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Abstract 

OBJECTIVE: To examine the impact of selective serotonin reuptake inhibitors (SSRIs) and 

depression on neurogenesis and cognition in dementia with Lewy bodies (DLB) and 

Parkinson’s disease dementia (PDD).  

METHODS: Late-stage progenitor cells were quantified in the subgranular zone (SGZ) of the 

hippocampal dentate gyrus of DLB/PDD patients (n=41) and controls without dementia (n=15) 

and compared between treatment groups (unmedicated, selective serotonin reuptake 

inhibitors (SSRIs), acetyl cholinesterase inhibitors (AChEIs), combined SSRIs and AChEIs).  

RESULTS: DLB/PDD patients had more doublecortin- positive cells in the SGZ compared to 

controls. The doublecortin- positive cell count was higher in the SGZ of patients treated with 

SSRIs and correlated to higher cognitive scores.  

CONCLUSION: SSRI treatment was associated with increased hippocampal neurogenesis 

and preservation of cognition in DLB/PDD patients.  
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1. Introduction 

 

Dementia with Lewy bodies (DLB) and Parkinson’s disease dementia (PDD) are 

synucleinopathies characterized by a progressive dementia syndrome and prominent 

psychiatric symptoms, usually associated with parkinsonism and typically dominated by 

attention, visuospatial and executive dysfunction and relatively preserved memory [1,2]. DLB 

accounts for 10-20% of people with late onset dementia [2] and PDD eventually develops in 

the majority of older patients with Parkinson’s disease (PD) [3]. Current treatment strategies 

are limited to symptomatic approaches with AChEIs, conferring significant but limited benefits 

in cognitive function and neuropsychiatric symptoms in both PDD and DLB [4,5]. Depression 

is one of the main neuropsychiatric disorders associated with cognitive decline [6], has been 

established as a risk factor for dementia [7,8] and is frequent and challenging in 

neurodegenerative diseases including PD [9], DLB [1,10] and Alzheimer’s disease (AD) [11].  

 

Impaired neurogenesis is increasingly recognized as a key feature in aging and 

neurodegeneration. Age-related alterations in neurogenesis have been reported in 

postmortem human brain [12,13] and to a greater extent in a range of neurodegenerative 

conditions including AD, DLB and PD [14-19]. It has therefore been hypothesized that 

neurogenic dysfunction may contribute to cognitive impairment or may even represent a novel 

treatment target. Human autopsy studies have compared key markers of adult neurogenesis 

in the neurogenic niches in patients with synuclein disorders and age-matched controls. These 

studies report a significant decrease in early stage progenitor markers, Musashi1 and Nestin, 

but a significant increase in the cell proliferation marker proliferating cell nuclear antigen 

(PCNA) and the later stage neuronal precursor marker DCX in people with DLB [16-18]. 

However, no study to date has examined the relationship between altered neurogenesis and 

the rate of cognitive decline and/or the impact of pharmacological treatments upon 
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neurogenesis in DLB/PDD. These are both vital steps in determining the potential clinical 

significance of neurogenesis as a treatment target in these dementias. 

 

A key potential factor in the relationship between neurogenesis, cognition and treatment 

response is the link between depression and neurogenesis. This is particularly pertinent due 

to the commonality of depression in people with DLB and PDD [20,21]. Post-mortem studies 

comparing hippocampal neurogenesis between people with depression and age-matched 

controls have reported conflicting results [22,23]. There is consistent evidence showing a 

decrease in the volume of the hippocampal dentate gyrus (DG), the main adult neurogenic 

niche, in patients with depression or anxiety [24,25], including a meta-analysis comparing 32 

MRI studies [26]as well as supporting data showing that hippocampal volume is less affected  

in patients treated with anti-depressants [27].There is no evidence to show that hippocampal 

volume is lowered as a direct result of impaired neurogenesis alone, and other factors such 

as cell soma size, dendritic complexity and glial cell size and number could contribute to this 

phenomenon in depression. Evidence also suggests that there is a lower number of neural 

progenitor cells and mitotic cells in the DG of older depressed patients compared to controls 

[22]. Taken together, these data therefore suggest a potential link between depression and 

reduced neurogenesis and/or reduced survival of neural progenitors.  

