin A2 (AnxA2) [51], and this complex form of p11 and AnxA2 can be induced in the 

hippocampal dentate gyrus by chronic treatment with an SSRI. Previous studies identified 

SMARCA3 as a binding partner of the p11/AnxA2 complex and both p11 and SMARCA3 

are crucial for behavioral and neurogenic responses to chronic antidepressant administration 

[46]. Chronic SSRI administration increased the level of the heterohexameric complex of 

p11/AnxA2/SMARCA3 in the hippocampus [46]. In addition, p11 and SMARCA3 are highly 
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enriched in hilar mossy cells and basket cells in the hippocampal dentate gyrus [46]. How-

ever, a cell type-specific role of the p11/AnxA2/SMARCA3 heterohexameric complex in an-

tidepressant action has not yet been explored. Here I examine the role of mossy cells in me-

diating the actions of the antidepressant, fluoxetine. Results from this study have suggested 

that the heterohexameric complex of p11/AnxA2/SMARCA3 regulates the activity of mossy 

cells, which is required for behavioral and neurogenic responses to chronic antidepressant 

medication. 
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2. MATERIALS AND METHODS 

 

 

2.1 Materials  

2.1.1 Antibodies  

Table 1. Antibody list  

REAGENT SOURCE IDENTIFIER 

Antibodies  

Mouse monoclonal anti-p11 BD bioscience - 

Goat polyclonal anti-p11 R&D systems AF2377 

Goat polyclonal anti-SMARCA3 NOVUS NB 100-1041 

Rabbit polyclonal anti-SMARCA3  Thermo Scientific PA3-16554 

Mouse monoclonal anti-AnxA2 Santa Cruz sc-28385 

Goat polyclonal anti-GFP Santa Cruz sc-5385 

Goat polyclonal anti-Doublecortin Santa Cruz sc-8066 

Rat monoclonal anti-BrdU Abcam ab6326 

Mouse monoclonal anti-calretinin SWANT 6B3 

Rabbit polyclonal anti-parvalbumin SWANT PV27 

Rabbit monoclonal anti-c-Fos cell-signaling  2250 

Rabbit polyclonal anti-Neuropeptide Y 
phoenix pharmaceuti-

cal 
8711 

Rabbit polyclonal anti-GluR2/3 Millipore AB1506 

Donkey polyclonal anti-Goat Alexa Fluor 488 Invitrogen A11055 

Chicken polyclonal anti-Rat Alexa Fluor 488 Invitrogen A21470 

Goat polyclonal anti-Rat Alexa Fluor 568 Invitrogen A11077 

Donkey polyclonal anti-Mouse Alexa Fluor 488 Invitrogen A21202 

Donkey polyclonal anti-Mouse Alexa Fluor 568 Invitrogen A10037 

Donkey polyclonal anti-Rabbit Alexa Fluor 488 Invitrogen A21206 

Donkey polyclonal anti-Rabbit Alexa Fluor 568 Invitrogen A10042 
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2.1.2 Virus strains  

Table 2. Viral vector list   

RESOURCE SOURCE IDENTIFIER 

Virus Strains 

AAV2-EF1a.DIO.AcGFP1-myc-hGH This paper  N/A 

AAV2-EF1a-DIO-AcGFP1-myc-C-

AHNAK1-hGH 
This paper  N/A 

AAV2-EF1a-DIO-N-AHNAK1-AcGFP1-

C3xNLS-hGH 
This paper  N/A 

AAV8-hSyn-DIO-hM4Di-DREADD UNC Vector Core N/A 

AAV8-hSyn-DIO-mTomato UNC Vector Core N/A 

 

2.1.3 Recombinant DNAs  

Table 3. Recombinant DNA list   

RESOURCE SOURCE IDENTIFIER 

Recombinant DNA 

pAAV-EF1a-DIO-AcGFP1-myc-C-

AHNAK1-hGH 
This paper  N/A 

pAAV-EF1a-DIO-N-AHNAK1-AcGFP1-

C3xNLS-hGH 
This paper  N/A 

pAAV-EF1a.DIO.AcGFP1-myc-hGH This paper  N/A 

  

2.1.4 Chemicals 

Table 4. Chemical list    

REAGENT SOURCE IDENTIFIER 

Chemicals 

Clozapine-N-oxide (CNO) Sigma-Aldrich C0832 

Fluoxetine hydrochloride Spectrum F1200 

5-bromo-2-deoxyuridine Sigma-Aldrich B5002 
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2.1.5 Experimental models   

Table 5. Transgenic mice list    

RESOURCE SOURCE IDENTIFIER 

Experimental Models: Mice Strains 

Crlcrl-Cre Nakajawa Lab. Jinde S et al., 2012 JAX #023014 

Drd2R-Cre Genesat  Clone #ER44 

p11(f/f) / Drd2R Cre  Greengard lab N/A 

HLTF(f/f) / Drd2R Cre  This paper N/A 

HLTF(f/f) / Crlcrl Cre This paper N/A 

tdTomato Reporter  Allen Brain Atlas JAX #007908 
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2.2 Methods  

2.2.1 Animal breeding  

I produced the progeny for each line using in vitro fertilization (IVF) and embryo trans-

fer (ET) techniques, to produce a number of age-matched animals sufficient for the behavioral 

tests and other animal experiments. I carried out all of the animal experiments using age (10-

15 weeks) and gender (male)–matched littermates. The BAC-[Drd2]-Cre Tg mice (GENSAT, 

Clone #ER44) and MC-Cre ([Calcrl]-Cre, JAX stock #023014) [37] were bred against 

C57BL/6mice (Taconics) to obtain hemizygotes. p11 floxed mice and Smarca3 floxed mice 

were generated by introducing flanked loxP sites as described in our previous studies [46, 

50]. All animal were kept in a 12 hour light/dark cycle at room temperature (RT; 22±1℃) 

and provided with standard diet and water ad libitum. Male mice were used for all experi-

ments. Care was taken to minimize the number of animals. 

 

2.2.2 Drug treatments  

 For chronic drug administration, mice were housed 2-5 per cage. Fluoxetine hydro-

chloride (Spectrum Chemicals, USA) was administrated by a daily intraperitoneal injection 

(10 mg kg-1day-1) for up to 3 weeks and was dissolved in dimethylsulfoxide (50%) and then 
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diluted in saline. Control group was administrated daily with vehicle solution (0.9 % saline) 

without the drug. For experiments in Gi-DREADD and Gq-DREADD mice, clozapine-N-

oxide (CNO) (Sigma-Aldrich, USA) was dissolved directly in 0.9 % saline solution. The dose 

of CNO was 0.3 mg/kg and was injected intraperitoneally using a volume of 100 μl/10 g body 

weight 2 hours before each behavioral test. 

 

2.2.3 Plasmid constructions 

PASIP (p11/AnxA2/SMARCA3 complex Inhibitory Peptide) sequence is derived from 

p11/AxnA2 complex binding region of AHNAK1 (aa 5654-5671) [46]. I designed a series of 

PASIP constructs: Control AcGFP1 (pAAV-Ef1α-DIO-AcGFP1-myc.hGH), PASIP-Ac-

GFP1c (pAAV-Ef1α-DIO-PASIP-AcGFP1-myc.hGH) and nucleus targeted PASIP-AcGFP1-

NLS (pAAV-Eflα-DIO-PASIP-AcGFP1-myc-C3xNLS.hGH) [52-54]. Coding sequence of 

PASIP constructs was prepared using standard gene synthesis method (GENEWIZ, USA) and 

subcloned into pAAV-Ef1α-DIO-EYFP vector (Addgene, #29056) at the two restriction en-

zyme cleavage sites (NheI, AscI) (Table 3). 

 

2.2.4 Immunoprecipitation of p11/AnxA2/SMARCA3 complex  
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 HEK293 cells (CRL-1573, ATCC) were transfected with CMV-Cre plasmid. 24 

hours post transfection the cells were infected with AAV stocks expressing either Control 

AcGFP1 or PASIP-AcGFP1 constructs. Immunoprecipitation was performed with α-

SMARCA3 antibody (rabbit polyclonal antibody, made with peptide immunization) [46]. Im-

munoblotting was performed with a standard protocol using the following antibodies α-p11 

(mouse monoclonal, 1:1000, BD bioscience), α-p11 (goat polyclonal, 1:200, R&D systems), 

α-SMARCA3 (goat polyclonal, 1:200, NOVUS), α-AnxA2 (mouse monoclonal, Santa Cruz 

Biotech.), α-GFP (Goat polyclonal, Santa Cruz Biotech.) (Table 1).   

 

2.2.5 Stereotaxic surgery 

 Stereotaxic injection of AAV was carried out on an Angle Two™ stereotaxic frame 

for mice (Leica, Buffalo Grove, IL, USA). Mice were anesthetized by intraperitoneal injec-

tion of avertin (250 mg/kg) prior to stereotaxic injection of AAV constructs. Cre-dependent 

AAVs were stereotaxically injected bilaterally into dorsal and ventral regions of the dentate 

hilus (coordinates for Dorsal: AP -2.1, ML ±1.4, DV -1.95, Ventral: AP -3.3, ML ±2.7, DV -

3.6) using 10 μl Hamilton syringes (33 gauge needle; Reno, NV, USA) (Table 2). Flow rate 

(0.2 μl/min) was controlled with a nanopump controller (WPI, US). After viral injection, the 
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needle was left for 5 min, and the incision was closed. Mice were placed back in the home 

cage for recovery. All animals were allowed at least 2 weeks of rest before the next experi-

mental stage. Any mice with abnormal locomotor activity after stereotaxic surgery were ex-

cluded from analysis. 

  

2.2.6 Behavior assessments 

 For all behavior tests, mice were brought to the testing room for 1 hour before test-

ing, and all of the tests were conducted during the light cycle by experimenters blind to treat-

ment- and genotype information. Experimental groups were randomly assigned during all of 

the tests.  

 2.2.6.1 Elevated plus maze (EPM) 

The elevated plus maze used plus-shape and was elevated 50 cm from the floor with 

two open arms and two enclosed arms (30 cm long and 5 cm wide). Mice were placed in 

the center of the maze and allowed to freely move into the four arms of the maze for 10 

min. The mice were videotaped, and the amounts of time spent in the open and closed arms 

were recorded and measured using Ethovision™ software (Noldus, USA)[55].  
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 2.2.6.2 Open field test (OF) 

Mice were placed in the center of the open field area (40 × 40 × 40 cm, Plexiglas 

chamber). Mice were allowed to move freely in the open field for 1 hour. An automated Su-

perflex™ software (Accuscan Instruments, Columbus, OH, USA) was used to measure the 

duration in the center and periphery. The measures were automatized using two rows of in-

frared photocells placed 20 and 50 mm above the floor, spaced 31 mm apart. Photocell 

beam interruptions were recorded using Superflex™ software [46].  

 2.2.6.3 Light and dark box test (LD box) 

Mice were placed in the open field area (40 × 40 × 40 cm). The black box was in-

serted into the open field. Mice were placed into the light compartments at the beginning of 

the session and allowed to move freely between compartments for 10 min. An automated 

Superflex™ software was used to measure the time spent in each compartment and first la-

tency to enter the dark compartment [46]. 

 2.2.6.4 Novelty suppressed feeding test (NSF) 
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The novelty-suppressed feeding test was carried out during a 15 min period as de-

scribed with minor modification [56]. 24 hours prior to behavioral testing, all food was re-

moved from the home cage. At the end of this time, a single 1.8cm square shaped food pel-

let was placed on a white filter paper positioned in the center of the test box. The mouse 

was placed in a corner of the open field and a stopwatch was immediately started. The la-

tency to the first bite was recorded. Immediately after this test, mice were placed in their 

home cage and the amount of food intake were measured for 10 min.  