 

Rodent studies have clearly demonstrated that SSRI administration, the most frequently used 

class of antidepressant treatment, significantly increases neurogenesis [28-30].  Comparable 

findings have been observed in in vitro studies using human hippocampal progenitor cells [31]. 

Mechanisms that have been postulated as drivers of this effect include serotonergic mediation 

of neurogenesis, activation of the glucocorticoid receptor and an impact of key trophic factors 

such as BDNF[31-34]. It is therefore possible that SSRI administration may contribute to 

increased neurogenesis in people with depression or anxiety.  
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This study sought to elucidate the relationships between neurogenesis, cognition and SSRI 

treatment response in DLB and PDD. A better understanding of this association could have 

considerable implications for the treatment of depression in these conditions. This work also 

represents a novel avenue in identifying drivers of disease progression and treatment targets 

in clinically defined groups within the overall dementia patient group.  

 

2. Methods 

 

2.1 Study design 

This study utilized post-mortem analysis and scrutiny of linked clinical records to explore four 

main aims.  

1.To verify the increase in late stage progenitor cells in people with DLB/PDD via expression 

of the neuronal precursor marker DCX in the SGZ of the dentate gyrus.  

2.To determine the relationship between neurogenesis and cognitive decline in DLB/PDD 

patients.  

3.To examine the relationship between depression and neurogenesis in DLB/PDD. 

4.To examine the impact of SSRIs on neurogenesis in these patients. 

 

2.2 Subjects, diagnosis and assessments 

Paraffin-embedded human autopsy hippocampal tissue at the level of the geniculate nucleus 

from PDD and DLB patients (n = 41) and age-matched controls (n = 15) was obtained from 

the Newcastle (U.K.) Brain Tissue Resource, with consent from next of kin, and University 

Hospital, Stavanger (Norway) with consent from patients and in accordance with the approval 

of the Joint Ethics in Medical Research, University of Bergen and the Medical Research 

Council (MRC). Neuropathological assessment and diagnosis followed the international 

consensus criteria for DLB [1]. Patients meeting the consensus pathological criteria for DLB, 

but with Parkinson’s disease for more than one year prior to the onset of dementia were 

diagnosed as PDD. Brain tissue used in this study was selected to match confounding factors 
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such as age and fixation time of tissue. Control cases were neurologically normal, with only 

mild age-associated neuropathological changes and no history of psychiatric disease. The 

neuropathological features in these subjects were not of sufficient severity to be considered 

associated with dementia (e.g., neurofibrillary tangle Braak stages below IV [35]). Controls 

were also not medicated with SSRIs during life. No MMSE assessments were carried out on 

control subjects.  

 

Depression was assessed in the DLB/PDD patients using serial scores from a standardized 

assessment instrument. The main assessments used were the Montgomery–Åsberg 

Depression Rating Scale (MADRS) where scores above 13 were indicative of, at least, mild 

depression [36] and Cornell Scale for Depression in Dementia (CSDD), where scores above 

nine were indicative of probable depression [36]. The information from these serial evaluations 

was converted into a binary variable of depression over the course of the dementia or no 

depression. 

 

Cognitive data were collected from MMSE examinations for DLB/PDD patients. Final MMSE 

scores, measured at least within two years prior to death, were available for 39 out of 41 

DLB/PDD patients. The average rate of annual cognitive decline per patient was determined 

by the number of MMSE points lost over the number of years with dementia from the maximum 

MMSE score: [(30  – MMSE score closest to death) / years with dementia] and was available 

for 35 out of the 41 DLB/PDD patients. Administration of SSRIs and AChEIs was assessed 

based on the medication notes of the last three consecutive years prior to death.  