2.2.6.5 Tail suspension test (TST) 

Mice were suspended by their tails for 6 min. The test session was videotaped and 

their immobility was scored by using automated TST analysis software from Clever system 

(Reston, VA, USA). The immobility time during the last 4 min (excluding the initial 2 min) 

was calculated [57].  

 

2.2.7 Chronic unpredictable mild stress (CUMS) paradigm 

Mice were exposed to various kinds of stressors in random order over three weeks [58]. 

Control group was handled daily for 30 s in the housing room for the same period. Specific 

details of the CUMS paradigm were as follows: Restraint stress (2hrs), Over-crowding (24 
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hrs), Tail pinch (10 min or 1 hr), No bedding (12 ~ 24 hrs), Tilted cage (12 ~ 24 hrs), Re-

strainer tilting (2 hrs), Wet bedding (12 ~ 24 hrs), Single housing (12 ~ 24 hrs), Food and 

water deprivation (24 hrs), Cold swimming (6 min), Over hanging (30 min), Overnight illu-

mination, Restrainer rotating (30 min) (Figure 5). 

 

 

Figure 5. Chronic unpredictable mild stress paradigm.  

(a) Restraint stress (b) Over-crowding (c) Tail pinch (d) No bedding (e) Tilted cage (f) Restrainer tilting (g) Wet 

bedding (h) Single housing (i) Cold swimming (j) Food and water deprivation (k) over hanging (l) Overnight 

illumination (m) Restrainer rotating.  
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2.2.8 Immunohistochemistry 

Immunostaining was carried out using the standard free-floating method. Sections were 

washed three times with PBS for 10 min each time and pre-incubated in 2% normal donkey 

serum, 0.2% bovine serum albumin and 0.3% Triton-X100 for 1 hour. After the blocking step, 

sections were incubated with the primary antibody diluted in the blocking buffer overnight at 

4°C. The following primary antibodies were used: α-doublecortin (goat polyclonal, 1:200, 

Santa Cruz Biotech.), α-calretinin (mouse monoclonal, 1:500, SWANT), α-parvalbumin (rab-

bit polyclonal, 1:1000, SWANT), α-neuropeptide Y (rabbit polyclonal, 1:1000, Phoenix phar-

maceutical), α-GluR2/3 (rabbit polyclonal, 1:100, Millipore), α-c-Fos (rabbit polyclonal, 

1:250, Cell signaling), α-p11 (goat polyclonal, 1:100. R&D systems), α-SMARCA3 (rabbit 

polyclonal, 1:500, Thermo Scientific) (Table 1). After 24 hours incubation, sections were 

washed three times with PBS containing 0.2% Triton-X100 (PBS-T) for 10 min each time, 

and incubated with Alexa™-fluor-conjugated secondary antibody (1:400, Life technologies, 

USA) for 3 hours at RT. Sections were washed again in PBS-T, three times for 10 min each 

at RT and cover-slipped with Prolong™ Gold, anti-fading mounting medium (Life technolo-

gies, USA).  
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2.2.9 BrdU labeling and neurogenesis assay 

The mice were administrated BrdU solution (200 mg/kg) intraperitoneally for 3 hours 

prior to sacrifice. After transcardial perfusion, brain was post-fixated with 4% PFA overnight 

and a cryostat (CM3050S, Leica) was used to collect coronal sections of 40-μm-thickness 

along the rostro-caudal axis of hippocampus. Sections were processed using a free-floating 

procedure. Every sixth section throughout the hippocampus was processed for BrdU im-

munohistochemistry. Sections were pre-incubated for 30 min at 45°C in 1 M HCl to denature 

DNA and the acid neutralized by rinsing sections three times with 0.1 M PBS [59]. The im-

munohistochemistry was done using α-BrdU (rat polyclonal, 1:200, Abcam, Cambridge, MA, 

USA) and Alexa™-fluor-conjugated secondary antibody (1:400, Life technologies, USA). 

An experimenter blinded to the slide code counted all BrdU-labeled cells in the granule cell 

layer (GCL) and the subgranular zone (SGZ) of the dentate gyrus (DG) in the total 12 sections 

from the individual mouse. The total number of BrdU-labeled cells per section was deter-

mined and multiplied by 6 to obtain the total number of cells per dentate gyrus.  
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2.2.10 Electrophysiological recordings of mossy cells  

 2.2.10.1 Fluorescence labeling of mossy cells 

To label and visualize mossy cells in hippocampal slices, recombinant AAV vector 

(AAV2.EF1α.DIO.AcGFP1-myc) was bilaterally injected into the dentate hilus of ventral 

hippocampus in MC-Cre ([Calcrl]-Cre) Tg mice. AcGFP1 was selectively expressed in the 

mossy cells. During electrophysiological recordings, mossy cells were further confirmed by 

their morphology, membrane capacitance and electrophysiological properties.  

2.2.10.2 Slice preparation 

Male mice between 8-15 weeks of age were euthanized with CO2. Brains were then 

removed and placed in an ice-cold N-Methyl-D-glucamine (NMDG)-containing cutting so-

lution (in mM: 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 20 HEPES, 5 

sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 0.5 CaCl2, 10 MgSO4. pH 7.4, 295-305 

mOsm). Brain slices (400 μm thickness) containing the ventral hippocampus were prepared 

by using a VT1000 S Vibratome (Leica Microsystems Inc., Buffalo Grove, IL, USA). After 

cutting, slices were allowed to recover in the cutting solution for 15 min at 37°C and then 

transferred to the recording solution at room temperature for at least 1 hour before recording.  
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 2.2.10.3 Electrophysiology  

Electrophysiological recordings were performed as described previously [60]. During 

recording, brain slices were placed in a perfusion chamber attached to the fixed stage of an 

upright microscope BX51WI (Olympus, Tokyo, Japan) and submerged in continuously flow-

ing oxygenated recording solution containing the following (in mM): 125 NaCl, 25 NaHCO3, 

25 glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2, pH 7.4, 295-305 mOsm. Neurons 

were visualized with a 40× water immersion lens and illuminated with near infrared (IR) 

light. Electrophysiological recordings were performed with a Multiclamp 700B/Digi-

data1440A system (Molecular Devices, Sunnyvale, CA, USA). Patch electrodes were filled 

with the internal solution (in mM: 126 K-gluconate, 10 KCl, 10 HEPES, 10 phosphocreatine, 

4 ATP, and 0.3 GTP, pH 7.3, 290 mOsmol). Whole-cell patch-clamp recordings were used to 

record the spontaneous action potentials of mossy cells in the hippocampal slices. All record-

ings were done at 37°C. In the chemogenetic experiments, action potentials of mossy cells 

were recorded for 5 minutes as baseline. CNO (1M) was then perfused on brain slices to 

examine the effects of Gi-DREADD. Data were analyzed by pClamp10 software (Molecular 
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Devices) and GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). 

 

2.2.11 Data analysis and statistics 

 All data were presented as means ± SEM. Statistical analysis was conducted using 

GraphPad Prism Version 7.0a. Two group comparisons were done by two-tailed, unpaired or 

paired Student’s t test. Multiple group comparisons were assessed using a one-way or two-

way ANOVA, followed by appropriate post hoc test. Significance thresholds were as follows: 

*p<0.05, **p<0.01, ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

3. RESULTS  

 

3.1 Effects of modulation of p11/AnxA2/SMARCA3 complex in mossy 

cells in antidepressant responses to chronic SSRI administration. 

3.1.1 Effects of genetic deletion of p11 or Smarca3 in hippocampal mossy cells on be-

havioral responses to chronic SSRI administration.  

  Previous studies identified SMARCA3 as a binding partner of the p11/AnxA2 

complex and, using constitutive Smarca3 KO mice, demonstrated its crucial role for neuro-

genic and behavioral responses to chronic antidepressant administration. Those studies also 

showed that p11 and SMARCA3 were highly enriched in hippocampal mossy cells [46]. 

However, a possible mossy cell-specific involvement of the p11/AnxA2/SMARCA3 com-

plex in antidepressant actions was not studied. Therefore, I generated mossy cell-specific 

deletion of p11 or Smarca3 conditional KO mice to identify the cell type-specific role of the 

ternary complex. To investigate the possibility of a mossy cell-specific role of p11 and/or 

Smarca3 in the actions of antidepressants, I used a transgenic Cre driver line to target hippo-

campal mossy cells. According to previous reports, dopamine D2 receptor gene expression is 

limited to mossy cells in the dentate gyrus [61, 62]. I validated dopamine D2 receptor pro-

moter driven Cre recombinase expression in a mossy cell-specific manner in the dentate gyrus 
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by crossing a D2-Cre ([Drd2]-Cre) driver mouse line with a tdTomato reporter line (Figures 

6a - 6c). Then, I crossed them with a p11 or Smarca3 floxed conditional line to achieve spe-

cific deletion of p11 or Smarca3 in mossy cells (Figures 7a and 7b, Figures 8a and 8b). After 

chronic administration of SSRI to a p11 or Smarca3 conditional KO (cKO) line, I carried out 

the novelty suppressed feeding test to investigate depression-like states. I found that the la-

tency to approach food pellet was reduced in the control mice (p11(f/f) and Smarca3(f/f)), but 

not in p11 cKO (p11(f/f);D2-Cre) or Smarca3 cKO (Smarca3(f/f);D2-Cre) mice (Figure 7c and 8c), 

but that their home cage feeding level was unaffected (Figures 7d and 8d). I further validated 

the effect of genetic deletion of Smarca3 in the mossy cells using another type of mossy cells-

specific Cre mouse line, MC-Cre ([Calcrl]-Cre) (Figures 9a - 9c). This MC-Cre line was very 

specific in the hippocampus, but exhibited wide activity in both hilar mossy cells of dentate 

gyrus and some pyramidal cells of the CA3 region [37]. I deleted the Smarca3 gene by cross-

ing MC-Cre mice with Smarca3 floxed conditional mice (Smarca3(f/f)) (Figure 10a) and con-

ducted the novelty suppressed feeding test (NSF) and the tail-suspension test (TST) after 

chronic administration of SSRI. I found that the latency to feed in the NSF and the immobility 

in the TST were reduced in the control mice by fluoxetine treatment (Smarca3(f/f)), but not in 
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Smarca3 cKO (Smarca3(f/f);MC-Cre) (Figures 10b - 10d), without any significant change in lo-

comotor activity (Figure 10e).  

 All of these data indicate that selective deletion of p11 or Smarca3 in dentate mossy 

cells affects the antidepressant responses. These results suggest that p11 and Smarca3 in 

mossy cells are involved in mediating the behavioral responses to chronic antidepressant 

treatment.  
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Figure 6. Mossy cell-specific Cre-driver line : D2-Cre  

(a) Schematic design to confirm mossy cell-specific Cre recombination in the hippocampus of D2-Cre trans-

genic mice. (b) Representative images showing longitudinal fluorescent of tdTomato along the rostro-caudal 

axis of the hippocampus of D2-Cre/tdTomato mice. Scale bar, 100 µm. (c) Co-localization of Cre-dependent 

reporter (tdTomato, red) with CRT, a mossy cell marker (green, filled arrowheads), but not in neither PV+ 

basket cells nor NPY+HIPP cells (green, open arrowheads). Scale bar, 25 µm. Abbreviations: GCL, granule 

cell layer; IML, inner molecular layer, CRT, calretinin; PV, parvalbumin; NPY, neuropeptide Y; HIPP, Hilar 

perforant path-associated.  
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Figure 7. Mossy cell-specific knockout of p11 gene abolishes behavioral responses to 

chronic SSRI treatment. 