 

2.3 Immunohistochemistry 

Paraffin-embedded coronal human hippocampal brain sections were sectioned at 7µm 

thickness. Sections were de-paraffinized, rehydrated and microwave-treated in citrate buffer, 

pH 6.0 for six minutes using a pressure cooker to expose epitopes. The endogenous 

peroxidase activity was quenched for 20 minutes in 3% H2O2 in tris-buffered saline. Sections 
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were immunostained for doublecortin (DCX; sc-8066, Santa Cruz Biotechnology (Dallas, 

USA), 1:200) for 48 hours at 4°C. After subsequent washes, sections were incubated with the 

appropriate secondary HRP-conjugated antibody (PI-9500, Vector Laboratories (UK), 1:250) 

for two hours at room temperature. After washes, sections were developed with 

diaminobenzidine (DAB) substrate (Vector Laboratories (UK). Counterstaining was performed 

with haematoxylin. Adjacent sections were incubated in the absence of the primary or 

secondary antibodies in order to determine non-specific antibody binding, and were devoid of 

immunoreactivity (data not shown). All immunohistochemistry was performed blind to clinical 

and pathological diagnosis. 

 

2.4 Cell counting 

Cell counting was performed using an E800 Eclipse, Nikon microscope (Nikon, UK) and the 

NIS Elements software version 3.0 (Nikon, UK). The extent of DG immunostaining per case 

depended exclusively on the amount of tissue supplied by the brain banks. Since, in most 

cases, this corresponded to a single section of DG, the length of DG within the section was 

measured using low magnification and software tools. Cells immunopositive for DCX were 

then counted throughout the entire DG and absolute number expressed per mm of length of 

DG. All cell measurements were carried out blind to clinical and pathological diagnosis. 

 

2.5 Statistical analysis 

Statistical analyses were performed using SPSS version 22.0 software (IBM) and GraphPad 

Prism Version 7.0 (GraphPad Software). Postmortem delay (PMD) was found to be 

significantly correlated with DCX values in the SGZ by Spearman’s rank correlation 

(Spearman’s rho, ρ=0.321, p=0.016) and a significant predictor of DCX levels in the SGZ via 

regression analysis (R=0.340, p=0.010). PMD was therefore controlled for in statistical 

analyses, as described below. Two of the DLB/PDD cases had missing PMD values. These 

values were therefore imputed from the mean. No other demographic factors correlated to 

DCX immunoreactivity in the SGZ. 
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An independent samples Mann-Whitney U test was performed to determine alteration in DCX 

levels in the SGZ in DLB/PDD patients compared to controls. PMD did not differ significantly 

between dementia patients and controls (Mann-Whitney U, p=0.410) and was therefore not 

included as a co-variate in this test. One-way analysis of covariance (ANCOVA) was 

conducted to compare endogenous hippocampal neurogenic immunoreactivity in the different 

treatment groups, including PMD as a covariate.  Partial correlation analysis was performed 

to determine the association between the MMSE score closest to death and average rate of 

annual decline in MMSE score, and the number of DCX-immunopositive cells, controlling for 

PMD and duration of dementia in years.   

An independent samples student’s t-test was performed to compare mean number of DCX 

positive cells in the depressed compared to non-depressed dementia patients. PMD did not 

differ significantly between depressed and non-depressed patients (Mann-Whitney U, 

p=0.545) and was therefore not included as a co-variate in this test.  

Data are presented as mean ± standard deviation of the mean (S.D). Statistical significance 

was considered as p ≤ 0.05. 

 

3. Results 

 

3.1 Cohort characteristics 

The mean age at death across the whole cohort was 80.11 ± 6.24 years (80.47 ± 8.48 years 

in controls and 79.98 ± 5.32 years in DLB/PDD) and genders were equally represented (48% 

males, 52% females).  

In the dementia patients, mean duration of dementia was 4.6 ± 2.9 years, and mean MMSE 

score closest to death was 11.9 ± 7.8 (for details see Table 1). Figure 1 illustrates DCX-

positive cells within the hippocampal SGZ, as detected by DAB immunohistochemistry. 