(a) Schematic illustration of genetic deletion of p11 gene in mossy cells using a D2-Cre line. (b) Cell type-

specific knockout of p11 gene in the dentate hilus. Representative co-labeling images showing the co-localiza-

tion between p11 (red) and a mossy cell marker calretinin (CRT)(green) in control mice, but not in p11 cKO 

mice. Solid arrowheads indicate representative doubly labeled cells and open arrowheads show cells labeled 

only with p11, but without CRT. Scale bar, 50 μm.(c) Novelty suppressed feeding (NSF) test. Bar graphs show-

ing latency to food pellet. Control and p11 cKO group have genotype of p11(f/f) without Cre, and p11(f/f) with 

D2-Cre, respectively. Two-way ANOVA, [genotype x drug interaction F(1,54)=5.031; P=0.0290, genotype fac-

tor F(1,54)=7.435; P=0.0086, drug factor F(1,54)=6.728; P=0.0122], followed by the Turkey’s post hoc test. 

(d) Assessment of the hunger level in control and p11 cKO group using home cage feeding test right after NSF 

test of the same set of animals. Data are represented as means ± SEM. Pair-wise comparison by post hoc test; * 

p < 0.5, *** p < 0.001, ns, nonsignificant. Abbreviations: DG, dentate gyrus; MC, mossy cells; SAL, saline; FLX, 

fluoxetine. 
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Figure 8. Mossy cell-specific knockout of Smarca3 gene abolishes behavioral re-

sponses to chronic SSRI treatment.  

(a) Schematic illustration of genetic deletion of Smarca3 gene in mossy cells using a D2-Cre line. (b) (b) Cell 

type-specific knockout of Smarca3 gene in the dentate hilus. Representative co-labeling images showing the 

co-localization of SMARCA3 (red) and CRT (green) in the control mice, but not in p11 cKO mice. Solid ar-

rowheads indicate representative doubly labeled cells and open arrowheads show cells labeled only with 

SMARCA3, but without CRT. Scale bar, 50 μm.(c) NSF tests. Control and Smarca3 cKO group have genotype 

of Smarca3(f/f) without Cre, and Smarca3(f/f) with D2-Cre, respectively. Two-way ANOVA, [genotype x drug 

interaction F(1,44)=9.111; P=0.0042, genotype factor F(1,44)=0.9715; P=0.3297, drug factor F(1,44)=3.094; 

P=0.0855], followed by the Turkey’s post hoc test. (d) Assessment of the hunger level in control and Smarca3 

cKO group. Data are represented as means ± SEM. Pair-wise comparison by post hoc test; ** p < 0.01, *** p < 

0.001, ns, non-significant. Abbreviations: DG, dentate gyrus; MC, mossy cells; SAL, saline; FLX, fluoxetine.  
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Figure 9. Mossy cell-specific Cre-driver line : MC-Cre  

(a) Schematic design to confirm mossy cell-specific Cre recombination in the hippocampus of MC-Cre trans-

genic mice. (b) Representative images showing longitudinal fluorescent of tdTomato along the rostro-caudal 

axis of the hippocampus of MC-Cre/tdTomato mice. Scale bar, 100 µm. (c) Co-localization of Cre-dependent 

reporter (tdTomato, red) with CRT, a mossy cell marker (green, filled arrowheads), but not in neither PV+ basket 

cells nor NPY+HIPP cells (green, open arrowheads). Scale bar, 25 µm. Abbreviations: GCL, granule cell layer; 

IML, inner molecular layer, CRT, calretinin; PV, parvalbumin; NPY, neuropeptide Y; HIPP, Hilar perforant path-

associated.  
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Figure 10. Mossy cell-specific knockout of Smarca3 gene using MC-Cre mice abolishes 

behavioral responses to chronic SSRI treatment. 

(a) Schematic illustration of genetic deletion of Smarca3 gene in mossy cells using MC-Cre line. (b) The NSF 

test. Control and Smarca3 cKO group have genotype of Smarca3(f/f) without Cre, and Smarca3(f/f) with MC-Cre, 

respectively. Two-way ANOVA, [genotype x drug interaction F(1,31)=4.334; P=0.0489, genotype factor 

F(1,31)=4.404; P=0.00441, drug factor F(1,31)=2.77; P=0.3238], followed by the Turkey’s post hoc test. (c) The 

hunger level was assessed by home cage feeding test with the same set of animals. (d) Depressive-like behavioral 

testing in the tail suspension test [TST]. (e) Basal locomotor activity of control and Smarca3 cKO mice in the 

open field test [OFT]. Data are represented as means ± SEM. Pair-wise comparison by post hoc test; * p < 0.5, 

ns, non-significant.   
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3.1.2 Effect of mossy cell-specific inhibition of the p11/AnxA2/SMARCA3 complex on 

neurogenic and behavioral responses to chronic antidepressant treatment.  

 Although I evaluated the effects of genetic deletion of p11 or Smarca3 gene in mossy 

cells on antidepressant responses using cell type-specific KO mice, these transgenic ap-

proaches could not rule out the possibility that these behavioral changes are due to develop-

mental defects or off-target deletion of p11 or Smarca3 gene in those cKO mice. Thus, I 

further examined the neurogenic and behavioral effects of mossy cell-specific inhibition of 

the p11/AnxA2/SMARCA3 complex in adult mice. To this end, I developed recombinant 

constructs to inhibit the assembly of the p11/AnxA2/SMARCA3 complex. Our previous 

study showed that the p11/AnxA2 heterotetramer formed a stable heterohexameric complex 

with either SMARCA3 or AHNAK1, using very similar recognition principles. The short 

peptide derived from the binding region of SMARCA3 or AHNAK1 makes a stable complex 

with the p11/AnxA2 heterotetramer by occupying the hydrophobic binding pocket created on 

the surface of the P11/AnxA2 heterotetrameric complex [46]. Based on information about 

the co-crystallization structure of the ternary complex, I designed a recombinant inhibitor of 

the p11/AnxA2/SMARCA3 complex (P11/AnxA2/SMARCA3 complex Inhibitory Peptide-
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AcGFP1 fusion construct (PASIP-AcGFP1)) along with an inert control (control AcGFP1) 

(Figure 11a). I assumed that this recombinant inhibitor protein competes with endogenous 

SMARCA3 on the binding pocket and thus blocks the functional assembly of the active ter-

nary complex, the p11/AnxA2/SMARCA3 heterohexamer (Figure 11b). By conducting an in 

vitro co-immunoprecipitation assay, I confirmed that the recombinant PASIP-AcGFP1 con-

struct was able to successfully block the assembly of the P11/AnxA2/SMARCA3 complex 

(Figure 11c). I further generated Cre-dependent AAVs to deliver those PASIP-AcGFP1 con-

structs into the hippocampal mossy cells. Cre-dependent AAVs were injected locally into 

hilus regions of MC-Cre transgenic mice (Figure 11d and 11e). Because MC-Cre mice were 

known to display Cre-recombination in both dentate mossy cells and a minor pyramidal sub-

population in the CA3c region [37], I delivered recombinant AAV solution in the middle of 

the hilus region to avoid the unnecessary diffusion of viral particles. My histological analysis 

confirmed that AcGFP1 signal was found exclusively in the hilus and the inner molecular 

layer (IML) where somas and axonal fibers of mossy cells localize, respectively, but not in 

the CA3 region where pyramidal cells localize (Figure 12b - 12c), ensuring the hippocampal 

subregion specificity. In addition, I confirmed that AcGFP1-fusion proteins (control AcGFP1, 
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PASIP-AcGFP1) were specifically expressed in mossy cells, but not in other GABAergic 

interneurons, including PV+ basket cells and NPY+ HIPP cells (Figure 12d and 12e), ensur-

ing the cell type specificity in the dentate gyrus.  

 After preventing formation of the p11/AnxA2/SMARCA3 complex with mossy cell-

specific expression of the PASIP-AcGFP1 construct, I examined the neurogenic and behav-

ioral outcome of chronic administration of SSRI (Figure 12a). It is well established that adult 

neurogenesis in the dentate gyrus is induced in response to chronic antidepressant treatment 

[63-65]. In control and PASIP-AcGFP1 mice, I assessed chronic fluoxetine-induced prolifer-

ation activity of neural progenitors. A significant increase in BrdU+ proliferating cells was 

observed in the subgranular zone (SGZ) of control AcGFP1 mice after chronic fluoxetine 

treatment, which was abolished in the SGZ of PASIP-AcGFP1 mice (p =0.73) (Figures 13a - 

13d). In addition, I analyzed the expression level of doublecortin (DCX), which represent a 

snapshot of newborn postmitotic cells undergoing neuronal differentiation and maturation 

[66]. Chronic fluoxetine administration increased the DCX immunofluorescence signal in the 

SGZ of control AcGFP1 mice, but the effect of fluoxetine was attenuated in the SGZ of 
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PASIP-AcGFP1 mice (Figures 14a - 14d). I found that the inhibitory effect of PASIP-Ac-

GFP1 expression on fluoxetine-induced neurogenic activities was observed consistently 

along the rostro-caudal axis of the dentate gyrus (Figures 13d and 14d). 

 I next investigated the possible functional significance of the 

p11/AnxA2/SMARCA3 complex in mossy cells for basal locomotor activity, anxiety-related 

behaviors and SSRI-induced behavioral changes. Control AcGFP1 and PASIP-AcGFP1 mice 

did not display a difference in basal locomotor activity when monitored using the open field 

[OF] test (Figure 15a). In addition, inhibition of the p11/AnxA2/SMARCA3 complex failed 

to show a consistent effect on multiple anxiety-related behaviors. Control AcGFP1 and 

PASIP-AcGFP1 mice showed a difference in the light/dark box [LDB] test (p = 0.0064) (Fig-

ure 15c), but not in the other two anxiety-related behaviors (thigmotaxis test (p = 0.74), Fig-

ure 10b; the elevated plus maze test [EPM](p = 0.587), Figure 15d). In addition, they did not 

display any baseline difference in depression-like behavioral tests (tail suspension test [TST], 

Figure 16c; novelty-suppressed feeding [NSF] test, Figure 16a). However, the latency to feed 

was decreased after chronic fluoxetine administration in control AcGFP1 mice, but not in 

PASIP-AcGFP1 mice (Figure 16a). Neither fluoxetine treatment nor inhibition of the 
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p11/AnxA2/SMARCA3 complex caused any significant effect on home cage feeding (Figure 

16b), suggesting that this behavioral change was unlikely due to different hunger levels be-

tween comparison groups. The antidepressant-induced behavioral change observed in the 

NSF test was also observed in the tail suspension test [TST] (Figure 16c). Taken together, 

these data indicate that the p11/AnxA2/SMARCA3 complex in mossy cells may play a cru-

cial role in behavioral changes after chronic treatment with SSRIs. 
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Figure 11. Development of viral construct for Mossy cell-specific disruption of the 

p11/AnxA2/SMARCA3 complex.   

(a) Molecular design for the p11/AnxA2/SMARCA3 complex-Inhibitory Peptide (PASIP)-AcGFP1 fusion 

protein (PASIP-AcGFP1). (b) Schematic illustration of how the recombinant inhibitor (PASIP-AcGFP1) 

blocks the functional assembly of the p11/AnxA2/SMARCA3 heterohexameric complex. Upon dissociation 

from the complex, SMARCA3 becomes inactive. (c) In vitro pull-down assay demonstrates that PASIP-Ac-

GFP1 disrupts the p11/AnxA2/SMARCA3 complex. SMARCA3 was immunoprecipitated from HEK 293 

cells that were transfected with either control AcGFP1 or PASIP-AcGFP1 construct. The immune complexes 

were subjected to immunoblot analysis using AcGFP1-, SMARCA3-, AnxA2- and p11 antibodies. (d) Sche-

matic illustration of the double-floxed Cre-dependent AAV vectors expressing control AcGFP1 or PASIP-

AcGFP1 under control of EF-1α promoter. (e) Recombinant AAVs, expressing either control AcGFP1 or 

the PASIP-AcGFP1, were stereotaxically injected into the dentate gyrus of MC-Cre transgenic mice. 
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Figure 12. Mossy cell-specific expression of control AcGFP1 or PASIP-AcGFP1 con-

struct along the rostro-caudal axis of the hippocampus.   

(a) Experimental design. Control AcGFP1- or PASIP-AcGFP1-injected mice were administered saline (SAL) 

or fluoxetine (FLX) for 3 weeks. After behavioral testing, all the animals were labeled with BrdU for the last 3 
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hours prior to perfusion.  (b) Schematic illustration for stereotaxic injection of Cre-dependent AAVs express-

ing either control AcGFP1 or PASIP-AcGFP1 along the rostro-caudal axis of the hippocampus. Stereotaxic 

coordinates for either rostral or caudal injection of AAV (Rostral : AP -2.1 mm, ML±1.4 mm, DV -1.95 mm. 

Caudal : AP -3.3 mm, ML ±2.7 mm, DV -3.6 mm). (d and e) Mossy cell-specific expression of control AcGFP1 

or PASIP-AcGFP1 construct. Hippocampal sections from the AAV-injected animals were immunostained with 

CRT (Calretinin; mossy cell maker), GluR2/3 (glutamate receptor subunit GluR2/3; mossy cell marker), PV 

(parvalbumin; PV+basket cell marker), NPY (neuropeptide Y; HIPP cell marker). Representative co-labeling 

images for the cell type-specific expression of control AcGFP1 or PASIP-AcGFP1 in mossy cells (filled arrow-

heads), but in neither PV+basket cells nor NPY+HIPP cells (open arrowheads). Solid arrowheads indicate rep-

resentative double labeled cells, and open arrowheads show cells labeled only with markers. Abbreviations: 

DG, dentate gyrus; GCL, granule cell layer; IML, innermolecular layer; NPY, neuropeptide Y; HIPP, Hilar per-

forant path-associated; GluR2/3, glutamate receptor 2/3; PV, parvalbumin; MC, mossy cell. Scale bar, 50 μm. 
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Figure 13. Effects of mossy cell specific disruption of p11/AnxA2/SMARCA3 complex 

on proliferation of new-born cells in response to chronic SSRI treatment.  

(a) Representative images with α-BrdU immunostaining results. BrdU+cells in the subgranular zone (SGZ) 

are as indicated in each image (solid arrowheads). Scale bars, 100 μm. (b) Quantification of BrdU-positive 

cells in the SGZ. Two-way ANOVA, [AAV x drug interaction F(1,51)=4.129; P=0.0498, AAV factor 

F(1,51)=18.54; P<0.0001, drug factor F(1,51)=8.65; P=0.0049], followed by the Turkey’s post hoc test. (c) 

Representative images with BrdU-positive cells in the caudal dentate gyrus from control AcGFP1 and PASIP-

AcGFP1 mice. (d) Quantification of BrdU-positive cells along the rostro-caudal axis of the hippocampus. Data 

are represented as means ± SEM. Pair-wise comparison by post hoc test;* p < 0.5, ** p < 0.01, *** p < 0.001, 

ns, nonsignificant. Abbreviations: GCL, granule cell layer; IML, inner molecular layer; DG, dentate gyrus.  
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Figure 14. Effects of mossy cell specific disruption of p11/AnxA2/SMARCA3 complex 

on differentiation of new-born cells in response to chronic SSRI treatment.  

(a) Representative images of DCX-positive cells in control-AcGFP and PASIP-AcGFP1 mice. (b) Quantitation 

of DCX-positive cells in the SGZ and the GCL. Two-way ANOVA, [AAV x drug interaction F(1,25)=6.364; 

P=0.0184, AAV factor F(1,25)=18.54; P<0.0001, drug factor F(1,25)=8.65; P=0.0049], followed by the Tur-

key’s post hoc test. . (c) Representative images of DCX-immunostaining results in the caudal dentate gyrus 

from control AcGFP1 and PASIP-AcGFP1 mice. (d) Quantitation of DCX-immunofluorescence along the ros-

tro-caudal axis of the hippocampus. Data are represented as means ± SEM. Pair-wise comparison by post hoc 

test; ** p < 0.01, *** p < 0.001. Abbreviations: Rel. DCX IF, relative doublecortin immunofluorescence; GCL, 

Granule cell layer; IML, innermolecular layer; SAL, saline; FLX, Fluoxetine.  
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Figure 15. Effects of mossy cell-specific disruption of the p11/AnxA2/SMARCA3 com-

plex on basal locomotion or anxiety-related behaviors.  

(a) Basal locomotor activity of control AcGFP1 and PASIP-AcGFP1 mice in the open field [OF] test. (b) Thig-

motaxis of control AcGFP1 and PASIP-AcGFP1 mice in the open field [OF] test. (c) Light & Dark Box [LDB] 

test. (d) Elevated plus maze [EPM] test. Data are represented as means ± SEM. Paired Student’s t-test. 

**p<0.01, ns; non-significant. 
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Figure 16. Effects of mossy cell-specific disruption of the p11/AnxA2/SMARCA3 com-

plex on behavioral response to chronic SSRI treatment.  

(a) Novelty suppressed feeding test (NSF). Two-way ANOVA, [AAV x drug interaction F(1,54)=4.09; 

P=0.0481, AAV factor F(1,54)=4.084; P=0.0327, drug factor F(1,54)=4.584; P=0.0368], followed by the Tur-

key’s post hoc test. (b) Home cage feeding levels. (c) Tail suspension test [TST]. Data are represented as 

means ± SEM. Pair-wise comparison by post hoc test; * p < 0.5, ** p < 0.01, ns, non-significant.  
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3.1.3 Effects of cell type-specific inhibition of the p11/AnxA2/SMARCA3 complex on 

neuronal activity of mossy cells.  

 I first examined the effects of chronic antidepressant administration on neuronal ac-

tivity of mossy cells. Mossy cells are spontaneous firing neurons in the hilus, whose activity 

modulates neuronal circuitry and function of the dentate gyrus [67]. To identify mossy cells 

for electrophysiological recordings, I labeled mossy cells with a fluorescence protein, Ac-

GFP1, by injecting Cre-dependent AcGFP1 AAVs into mossy cell-specific Cre (MC-Cre) 

mice (Figure 17a). AcGFP1 was shown to be restrictively expressed in mossy cells in the 

dentate gyrus (Figure 17b). Mossy cells were further confirmed by their morphology, tonic 

firing pattern and membrane capacity (50-100 pF). Electrophysiological recordings showed 

that chronic fluoxetine treatment significantly enhanced the spontaneous firing rate of mossy 

cells (Figures 17c and 17d), but acute treatment of the drug had no effect on mossy cell ac-

tivity (Figures 17e and 17f).  

Previous studies have shown that acute restraint stress decreases c-fos immunoreac-

tivity in hilar mossy cells of the hippocampus [68]. I further investigated whether neuronal 
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activity of mossy cells was altered by chronic stress exposure and the following antidepres-

sant administration. After using the chronic unpredictable mild stress (CUMS) paradigm, 

which is a rodent model of chronic stress-induced depression [69] (Figure 18a), I counted the 

active mossy cells in the hilus by immunostaining c-Fos, a neural activation marker [68, 70]. 

c-Fos immunoreactivity in mossy cells was significantly reduced by chronic exposure to un-

predictable stress (Figures 18b and 18c). In contrast, chronic fluoxetine administration to the 

stressed animals resulted in a remarkable increase in c-Fos immunoreactivity in mossy cells 

(Figures 18d, 18e and 18f), which was consistent with my electrophysiological recording 

shown above (Figures 17c and 17d). These results revealed that the neuronal activity of 

mossy cells was suppressed by chronic stress, and the effect was reversible by chronic fluox-

etine administration. 

 I next examined the regulation by p11 and SMARCA3 of mossy cell activity. I found 

that the spontaneous firing rate of mossy cells was greatly reduced in p11 cKO mice (Figures 

19a and 19b) and Smarca3 cKO mice (Figures 19c and 19d) compared to control mice. These 

data suggested that p11 and SMARCA3 played a role in regulating neuronal activities of 
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mossy cells.  

   I further investigated the effects of inhibition of the p11/AnxA2/SMARCA3 complex 

on neuronal activity of mossy cells. Previous studies have shown that the 

p11/AnxA2/SMARCA3 complex is induced in the mossy cells by chronic fluoxetine admin-

istration and is further targeted to the nuclear matrix to regulate gene transcription [71, 72]. 

Thus, I additionally generated a PASIP-AcGFP1-NLS construct that was specifically targeted 

to the nucleus of mossy cells due to triple nuclear localization signals (3NLS) fused at the 

C-terminus (Figure 20a). I generated a series of Cre-dependent viral vectors, including con-

trol AcGFP1, PASIP-AcGFP1, and PASIP-AcGFP1-NLS (Figure 20a). By co-transfection 

into cultured HEK 293 cells or stereo-injection into the dentate gyrus of mossy cell-specific 

Cre (MC-Cre) transgenic mice, I verified the nuclear-specific expression of the PASIP-Ac-

GFP1-NLS construct (Figure 20b) and also the cell-type specific expression of the PASIP-

AcGFP1 constructs in the dentate mossy cells (Figure 20b). Of note, the firing rate of mossy 

cells was significantly decreased by PASIP-AcGFP1 or PASIP-AcGFP1-NLS expression 

compared to control AcGFP1 expression (Figures 20c and 20d). I further observed that c-Fos 

immune-reactivity was markedly reduced by PASIP-AcGFP1 expression in mossy cells, but 
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not by control AcGFP1 expression (Figures 21a – 21c), verifying a significant role of the 

p11/AnxA2/SMARCA3 complex in the regulation of mossy cell excitability.  

  Collectively, these results show that the neural activity of mossy cells is decreased 

during chronic stress-induced depression and this decrease is reversed by chronic antidepres-

sant administration, possibly through the p11/AnxA2/SMARCA3, an inducible protein com-

plex.   
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Figure 17. Neuronal activity of mossy cells is enhanced by chronic SSRI treatment, but 

not by acute treatment.  

(a) Schematic of AcGFP1 AAV injection into the hippocampus of MC-Cre mice. Ventral hippocampal slices 

were used for electrophysiological recordings. (b) Representative fluorescence images of AcGFP1-labeled 

mossy cells in a hippocampal section of the AAV-injected mice. Magnifications: 5× or 40× objective lens. 

(c and d) Representative traces (c) and Whisker box plot (d) showing the spontaneous firing rate of mossy cells 

by chronic FLX administration on 8-week-old mice (oral administration, 18 days, n = 9 cells / 3 mice per group). 

Scale bar: 1 s, 50 mV. Two-tailed, unpaired T-test; P=0.044. (e and f) Representative traces (e) and Whisker box 

plot (f) showing the spontaneous firing rate of mossy cells from 8-week-old mice injected with a single dose of 

saline or fluoxetine (10 mg/kg). n = 9 cells / 3 mice per group. Scale bar: 1 s, 50 mV. Two-tailed, unpaired T-

test; P=0.9401. Data are represented as means ± SEM. Paired Student’s t-test, *p<0.05, ns, non-significant.  