Consecutive sections from cases exhibiting no DCX-positive cells were subsequently stained 

for other markers to assess antigenicity of the tissue (data not shown). 
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3.2 Frequency of DCX-positivity in sub-granular zone of DLB/PDD patients 

A significantly higher number of DCX-positive cells per mm length was measured in the SGZ 

of the hippocampal DG in DLB/PDD patients (n=41) compared to age-matched controls (n=15) 

(Mann-Whitney U test, W=240.0, Z=-3.47, p = 0.001; Figure 2A). A significantly higher DCX 

immunoreactivity was also observed in the SGZ of those DLB/PDD patients who were not 

treated with SSRIs or AChEIs (n=13) compared to age matched controls (n=15) (Mann-

Whitney U test, W=168.0, Z=-2.29, p = 0.022; Figure 2A) suggesting that this increase is 

independent of a treatment effect.  

 

3.3 Correlation of neurogenesis and cognitive decline in DLB/PDD 

DCX levels in the SGZ at post-mortem were significantly correlated with higher MMSE scores 

closest to death (n = 39, r = 0.44, p = 0.006; Figure 2B), and a slower rate of cognitive decline 

(n = 35, r = -0.396, p = 0.023; Figure 2C). These results remained consistent in the SSRI 

treatment group (+/- AChEIs) with DCX levels being significantly correlated to both MMSE 

scores closest to death (n = 14, r = 0.615, p = 0.033) and to a slower rate of cognitive decline 

(n = 14, r = -0.640, p = 0.025). Similar correlation analyses did not yield statistically significant 

results for the AChEI treatment group (+/- SSRIs) (Table 2). Table 2 further lists partial 

correlation analyses between DCX SGZ levels and MMSE scores for the individual treatment 

groups, however, since n numbers are relatively low in these sub-groups one must use caution 

in interpreting this data.  

 

3.4 Association of SSRI treatment and DCX levels in DLB/PDD 

In order to evaluate whether treatment with SSRIs or AChEIs was associated with altered 

hippocampal neurogenesis, the mean number of DCX-positive cells in the SGZ of the 

hippocampal DG across the different treatment groups was evaluated (Figure 2D).  

 

One-way ANCOVA analysis (independent variable: treatment type (controls, no treatment, 

AChEIs, SSRIs, AChEIs + SSRIs), covariate: PMD) indicated a significant treatment effect on 
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the number of neural progenitors in the SGZ (F=7.540, df = 4, 50, p=<0.001). Post-hoc 

analysis suggested that the strongest influence on DCX-positive cell number was the SSRI 

treatment (SSRI: n = 6 compared to controls: n=15, p= <0.001and compared tountreated 

DLB/PDD: n=13, p = 0.001). DCX levels were also significantly higher in patients undergoing 

SSRI treatment compared to patients treated with AChEIs only (n= 12, p = 0.002). The patients 

treated with both SSRIs and AChEIs (n = 10) did not exhibit a significant change in DCX 

immunoreactivity compared to the other DLB/PDD treatment groups but exhibited higher DCX 

levels in the SGZ than controls (p<0.001)   

 

As an additional sensitivity analysis within the dementia group, the one-way ANCOVA analysis 

was repeated with all patients receiving SSRIs (+/- AChEIs) combined into one group (n=16). 

This group also showed greater DCX levels compared to the group receiving no SSRI 

treatment (One-way ANCOVA, independent variable: antidepressant treatment (no treatment, 

AChEIs, SSRIs +/- AChEIs), covariate: PMD, F=5.520, df=2,37, p=0.008). Post-hoc analysis 

suggested that SSRI treatment (n=16) is associated with greater DCX levels both when 

compared to no treatment (n=13) (p=0.023) and when compared to AChEIs-only treatment 

(n=12) (p=0.024).  

 

3.5 Impact of SSRI treatment in DLB/PDD in the context of clinical depression 

Standardized depression assessments were available for 35 out of 41 DLB/PDD patients, 16 

of whom had presented a history of clinical depression during the course of the dementia. 

There was no difference in mean DCX levels in the SGZ of depressed (n=16) and non-

depressed dementia patients (n=19) (independent samples student’s t-test, t=-0.105, df=33, 

p=0.917). DCX immunoreactivity in the SGZ of DLB/PDD patients with depression was 

significantly different between patients receiving SSRI, AChEIs or no treatment (one-way 

ANCOVA, independent variable: treatment type (no treatment, AChEIs, SSRIs, AChEIs + 

SSRIs), covariate: PMD, F=4.918, df=3, 11, p=0.021) but no such treatment-related 
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differences were observed in DLB/PDD patients without a history of depression (one way 

ANCOVA, F=1.557, df=3, 14, p=0.244).    

 

4. Discussion 

The study has examined the inter-relationships between neurogenesis, cognition and 

treatment of depression in people with DLB/PDD. The findings suggest an association 

between preserved cognition and increased neurogenesis in DLB/PDD patients, and highlight 

a significant increase in neurogenesis in patients treated with SSRIs. The impact of SSRIs on 

neurogenesis was largely seen in patients with concurrent depression. This study builds on 

previously published studies, particularly one report of a greater number of late stage neural 

progenitors in the hippocampus in patients with DLB/PDD compared to age-matched controls 

[16], which was further increased by treatment with SSRIs. The results highlight endogenous 

neurogenesis as an important and clinically relevant phenomenon in DLB/PDD patients, and 

suggest neurogenesis as a treatment target. Of particular note, the work also emphasizes that 

proactive treatment of concurrent depression may be particularly important in these 

individuals. 

Treatment with SSRIs has been shown to increase neurogenesis in vivo in animals [37], 

including non-human primates [38]. The elevation in hippocampal neural progenitor cells may 

be a neural compensatory mechanism to the degenerative process, which can be further 

augmented by SSRI treatment. This raises the possibility that other more potent regulators of 

neurogenesis, such as erythropoietin, retinoids and cannabinoids may be novel candidates 

for the treatment of DLB/PDD patients [39-42]. 

 

The cholinergic system has also been implicated in hippocampal neurogenesis, and 

postmortem studies have shown that cholinergic pathology may be involved in reducing 

neurogenesis in AD [14,18]. Our results suggest that the number of DCX-positive cells in the 
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hippocampus is greater following treatment with SSRIs than treatment with AChEIs in 

DLB/PDD patients.  

 

The results of this study demonstrated that the higher SGZ DCX expression following 

antidepressant treatment was especially significant in the depressed group. Depression 

occurs in approximately 30% of DLB/PDD patients [43] and there is currently a considerable 

gap in the evidence base relating to the treatment of depression in these individuals. SSRIs 

and other antidepressants are also commonly used to treat symptoms such as agitation and 

sleep disturbance in dementia. The results of the current study emphasize the importance of 

proactive treatment of depression in people with DLB/PDD, but also highlight the need for 

treatment trials clarifying the impact of antidepressant treatment on cognition, function, 

disease progression and neurogenesis.  

 

Although this is a large prospectively studied cohort for a post-mortem study, there are some 

limitations to power for statistical analysis of sub-group comparisons. Different institutions from 

which the tissue was obtained used different rating scales for measuring depression, 

restricting analysis to the use of a binary variable.  It is also important to consider potential 

confounding factors which may have influenced the relationship between neurogenesis and 

cognitive decline when interpreting the data. Since duration of dementia impacts cognitive 

decline, the number of years with dementia was controlled for in the partial correlation 

analyses investigating the association between DCX immunoreactivity and MMSE score 

closest to death. In addition, there was also a significant relationship between higher DCX 

levels and the rate of cognitive decline. These findings therefore suggest that increased 

neurogenesis in the DG is associated with preserved cognition. 

It is important to note that the main focus of this preliminary study was neurogenesis in the 

DG which is considered the main and the most extensively studied neurogenic niche in the 

adult mammalian brain. Recent evidence suggests that in the human brain, neuronal 

precursors originating in the additional mammalian neurogenic niche, the subventricular 
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zone (SVZ; located in the lateral ventricles), might be contributing to new neurons in the 

striatum [44], a brain region greatly implicated in the parkinsonian syndrome associated with 

DLB and PDD.  An investigation of the potential relationship between neurogenesis in the 

SVZ and DLB/PDD would, therefore, be of great interest. 