Abbreviations: GCL, granule cell layer; IML, inner molecular layer; MC, mossy cell; SAL, saline; FLX, fluox-

etine. 
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Figure 18. Effect of chronic unpredictable stress or antidepressant administration on 

expression of c-Fos a neuronal activity marker in the mossy cells. 

(a)Schematic of experimental design. Wild-type mice were subjected to chronic unpredictable stress (CUS) 

paradigm. (b) Representative images of c-Fos positive cells (Green) with counter staining (Blue, DraQ5) in the 

naïve or the stressed mice. Scale bar, 50 μm. (c) Quantitative graph of c-Fos positive cell number in the hilus 

region of the Naïve or the stressed mice. (d) Schematic of experimental design. Wild-type mice were subjected 

to chronic unpredictable stress (CUS) paradigm which was followed by daily administration of saline (SAL) or 

fluoxetine (FLX) for last 3weeks. (e) Representative images of c-Fos positive cells (Green) with counter staining 

(Blue, DraQ5) in the stressed mice treated with either saline (SAL) or fluoxetine (FLX). Scale bar, 50 μm. (f) 

Quantitative graph of c-Fos positive cell number in the dentate hilus region of the stressed mice with or without 

fluoxetine treatment. Data are represented as means ± SEM. Paired Student’s t-test, *p<0.05, ***p<0.001. 
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Figure 19. Neuronal activity of mossy cells is silenced by mossy cell-specific deletion 

of p11 or Smarca3 gene.  

(a and b) Reduced neuronal activity of mossy cells in p11 cKO mice. Mossy cells were labeled by injecting 

Cre-dependent AcGFP1 AAV into p11 wild-type (+/+, MC-Cre)(Control) and p11 conditional KO (p11(f/f);MC-

Cre) (p11 cKO). Representative traces (a) and Whisker box plot (b) showing the spontaneous firing rate of mossy 

cells in the dentate gyrus of control and p11 cKO mice at 16 weeks of age. n = 10 cells / 3 mice for control; n = 

6 cells / 3 mice for p11 cKO. Scale bar: 300 ms, 50 mV. Two-tailed, unpaired T-test; P=0.0255. (c and d) 

Reduced electrophysiological activity of mossy cells in Smarca3 cKO mice. Mossy cells were labeled by in-

jecting the Cre-dependent AcGFP1 AAV into Smarca3 wild-type (+/+, MC-Cre) (Control) and Smarca3 con-

ditional KO (Smarca3(f/f);MC-Cre) (Smarca3 cKO). Representative traces (a) and Whisker box plot (b) showing 

the spontaneous firing rate of mossy cells in the dentate gyrus of control and Smarca3 cKO mice at 16 weeks 

of age. n = 9 cells / 3 mice per group. Scale bar: 300 ms, 50 mV. Two-tailed, unpaired T-test; P=0.0073. Data 

are represented as means ± SEM. Paired Student’s t-test, *p<0.05, **p<0.01. 
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Figure 20. Neuronal activity of mossy cells is silenced by mossy cell-specific disruption of 

p11/AnxA2/SMARCA3 complex.  

 

(a) Schematic design for a series of PASIP-fusion constructs, including control AcGFP1, whole cell inhibitor 

construct (PASIP-AcGFP1) and nucleus-targeted inhibitor construct (PASIP-AcGFP1-NLS). (b) Immunofluo-

rescence images showing subcellular localization of each AcGFP1 construct in HEK 293 cells where each re-

combinant AAV was co-transfected with Cre-expressing vectors. Differently from control AcGFP1, and PASIP-

AcGFP1 (solid arrowheads), PASIP-AcGFP1-NLS show the nuclear localization in the co-transfected cells (open 

arrowheads). Scale bar, 100 μm (Upper) and mossy cell-specific expression in the dentate gyrus of AAV-injected 

mice. AcGFP1-positive MC was indicated (filled arrowheads). Scale bar, 100 μm. (bottom) (c and d) Disrupted 

p11/AnxA2/SMARCA3 complex reduces firing rate of mossy cells. Representative traces (c) and Whisker box 

plot (d) showing the spontaneous firing rate of mossy cells expressing each construct: control AcGFP1 (n = 12 

cells / 4 mice), PASIP-AcGFP1 (n = 8 cells / 3 mice), PASIP-AcGFP1-NLS (n = 8 cells / 3 mice) in 16-week-

old mice. Scale bar: 200 ms, 50 mV. One-way ANOVA [F(2,21)=10.08; P=0.0009], followed by Bonferroni’s 

multiple comparison test. Pair-wise comparison; * P < 0.01, *** p < 0.001. Abbreviations: GCL, granule cell layer; 

IML, inner molecular layer; NLS, nuclear localization signal. 
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Figure 21. Effect of p11/AnxA2/SMARCA3 complex inhibition on c-Fos expression in 

the mossy cells. 

(a) Preparation of the control AcGFP1- or PASIP-AcGFP1-injected mice. (b) Representative images of c-fos 

immunostaining of the dentate gyrus section from the control AcGFP1 or PASIP-AcGFP1 mice. Solid arrow-

heads indicate representative double labeling of AcGFP1 (green) and c-Fos (red). Open arrowheads show cells 

labeled only with c-Fos expression, but without detectable AcGFP1 expression. Scale bar, 50 μm. (c) Quantita-

tion of c-fos positive cell number in the hilus region of the dentate gyrus. Data are represented as means ± SEM. 

Paired Student’s t-test, **p<0.01, ***p<0.001, ns; non-significant. 
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3.2 Effects of modulation of mossy cells activity in antidepressant re-

sponses to chronic SSRI administration. 

3.2.1 Effects of selective stimulation of dentate mossy cells on adult neurogenesis in 

the hippocampus. 

Next I examined whether acute chemogenetic stimulation of mossy cells using the 

Gq-DREADD system was able to mimic the chronic effects of fluoxetine. To modulate the 

dentate mossy cells, I delivered viral vectors expressing control mCherry (Control) or hM3D-

Gq-mCherry (Gq-DREADD), into hilus regions of MC-Cre transgenic mice (Figure 22a -

22c). By using immunostaining with c-Fos, I verified that mossy cells were stimulated by 

clozapine-N-oxide (CNO) administration in Gq-DREADD mice, when compared to control 

mice (Figure 23a – 23e).  

I assessed adult neurogenesis activities using BrdU-labeling of neural progenitor 

cells and doublecortin (DCX)-immunolabeling of post-mitotic immature neurons, in the pres-

ence or the absence of CNO/Gq-DREADD activation. Interestingly, Gq-DREADD stimula-

tion of mossy cells significantly increased the number of BrdU+ proliferating cells and DCX 

immunostaining intensity in the SGZ of the dentate gyrus compared to control mice (Figures 

24a - 24b and 25a - 25b). Mossy cell-dependent regulation of neurogenesis activities was 
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consistent throughout the rostro-caudal axis of the dentate gyrus. (Figures 24c - 24d and 25c 

- 25d). Next, I investigated the effects of direct stimulation of mossy cells on basal locomo-

tion, anxiety, and depression-related behaviors (Figures 26a - 26d and 27a - 27c). Chemoge-

netic-stimulation of mossy cells alone increased the duration in the open arms of the EPM 

test (Figure 26d), but failed to induce significant differences in other types of anxiety-related 

behaviors (Figures 26a - 26c). Furthermore, acute stimulation of mossy cells with CNO in-

jection did not result in any significant change in the depression-like behaviors including the 

NSF test, and the TST (Figures 27a – 27c). Collectively, these results suggest that acute stim-

ulation of mossy cells is sufficient to trigger adult neurogenesis, but that is unlikely sufficient 

to achieve full improvement in anxiety and depressive-like behaviors.  
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Figure 22. Mossy cell-specific expression of the control or Gq-DREADD construct 

along the rostro-caudal axis of the hippocampus. 

(a) Schematic of experimental design. Control and Gq-DREADD mice were tested for anxiety-related or 

depression-like behaviors with CNO injection. One day after the last behavioral testing, all mice were labeled 

with BrdU for 3 hours and then sacrificed with transcardinal perfusion. (b) Schematic illustration for stereo-

taxic injection of Cre-dependent AAVs expressing either control or Gq-DREADD along the rostro-caudal 

axis of the hippocampus. Stereotaxic coordinate for either rostral or caudal injection of AAV (Rostral: AP -

2.1 mm, ML ±1.4 mm, DV -1.95 mm. Caudal: AP -3.3 mm, ML ±2.7 mm, DV -3.6 mm). (c) Representa-

tive images showing longitudinal expression of control or Gq-DREADD along the rostro-caudal axis of the 

hippocampus of MC-Cre mice. Scale bar, 100 μm. Abbreviations: DG, Dentate gyrus; GCL, Granule cell 

layer; IML, innermolecular layer. 
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Figure 23. Mossy cell-specific expression of Gq-DREADD construct stimulate the 

mossy cell activity by CNO administration. 

(a) Schematic illustration of the double-floxed Cre-dependent AAV vector expressing control and Gq-

DREADD constructs under control of human Synapsin I (hSyn) promoter. (b) Schematic illustration of chemo-

genetic stimulation of mossy cells with Gq-DREADD system. (c) Representative images of c-Fos positive cells 

in the control or Gq-DREADD mice. Scale bar, 100 μm. (d) Quantification of c-Fos positive cell number in the 

hippocampal hilus region of control or Gq-DREADD mice. (e) Representative images of c-Fos positive cells 

(Green) in the dentate hilus of the control or Gq-DREADD mice, 2 hours after CNO injection. Scale bar, 50 

μm. Data are represented as means ± SEM. Paired Student’s t-test, ***p<0.001, Abbreviations: DG, Dentate 

gyrus; GCL, Granule cell layer; IML, innermolecular layer. 
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Figure 24. Effects of chemogenetic stimulation of mossy cells on proliferation or new-

born cells.  

(a) Representative images of BrdU immunostaining in the dorsal hippocampal sections from the control or Gq-

DREADD mice. (b) Quantitation of BrdU-positive cells in the SGZ. Two-tailed, unpaired T-test; P<0.0001. (c) 

Representative images of BrdU-immunostaining results in the caudal subregion of the hippocampus from the 

control or Gq-DREADD mice. Scale bar, 100 μm. (d) Quantification of BrdU-positive cells along the dorso-

ventral axis of the hippocampus Data are represented as means ± SEM. Student’s t-test, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Abbreviations: SGZ, subgranular zone; GCL, granule cell layer; IML, inner molecular 

layer. 
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Figure 25. Effects of chemogenetic stimulation of mossy cells on differentiation of 

new-born cells. 

(a) Representative images of DCX-immunostaining in the dorsal hippocampal sections from the control and 

Gq-DREADD mice. (b) Quantitation of relative intensity of DCX immunofluorescence in the SGZ and the 

GCL of the dentate gyrus. Two-tailed, unpaired T-test; P=0.0021. (c) Representative images of doublecortin-

immunostaining results in the caudal region. Scale bar, 100 μm. (d) Quantification of relative fluorescence 

intensity of DCX immunofluorescence (Rel. DCX IF) along the rostro-caudal axis of the hippocampus. Data 

are represented as means ± SEM. Student’s t-test, *p<0.05, **p<0.01, ns; non-significant. Abbreviations: SGZ, 

subgranular zone; GCL, granule cell layer; IML, inner molecular layer. 
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Figure 26. Effect of acute chemogenetic stimulation of mossy cells on the basal loco-

motion or anxiety-related behaviors. 

(a) Basal locomotor activity of control and Gq-DREADD mice in the open field test. (b) Thigmotaxis in the 

open field test. (c) Light/Dark Box test. (d) Elevated plus maze test. Data are represented as means ± SEM. 

Student’s t-test, *p<0.05, ns; non-significant. 
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Figure 27. Effect of acute chemogenetic stimulation of mossy cells on depression-re-

lated behaviors. 

(a) Novelty-suppressed feeding test. (b) Home-cage feeding test. (c) Tail suspension test. Data are represented 

as means ± SEM. Student’s t-test, ns; non-significant. 
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3.2.2 Effect of selective inhibition of dentate mossy cells on antidepressant actions in 

the hippocampus. 

 Next I examined whether inhibition of the mossy cells influences neurogenic and 

behavioral effects of chronic antidepressant treatment. With cre-dependent AAV injections, 

control mCherry (Control) and hM4D-Gi-mCherry (Gi-DREADD) were specifically ex-

pressed in the mossy cells along the dorso-ventral axis of the dentate gyrus (Figures 28a – 

28d). By using electrophysiological recordings, I verified that the activity of mossy cells was 

silenced by CNO only in mossy cells expressing Gi-DREADD (Figures 29a – 29d). 

 Using the Gi-DREADD system, I examined the role of mossy cells on chronic fluox-

etine-induced neurogenesis and behavioral changes (Figure 28a). I measured adult neurogen-

esis activities in control and Gi-DREADD mice. Chronic treatment with SSRI significantly 

increased the number of BrdU+ proliferating cells in the SGZ of the dentate gyrus of control 

mice, but the fluoxetine effect was significantly reduced in the Gi-DREADD mice (Figures 

30a – 30d). I next analyzed the expression level of doublecortin (DCX), a marker for 

postmitotic immature neurons. DCX immunostaining intensity was increased by chronic 
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fluoxetine treatment in control mice, but to a much lower extent in Gi-DREADD mice (Fig-

ures 31a – 31d). Chronic fluoxetine administration promotes the newborn neural progenitors 

to survive and differentiate into mature neurons [73]. Inhibition of mossy cell activity results 

in significant reduction in survival and/or differentiation of post-mitotic newborn cells (Fig-

ures 31a and 31b). These results indicate that mossy cells may modulate chronic fluoxetine-

induced proliferation of neural progenitors, differentiation and maturation into new-born 

granule cells. This phenotype is similar to that observed with genetic KO or inhibition of the 

p11/AnxA2/SMARCA3 complex in mossy cells. I additionally verified neurogenic effects  

by silencing mossy cells activity using membrane tethered toxin which technique has been 

reliably used to block synaptic transmission [74-76] (Figure 32a - 32c). Inhibition of neuro-

transmission in mossy cells abolished SSRI-induced neurogenesis (Figure 33a – 33c).  

 I further investigated the functional significance of mossy cell activity by profiling 

general locomotor activity and affective behaviors. Control and Gi-DREADD mice did not 

display a baseline difference in locomotor activity (open field test [OF], Figure 34a), anxiety-

related behaviors (thigmotaxis, Figure 34b; light/dark box test [LDB], Figure 34c; elevated 

plus maze test [EPM], Figure 34d). The novelty-suppressed feeding [NSF] test is based on 
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depressive-like and anxiety behavior and has been widely used to assess the chronic effect of 

fluoxetine [77]. I examined the possible effect of mossy cell inhibition on behavioral changes 

after chronic antidepressant treatment, using the NSF test and the tail suspension test [TST], 

a classical depression test. I found that behavioral responses to chronic fluoxetine treatment 

were affected by CNO-induced silencing of mossy cell activity. In the NSF test, the reduced 

latency to feed after chronic fluoxetine treatment was abolished in the Gi-DREADD mice 

(Figure 35a). In contrast, the home cage feeding level was unaffected, which suggests that 

this behavioral change is unlikely due to different hunger levels between comparison groups 

(Figure 35b). In the TST, the effect of fluoxetine on immobility was significantly reduced in 

control mice, but not in Gi-DREADD mice (Figure 35c). Collectively, these results demon-

strate that modulation of mossy cell activity in the dentate gyrus is critical for both neurogenic 

and behavioral responses to chronic fluoxetine administration. 
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Figure 28. Mossy cell-specific expression of control or Gi-DREADD construct along 

the rostro-caudal axis of the hippocampus. 

(a) Schematic of experimental design. Control and Gi-DREADD mice were administrated saline (SAL) or 

fluoxetine (FLX) for 3 weeks and labeled with BrdU for the last 3 hours prior to perfusion.  (b) Schematic 

illustration for stereotaxic injection of Cre-dependent AAVs expressing either control or Gi-DREADD along 

the rostro-caudal axis of the hippocampus. Stereotaxic coordinate for either rostral or caudal injection of AAV 

(Rostral : AP -2.1 mm, ML ±1.4 mm, DV -1.95 mm. Caudal : AP -3.3 mm, ML ±2.7 mm, DV -3.6 mm). 

(c) Representative images showing longitudinal expression of control or Gi-DREADD in the rostral and the 

caudal subregion of the hippocampus of D2-Cre mice. Scale bar, 100 μm. (d) Representative images for 

mossy cell-specific delivery of Gi-DREADD system. Hippocampal sections from AAV-injected mice were co-

labeled with a mossy cell marker, CRT. Scale bar, 50 μm. 
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Figure 29. Mossy cell-specific expression of Gi-DREADD construct silence the mossy 

cell activity by CNO administration.  

(a) Schematic illustration of the double-floxed Cre-dependent AAV vector expressing control and Gi-

DREADD constructs under control of human Synapsin I (hSyn) promoter. (b) Schematic illustration of chemo-

genetic silencing of mossy cells with Gi-DREADD system. (c and d) Representative traces (c) and dot plot (d) 

showing the spontaneous firing of mossy cells expressing either control mCherry (Control) or Gi-DREADD-

mCherry (Gi-DREADD) before and after bath application of CNO (1 mM). n = 4 cells per group. Scale bar: 

10 s, 50 mV. Two-way ANOVA with repeated measurement, [AAV x CNO interaction F(1,6)=7.261; P=0.0395, 

CNO factor F(1,6)=6.473; P=0.0438, CNO factor F(1,6)=9.709; P=0.0321], followed by the Sidak’s multiple 

comparison post hoc test. Control (CNO effect); P=0.9355, Gi-DREADD (CNO effect); *P=0.0343. Data are 

represented as means ± SEM. Pair-wise comparison;* p < 0.5, ns, non-significant. Abbreviations: CNO, 

clozapine-N-oxide. 
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Figure 30. Effects of chemogenetic silencing of mossy cells on proliferation of new-

born cells in response to chronic SSRI administration.  

(a) Representative images to visualize proliferating neural stem cells with α-BrdU immunostaining (BrdU, 

Green, filled arrowheads). (b) BrdU+ cells were quantified along the subgranular zone. Two-way ANOVA, 

[AAV x drug interaction F(1,28)=3.548; P=0.0700, AAV F(1,28)=1.707; P=0.2020, drug F(1,28)=13.55; 

P=0.001], followed by the Turkey’s post hoc test. (c) Representative images of BrdU immunostaining results. 

BrdU+ cells were indicated with solid arrowheads in the caudal hippocampal regions of the control or Gi-

DREADD mice. Scale bar, 100 μm. (d) Quantitation of BrdU-positive cell number along the dorso-ventral axis 

of the hippocampus. Data are represented as means ± SEM. Student’s t-test, *p<0.05, **p<0.01, ***p<0.001, ns; 

non-significant. Abbreviations: GCL, Granule cell layer; IML, innermolecular layer; SAL, saline; FLX, Fluox-

etine. 
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Figure 31. Effects of chemogenetic silencing of mossy cells on differentiation of new-

born cells in response to chronic SSRI administration.  

(a) Postmitotic immature neurons were immunostained with α-doublecortin antibody (DCX, green). Scale bar, 

100 μm. (b) Quantification of relative DCX immunofluorescence intensity (Rel. DCX IF) were quantified in 

the sub-granular and granular zone using Image J software. Pair-wise comparison with two-tailed, unpaired T-

test. (c) Representative images of doublecortin immunostaining results (DCX, green) in the caudal hippocampal 

regions of the control or Gi-DREADD mice. (d) Quantitation of the relative fluorescence intensity of DCX 

immunofluorescence (Rel. DCX IF) along the rostro-caudal axis of the hippocampus. Data are represented as 

means ± SEM. Student’s t-test, *p<0.05, **p<0.01, ***p<0.001, ns; non-significant. Abbreviations: GCL, 

Granule cell layer; IML, innermolecular layer; SAL, saline; FLX, Fluoxetine. 
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Figure 32. Mossy cell-specific expression of control or Tethered-toxin construct along 

the rostro-caudal axis of the hippocampus. 

(a) Schematic illustration of the double-floxed Cre-dependent AAV vector expressing control and tethered-

toxin constructs under control of EF-1α promoter. (b) Schematic illustration for stereotaxic injection of Cre-

dependent AAVs expressing either control or Tethered-toxin along the rostro-caudal axis of the hippocampus. 

Stereotaxic coordinate for either rostral or caudal injection of AAV (Rostral : AP -2.1 mm, ML ±1.4 mm, DV 

-1.95 mm. Caudal : AP -3.3 mm, ML ±2.7 mm, DV -3.6 mm). (c) Representative images showing longitudi-

nal expression of control or Tethered-toxin in the rostral and the caudal subregion of the hippocampus of D2-

Cre mice. Scale bar, 100 μm. 
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Figure 33. Effects of toxin-induced silencing of mossy cells on neurogenic responses 

to chronic SSRI administration. 

(a) Schematic of experimental design. Control and T-toxin mice were administrated saline (SAL) or fluoxetine 

(FLX) for 3 weeks and labeled with BrdU for the last 3 hours prior to perfusion. (a) Representative images of 

BrdU immunostaining results. BrdU+ cells were indicated with solid arrowheads in the caudal hippocampal 

regions of the control or T-toxin mice. Scale bar, 100 μm. (c) BrdU+ cells were quantified along the subgranular 

zone. Data are represented as means ± SEM. Student’s t-test. *p<0.05, **p<0.01, ns; non-significant. 
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Figure 34. Effect of chemogenetic silencing of mossy cells on the basal locomotion or 

anxiety-related behaviors.  

(a) Basal locomotor activity of control mCherry and Gi-DREADD mCherry mice in the open field [OF] test. 

(b) Thigmotaxis in the open field [OF] test. (c) Light/Dark Box [LDB] test. (d) Elevated plus maze [EPM] 

test. Data are represented as means ± SEM. Paired Student’s t-test, *p<0.05, ns; non-significant. 
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Figure 35. Effect of chemogenetic silencing of mossy cells on the depression-related be-

haviors in response to chronic SSRI treatment. 

(a) Effect of Gi-DREADD-dependent inhibition of mossy cells on the novelty-suppressed feeding test after 

chronic fluoxetine treatment. Two-way ANOVA, [AAV x drug interaction F(1,28)=4.212; P=0.0496, AAV factor 

F(1,28)=1.39; P=0.2484, drug factor F(1,28)=15.11; P=0.0006], followed by the Turkey’s post hoc test. (b) 

Home cage feeding test. (c) Tail suspension test [TST] after chronic treatment of SAL or FLX. Data are repre-

sented as means ± SEM. Pair-wise comparison;* p < 0.5,, ns, non-significant. Abbreviations: SAL, saline; 

FLX, fluoxetine.  
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3.3 Effects of modulation of mossy cells on micro-circuit in dentate gyrus. 