 

The mechanisms by which newly generated neurons following SSRI treatment have an impact 

on cognition and general brain function are still a question of debate in the field. Studies 

suggest that newly generate granule cells in animals exhibit greater synaptic plasticity than  

older ones and are preferentially integrate into circuits where they might be acting as circuit 

modulators [45,46]. Therefore these albeit few neurons, newly generated in certain regions of 

the adult brain, might be playing an important role in both stabilizing and altering the plastic 

brain network – this role might be especially crucial in cases of severe pathological alterations, 

as in dementia. 

Due to the fact that the findings outlined above arise from a post-mortem study and not a 

randomized controlled trial, we are cautious in interpreting our data and emphasise that future 

work is required to further validate these results. Samples of DG analysed relied on the 

generosity of wax sections supplied by brain banks, most of which were no more than a few 

individual sections per case study. DCX immunopositivity was therefore normalized to length 

of the DG within each section. Future studies using more quantitative techniques such as 

stereology could better investigate expression of neurogenic markers in relation to total 

neuronal cell count and offer further insight into the clinical relevance of such findings.  In this 

study, DLB and PDD cases were grouped together as one Lewy body dementia cohort to 

investigate effects of antidepressant treatment on neurogenesis and cognition. Whilst the one-

year rule is still routinely clinically applied to differentiate between the two dementia forms, 

several studies have suggested differences in amyloid load and Lewy body cortical load [47-

51] which could also have an impact on the rate of neurogenesis. It would, therefore, be of 

interest to take this into consideration in future studies investigating neurogenesis in 

DLB/PDD. Nevertheless, our study is the first illustrating that hippocampal neurogenesis may 
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be a clinically relevant phenomenon in DLB/PDD patients, correlating with the progression of 

cognitive impairment and enhanced by pharmacological treatment with SSRIs.           

Overall, although preliminary, this study suggests the serotonergic system may be a novel 

therapeutic target to maintain cognitive and neurogenic function in DLB and PDD patients. 

The results also emphasize the importance of proactive and effective treatment of depression 

in people with DLB/PDD.  
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Table/Figure Legends 

 

Table 1: Demographics of DLB/PDD patients treated and not treated with AChEIs or SSRIs 

and controls 

Value represents mean ± standard deviation of the mean of listed criteria in each group of 

patients, unless otherwise stated. No statistical difference was observed in age at death, 

gender, post mortem delay and duration of dementia. Abbreviations: PMD = Post mortem 

delay, MMSE = Mini mental state examination, DLB=Dementia with Lewy bodies, 

PDD=Parkinson’s disease with dementia; AChEIs=Acetylcholinesterase inhibitors; 

SSRIs=Selective Serotonin Reuptake Inhibitors  

 

   Age at death 

(years) 

Gender  

(% female) 

PMD (hours) Duration of 

dementia 

(years) 

MMSE 

closest to 

death 

Control 

(n = 15) 

 80.47 ± 8.48 

(n=15) 

67 

(n=15) 

34.267 ± 17.32 

(n=15) 
n/a n/a 

DLB/PD

D (n = 

41) 

Untreated  
80.92 ± 5.72 

(n=13) 

77 

(n=13) 

36.308 ± 25.51 

(n=13) 

4.269 ± 2.91 

(n=13) 

11.38 ± 9.15 

(n=13) 

  AChEIs  
78.67 ± 4.42 

(n=12) 

17 

(n=12) 

46.500 ± 37.53 

(n=12) 

4.500 ± 2.15 

(n=12) 

12.83 ± 

7.43 

(n=12) 

  SSRIs  
80.33 ± 5.82 

(n=6) 

50 

(n=6) 

42.932 ± 20.85 

(n=6) 

3.167 ± 2.64 

(n=6) 

14.83 ± 

8.40 

(n=6) 
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  SSRIs + 

AChEIs  

80.10 ± 5.99 

(n=10) 