According to previous studies, the net effects of mossy cells input on the granule cells 

is inhibitory, even it is unclear yet [37, 78]. For these reason, I investigated the immunostain-

ing with excitability marker, c-Fos to evaluate the generally accepted net effect of the mossy 

cells after chemogenetic inhibition and counted c-Fos positive cells in the granule cells layer. 

The c-Fos positive cell population of granule cells was increased in the Gi-DREADD induced 

mice (Figure 36a - 36c). These results suggested that mossy cell activity silencing cause the 

hyper-excitability of granule cells. These effects can be presumed to be the result of blocking 

the indirect pathway via PV-positive basket cells from mossy cells to granule cells.  

Furthermore, to examine the effects of mossy cells activity inhibition on GCs activity by 

blocking P11/AnxA2/Smarca3 complex using PASIP constructs. Before sacrificed them, I 

give the foot shock to maximize the activity of GCs by aversive stimuli (Figure 36d). Similar 

to Gi-DREADD effects, PASIP-AcGFP1 induced mice show the increased granule cells ac-

tivity (Figure 36e and 36f).  

Next, to examine the modulation effects of mossy cell activity to Parvalbumin (PV)-

positive basket cells as a part of indirect pathway to GCs, I investigated the immunostaining 
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with PV antibody (Figure 37a). According to the previous studies, PV expression pattern is 

correlated with the activity of PV-positive cells [79, 80]. The PV-positive cell number in DG 

was not altered by p11/AnxA2/Smarca3 complex in the mossy cells. However, the PV-posi-

tive cell number in PASIP-induced mice was significantly reduced by chronic antidepressant 

administration (Figure 37b and 37c). This result suggested that mossy cell inhibition induce 

the dysregulation of PV-positive basket cells. In addition, Relative PV expression intensity 

was significantly reduced by p11/AnxA2/Smarca3 complex inhibition in the mossy cells. 

(Figure 37d and 37e). These results demonstrate that MCs activity inhibition cause the down-

regulated activity of PV-positive basket cells, and thus, it eventually causes hyperexcitability 

in GCs. From these results, it is highly probable that the expression of certain gene that reg-

ulated by antidepressant treatment in mossy cells is likely to mediate regulation of micro-

circuits in dentate gyrus.  

 



80 

 

 
 

Figure 36. Effects of mossy cell suppression on dentate granule cells activity. 

 

(a) Schematic illustration of chemogenetic inhibition of mossy cells with Gi-DREADD system. (b) Representa-

tive images of c-Fos positive cells (Green) in the dentate gyrus of control and Gi-DREADD mice. Scale bar, 

200 μm. (c) Quantification of c-Fos positive cell number in the granule cell layers of the control or Gi-DREADD 

mice. Two-way ANOVA, [AAV x drug interaction F(1,54)=0.0166; P=0.8977, AAV F(1,54)=9.421; P=0.0034, 

drug F(1,54)=1.793; P=0.1862], followed by the Turkey’s post hoc test. (d) Experimental design for MC-spe-

cific inhibition of P11/AnxA2/Smarca3 complex, drug administration, and acute stress. All the mice were per-

fused at 90 min post a foot shock. (e) Representative images of c-Fos positive (Red) in the dentate gyrus of 

control-AcGFP1- and PASIP-AcGFP1-injected mice. Scale bar, 200 μm. (f) Quantitative graph of c-Fos posi-

tive cell number in granule cell layers of the Control-AcGFP1 or PASIP-AcGFP1 injected-mice. Two-way 

ANOVA, [AAV x drug interaction F(1,101)=0.3439; P=0.5589, AAV F(1,101)=28.37; P<0.0001, drug 

F(1,101)=6.781; P=0.0106], followed by the Turkey’s post hoc test. Data are represented as means ± SEM. Pair-

wise comparison, *p<0.05, ***p<0.001, ****p<0.0001. Abbreviations: GC, Granule cells; GCL, Granule cell 

layer; IML, innermolecular layer; SAL, saline; FLX, Fluoxetine.  



81 

 

 

Figure 37. Effects of mossy cell-specific disruption of the p11/AxnA2/SMARCA3 com-

plex on PV-positive basket cells in dentate gyrus.  

 

(a) Experimental design. Control AcGFP1- or PASIP-AcGFP1-injected mice were administered saline (SAL) 

or fluoxetine (FLX) for 3 weeks. (b) Representative immunofluorescence images to show PV expression in 

PV+basket cells (Red) in the dentate gyrus of Control AcGFP1- or PASIP-AcGFP1 mice. Scale bar, 200 μm. 

(c) Quantification of PV+basket cells number in the dentate gyrus. Two-way ANOVA, [AAV x drug interaction 

F(1,101)=0.3439; P=0.5589, AAV F(1,101)=28.37; P<0.0001, drug F(1,101)=6.781; P=0.0106], followed by 

the Turkey’s post hoc test. Two-way ANOVA, [AAV x drug interaction F(1,244)=0.5482; P=0.4597, AAV 

F(1,244)=0.4691; P=0.4941, drug F(1,244)=5.366; P=0.0214], followed by the Turkey’s post hoc test. (d) Rep-

resentative high-resolution images for anti-PV immunostaining of the dentate gyrus of Control AcGFP1 and 

PASIP-AcGFP1-injected mice. Scale bar, 50 μm. (e) Quantification of relative intensity of PV immunofluores-

cence (Rel. PV IF). Two-way ANOVA, [AAV x drug interaction F(1,86)=0.0065; P=0.9358, AAV 

F(1,86)=286.7; P<0.0001, drug F(1,86)=43.41; P<0.0001], followed by the Turkey’s post hoc test. Data are 

represented as means ± SEM. Pair-wise comparison; unpaired T-test, *p<0.05, ***p<0.001, ****p<0.0001, ns; non-

significant. Abbreviations: PV, parvalbumin; GCL, Granule cell layer; IML, innermolecular layer; Rel. PV IF, 

relative parvalbumin immune-fluorescence; SAL, saline; FLX, Fluoxetine. 
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4. DISCUSSION 

 

Despite wide clinical use, current antidepressants including SSRIs still remain with in-

sufficient responsiveness, and even worse with significant delay in their therapeutic onset. 

Still our understanding about beneficial effects of SSRIs is yet far beyond rapid elevation of 

serotonin in the brain. It is now believed that their therapeutic onset may require through slow 

adaptive changes in the neural circuitry over long-term treatment. In the present study, I have 

demonstrated a role for hippocampal mossy cells in mediating the responses to chronic anti-

depressant treatment, using electrophysiological, histological and behavioral approaches. 

Modulation of mossy cell activity by using the DREADD system regulates chronic antide-

pressant responses in behaviors and adult neurogenesis. Furthermore, I have shown that p11 

and SMARCA3 play a crucial role in modulating mossy cell activity. Blockage of the 

p11/AnxA2/SMARCA3 complex in mossy cells attenuated chronic antidepressant responses, 

consistently with reduced neuronal activity of mossy cells. The current study shows that 

chronic SSRI medication regulates mossy cells, which involves in the behavioral and neuro-

genic response to the drug (Figure 38).  
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Role of mossy cells in the behavioral response to chronic SSRI medication 

In addition to established roles in cognitive processes, the hippocampus has been 

associated with emotional control by taking prominent position in the limbic circuitry. There 

is the well-established link between the hippocampal dysfunction and the pathogenesis of 

mood and anxiety-related disorders. In addition, antidepressive medication has been shown 

to enhance neuronal plasticity in the hippocampus [81-83]. It thus has been regarded as an 

important target area for development of advanced antidepressive therapeutics [84, 85].  

Different from other hippocampal subregions, the dentate gyrus contains an addi-

tional glutamatergic neuron, hilar mossy cells other than the primary glutamatergic principal 

neurons, granule cells in the granule cell layer. A characteristic feature of mossy cells is their 

extensive associational/commissural projections connecting multiple lamellae along the sep-

totemporal axis and both dentate gyri in the hippocampal formation [86]. Mossy cells are 

very active reflected by spontaneous action potentials and high-frequency spontaneous excit-

atory postsynaptic currents (EPSCs) [26, 87]. Here, I found that chronic exposure to unpre-

dictable stress suppresses mossy cell activity as measured by c-fos expression, a neuronal 
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excitation marker, which is reversed by chronic SSRI administration. In addition, my elec-

trophysiological recordings showed that the tonic firing rate of mossy cells is enhanced by 

chronic, but not acute, treatment with a SSRI, fluoxetine, which is consistent with the induc-

tion pattern of p11 and its ternary complex, p11/AnxA2/SMARCA3 in the hippocampus [46]. 

In contrast, mossy cell-specific knockout of p11 or of Smarca3 or disruption of the 

p11/AnxA2/SMARCA3 complex reduces the tonic firing and c-fos expression of mossy cells, 

suggesting the significant role of the ternary complex in regulating the neuronal activity of 

mossy cells. This finding, to our best of our knowledge, the first to demonstrate that mossy 

cell activity are regulated by pharmacological treatment or genetic KOs. These results suggest 

that mossy cells are labile neurons that undergo considerable neuroplastic changes in re-

sponse to external stress or chronic antidepressant administration.  

P11 has been shown to interact with various classes of cellular proteins in multiple 

subcellular location including the plasma membrane, the cytosol and the nucleus [88]. Our 

previous study demonstrated that p11/AnxA2 complex in mossy cells interact with a chro-

matin remodeling factor, SMARCA3 which is mainly localized inside the nucleus of mossy 

cells [46]. There is growing evidence that epigenetic regulation of the neural circuit is a key 
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mechanism underlying depression and antidepressant actions. The gradually developing 

but persistent therapeutic effects of antidepressant medications may be achieved in part via 

epigenetic mechanisms [89]. Interestingly, I observed that nucleus-specific inhibition of the 

p11/AnxA2/SMARCA3 complex displays inhibitory effects of mossy cell activity, just like 

whole-cell inhibition of the ternary complex. Our previous study showed that p11 protein, 

upon induction by chronic SSRI treatment, forms the ternary active complex with 

SMARCA3, which may facilitate the DNA binding affinity of SMARCA3 [46]. Just like 

most chromatin-remodelers, the active SMARCA3 complex may initiate ATP-dependent 

chromatin remodeling of the target genes, which may provide substantial mechanism under-

lying altered mossy cell activity in response to SSRI treatment over long-term. It is therefore 

important to investigate a subset of genes to regulate the ion channels and synaptic transmis-

sion of mossy cells, possibly through the cell type-specific transcriptional profiling approach.  

Another feature of mossy cells is that they are vulnerable to insults or injury, such as 

ischemia, traumatic brain injury and neurotoxic insults [25, 67, 90, 91]. Despite potential 

involvement of mossy cells in the neurological and neuropsychiatry disorder, our understand-

ing of their functions and pathological implications remained have remained unclear. To date, 
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few studies have been performed to examine animal behaviors by manipulating mossy cells. 

A previous study deleted mossy cells by using a cytotoxic toxin expression and found transi-

ent elevation of anxiety and impaired pattern separation in rodents [37]. A recent study 

adopted an optogenetic approach and showed that mossy cells control spontaneous convul-

sive seizures and spatial memory [92]. Here I demonstrated that behavioral effects of chronic 

fluoxetine treatment are significantly diminished when mossy cell activity is suppressed with 

blockage of the p11/AnxA2/SMARCA3 complex. Furthermore, chemogenetic inhibition of 

mossy cells activity impairs the SSRI-induced changes in affective behaviors. Collectively, 

my findings provide strong evidence that mossy cells play a significant role in antidepressant 

actions, in addition to their reported role in cognitive behaviors. However, acute chemoge-

netic stimulation of mossy cells is unlikely to be sufficient to achieve full behavioral im-

provement as seen by chronic SSRI administration. Behavioral benefit after chronic SSRI 

administration may require cooperative neuroplastic changes in micro-circuits in dentate gy-

rus that include hippocampal mossy cells.  

Previous studies showed that conventional p11-KO mice exhibited depression-like phe-

notypes [38, 93]. p11 protein is widely expressed in the multiple brain areas but displays cell 
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type specific expression patterns. Moreover, deletion of p11 from specific cell types in dif-

ferent brain regions shows different phenotypes [37, 40, 94, 95]. P11-dependent regulation 

of cholinergic interneurons is sufficient to induce a depression-like behaviors, but not reduce 

the effect of SSRIs [40, 50]. In contrast, p11 induction in the cortex and the hippocampus is 

required for SSRI antidepressant responses, but not influence on the depression-like behavior 

[46, 49, 93, 96]. Consistent with our previous reports, the p11/AnxA2/SMARCA3 complex 

in mossy cells is required to mediate behavioral changes by chronic SSRI administrations, 

but does not influence on basal affective behaviors in naive animals. These results are con-

sistent with behavioral outcomes from chemogenetic manipulation of mossy cells, suggesting 

the specific involvement of mossy cells in antidepressant actions. I speculate that simple in-

hibition of mossy cell activity in the absence of drug treatment, appears insufficient to influ-

ence on basal depressive-like and anxiety behaviors. However, the previous reports regarding 

the role of mossy cells in affective behaviors seems rather inconsistent. Previous report using 

toxin-induced degeneration of mossy cells showed the transient elevation of anxiety behavior 

[37], whereas the latest study reported that optogenetic inhibition of mossy cells does not 
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alter anxiety behavior [92], which is consistent with my result. Presumably, apparent discrep-

ancy across studies might be due to significant differences in strength and/or duration of 

mossy cell manipulation in each experimental approach.  

According to previous studies, antidepressant exert similar pharmacological effects in 

depressed and non-depressed model [97-99], but mood generalization is only induced in the 

depressed models [100] . In this study, although I gave sub-threshold stressful condition dur-

ing the experiments with normal mice models, such as I.P injection or handling, and even 

they showed improved mood states compare to saline-treated group, it is hard to assume that 

this is depression-induced models. Therefore, the present results are closer to research that 

reveal the pharmacological mechanisms of SSRIs. In addition, to verify the therapeutic ef-

fects of SSRIs by modulating specific cell populations, it seems to require further investiga-

tion with depression-induced model.  

Collectively, my findings revealed selective involvement of mossy cells in the actions 

of chronic SSRI treatment, which may further provide strong evidence that the neural cir-

cuitry underlying the pharmacological effects of antidepressant actions could be distinct from 
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the neural circuitry governing basal depression-like and anxiety behaviors in naïve animals.  

Role of mossy cells in the neurogenic response to chronic SSRI medication. 

It has been unknown whether mossy cells are involved in adult neurogenesis, alt-

hough a previous study suggests that mossy cells provide the first excitatory input to adult-

born granule cells [101]. The current study is the first to show that mossy cells influence 

SSRI-induced neurogenesis. I report here that mossy cells, regulated by the 

p11/AnxA2/SMARCA3 complex, mediate the neurogenic responses to chronic antidepres-

sant administration. Consistent with our previous reports using p11 or Smarca3 conventional 

KO mice [46, 93], disruption of the p11/AnxA2/SMARCA3 complex in mossy cells impairs 

adult neurogenesis in response to chronic fluoxetine treatment. Consistently, chemogenetic 

inhibition of mossy cells result in decrease in SSRI-induced adult neurogenesis in the hippo-

campus. Furthermore, acute chemogenetic stimulation of mossy cells is able to trigger early 

neurogenic activities including the proliferation of neural stem cells, survival and differenti-

ation into new-born granule cells. Thus, these results suggest crucial roles of mossy cells in 

multiple stages of SSRI-induced neurogenesis in the hippocampus.   
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Despite extensive studies performed over the past 20 years, the molecular mecha-

nisms underlying SSRI-induced neurogenesis still remain unclear. Previous studies indicates 

that the modulation of neurogenesis may be associated with an response to antidepressant 

treatment rather than with induction of depressive-like behaviors [102, 103]. However, in-

volvement of hippocampal neurogenesis in antidepressant actions are still controversy [65, 

104, 105]. Several genetic and pharmacological approaches demonstrated that 5-HT1A and 

5-HT4 receptors, enriched in dentate granule cells, are crucial for SSRI-induced neurogenesis 

[106-108]. In contrast, the basal maintenance level of hippocampal neurogenesis is not al-

tered in either 5-HT1A receptor- nor 5-HT-4 receptor-deficient mice, which indicate the spe-

cific involvement of these serotonin pathways in SSRI-induced neurogenesis. Here I ob-

served that the p11/AnxA2/SMARCA3 complex in mossy cells regulate SSRI-induced neu-

rogenesis, but not in the basal maintenance level, as does 5-HT1A or 5-HT4 receptors in 

granule cells. Given that mossy cells and granule cells make extensive reciprocal connections 

to construct the neural circuit of the dentate gyrus, it is plausible that serotonergic regulation 

of both granule cell and mossy cells may cooperate to induce the neurogenesis and further 

behavioral response to chronic SSRI administration.   



91 

 

 During the past decade, adult neurogenesis has been implicated in the beneficial 

effects of antidepressant drugs and other antidepressive therapeutics, including physical ex-

ercise, and electroconversive shock (ECS) treatment [9, 103, 109]. In numerous animal mod-

els, both loss- and gain-of-function approaches suggest that adult neurogenesis in the dentate 

gyrus may regulate cognitive and affective behaviors [102, 110-112]. Nonetheless, neurogen-

esis is still controversial as to whether it actually participates in the behavioral actions of 

antidepressants [77, 113, 114] . In spite of the ongoing controversy about the causal relation-

ship between neurogenesis and behavioral change in response to chronic antidepressant treat-

ment, the concomitant regulation of both events by mossy cells in our animal models is quite 

interesting. In this regard, future studies are warranted to determine further whether adult 

neurogenesis is possibly uncoupled from SSRI-induced behavioral changes or not, by using 

animal models in which mossy cell activity is manipulated. It is plausible that neurogenesis-

dependent or –independent pathways might work together to mediate mossy cell-dependent 

behavioral responses to chronic SSRI administration.  
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Role of mossy cells on regulation of micro-circuits in dentate gyrus. 

 SSRI-induced alteration of mossy cell activity may further propagate to its postsyn-

aptic targets within the local circuit of the dentate gyrus. Mossy cells excite or inhibit dentate 

granule cells through direct glutamatergic input or indirect GABAergic input respectively 

[26, 27, 115, 116], although the net effects of mossy cell input on granule cells are still in-

consistent between previous reports [26, 28, 117]. Monosynaptic tracing study shows func-

tional synapse formation from mossy cells to granule cells [29] and new-born granule cells 

receive the first glutamatergic inputs from mossy cells [101]. In contrast, toxin-induced de-

generation of mossy cells results in transient disinhibition of granule cells, indicating the 

dominant inhibitory control from mossy cells [37]. Another optogenetic approach shows that 

the inhibitory effects of mossy cells on granule cells are dominant compared to the excitatory 

effects [115]. Importantly, excitation-inhibition microcircuits involving glutamatergic gran-

ule cells and GABAergic interneurons play essential roles in the network oscillation and syn-

chrony of the dentate gyrus [118, 119]. Dysregulations of the dentate gyrus microcircuit have 

been causally associated with various cognitive and affective disorders [120-123]. In this 
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regard, altered mossy cells activity may influence on excitation-inhibition balance of the den-

tate gyrus, which may contribute to chronic antidepressant responses and proper regulation 

of micro-circuits is important for antidepressant responses.  

 In conclusion, the present data establish that mossy cells play a crucial role in me-

diating the behavioral and neurogenic effects of chronic antidepressant medication. The neu-

ronal activity of mossy cells is altered in response to chronic SSRI administration, possibly 

through gene regulation of the p11/AnxA2/SMARCA3 complex, which in turn provides neu-

ral mechanisms underlying slow adaptive changes in the mossy cells for behavioral and neu-

rogenic responses to SSRIs. I identified a novel role of mossy cells in affective behaviors and 

antidepressant actions, in addition to their established role for cognitive behaviors. This study 

may contribute to better understanding the neural mechanism mediating beneficial effects of 

SSRI medication and eventually to developing novel therapeutics to specifically target the 

neural cell type in the mood-regulatory circuits.  
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Figure 38. Graphical Summary: Significant role of hilar mossy cells in neurogenic and 

behavioral responses to chronic SSRI administration.  

Chronic SSRI administration induces a sustained elevation of the 5-HT level in the hippocampus, which results 

in slow adaptive changes in mossy cells and their neural circuits. The mossy cell activity is regulated by 

p11/AnxA2/SMARCA3, an SSRI-inducible protein complex. The altered neuronal activity of mossy cells is 

crucial for the behavioral onset of chronic antidepressant effects via either neurogenesis-dependent or –inde-

pendent pathway. Abbreviation: SSRI, selective serotonin reuptake inhibitor; 5-HT, 5-hydroxytryptamin; MC, 

mossy cell; BC, basket cell; GC, granule cell; GCL, granule cell layer; IML, inner molecular layer; MML, 

medial molecular layer; OML, outer molecular layer; EC, entorhinal cortex; LPP, lateral perforant pathway; 

MPP, medial perforant pathway.  
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요 약 문 

항우울 약물 기전에서의 해마 모시 세포의 역할  

Selective serotonin reuptake inhibitors(SSRI)를 포함한 대부분의 

항우울제는 약물 복용 즉시 체내 세로토닌의 양이 증가하게 된다. 반면, 항우울 

약물 복용으로 인한 치료 효과가 나타나기까지는 수주 동안의 시간이 필요하다. 

이러한 치료 지연 현상은 약물 복용 이후 신경세포에서 장기간에 걸쳐 일어나는 

유전자 발현 및 신경회로의 변화가 동반되어 나타나는 결과라고 할 수 있다. 

모시세포는 치아이랑의 hilus 구역에 존재하는 흥분성 뉴런으로, 치아이랑의 

활성 및 기능을 조절하는 역할을 한다고 알려져 있다. 본 연구에서는 해마 

모시세포가 항우울제 단기 복용이 아닌, 장기복용에 의해서 활성이 강화 된다는 

것을 보였다. 또한, SSRI, fluoxetine 장기 복용에 따른 행동학적 그리고 

신경발생학적 효과가 모시세포에 한해서 p11 또는 Smarca3 단백질을 억제하거나 

혹은 p11/AnxA2/Smarca3 복합체를 억제하였을 경우 사라졌음을 보였다. 더불어, 

Gq-DREADD 시스템을 이용한 모시세포의 활성 강화는 신경 줄기 세포의 증식과 

생존을 증진시키기에 충분함을 보였다. 반대로, Gi-DREADD 시스템을 이용한 

모시세포의 활성 억제는 항우울 약물 장기 복용에 의해 나타나는 행동학적 

그리고 신경발생학적 효과를 손상시킴을 보였다. 모시세포의 활성 변화는 

치아이랑 내부의 흥분성 / 억제성 신호의 조화에 영향을 끼치는 것 또한 확인할 

수 있었다. 따라서 본연구에서는 항우울 약물 반응을 매개하는데 있어서 
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모시세포가 중요한 역할을 한다는 것을 입증하였다. 해당 연구 결과는 해마 내 

모시세포가 새로운 항우울 약물 개발에 중요 후보군이 될 것임을 보여준다. 

 

핵심어: 해마, 모시세포, 항우울제, p11/AnxA2/Smarca3복합체. 
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