40  

(n=10) 

49.959 ± 21.57 

(n=10) 

6.056 ± 3.71 

(n=9) 

9.25 ± 6.02 

(n=8) 

 

Table 2: Partial correlation analysis of MMSE cognitive scores and DCX levels in the SGZ in 

DLB/PDD patients  

Since this is a partial correlation analysis controlling for two co-variates (Years of dementia 

duration and Post-mortem interval) the degrees of freedom (df) represent n-4. Abbreviations: 

MMSE = Mini mental state examination, AChEIs=Acetylcholinesterase inhibitors; 

SSRIs=Selective Serotonin Reuptake Inhibitors, df = degrees of freedom. 

 Untreated  AChEIs SSRIs AChEIs + 
SSRIs 

AChEIs + 
(AChEIs + 
SSRIs) 

SSRIs + 
(AChEIs + 
SSRIs) 

MMSE 
closest to 
death 

r=0.475, 
p=0.140,  
df =9   

r=0.273, 
p=0.445  
df =8 

r=0.846, 
p=0.154, 
df=2 

r=0.766, 
p=0.076, 
df=4 

r=0.372, 
p=0.129, 
df=16 

r=0.615, 
p=0.033, 
df=10 

MMSE 
rate of 
decline 

r=-0.911, 
p=0.004,  
df = 5 

r=0.462, 
p=0.179 
df=8 
 

r=-0.945, 
p=0.055, 
df=2 

r=-0.792, 
p=0.060, 
df=4  

r=-0.065, 
p=0.799, 
df=16 

r=-0.640, 
p=0.025, 
df=10 

 

Figure 1: Representative image of doublecortin positive staining (brown) with 

diaminobenzidine (DAB) in the human hippocampal dentate gyrus. Counterstaining performed 

with Haematoxylin (purple). H=hilus. Scale bar 50µm and 25µm respectively.  

 

Figure 2 

(A) Scatter plot of doublecortin (DCX) levels in the SGZ in control and DLB/PDD patients, 

(a=Mann-Whitney U test, W=240.0, Z=-3.47, p = 0.001) (B) Partial correlation plot between 

MMSE scores closest to death and DCX levels in the SGZ in DLB/PDD patients. (C) Partial 

correlation plot between annual decline of MMSE points per year of dementia and DCX 

levels in the SGZ of DLB/PDD patients. (D) Scatter plot of the estimated marginal means 

calculated by ANCOVA of DCX levels in the SGZ in DLB/PDD patients in different 
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treatment groups (a=SSRIs compared to controls p = <0.001, b=SSRIs compared to 

untreated DLB/PDD p=0.001, c=SSRIs compared to AChEIs, p=0.002, d=AChEIs 

compared to controls p <0.001). Abbreviations: DCX=doublecortin, SGZ=subgranular 

zone, PMD=postmortem delay, DLB=Dementia with Lewy bodies, PDD=Parkinson’s 

disease with dementia, MMSE=Mini-Mental State Examination; 

AChEIs=Acetylcholinesterase inhibitors; SSRIs=Selective Serotonin Reuptake Inhibitors. 

Bars in A  indicate mean ± standard deviation. Bars in D indicate mean ± standard error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

References 

 

1 McKeith IG, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, Cummings J, Duda 
JE, Lippa C, Perry EK, Aarsland D, Arai H, Ballard CG, Boeve B, Burn DJ, Costa D, Del Ser 
T, Dubois B, Galasko D, Gauthier S, Goetz CG, Gomez-Tortosa E, Halliday G, Hansen LA, 
Hardy J, Iwatsubo T, Kalaria RN, Kaufer D, Kenny RA, Korczyn A, Kosaka K, Lee VMY, Lees 
A, Litvan I, Londos E, Lopez OL, Minoshima S, Mizuno Y, Molina JA, Mukaetova-Ladinska 
EB, Pasquier F, Perry RH, Schulz JB, Trojanowski JQ, Yamada M, DLB C: Diagnosis and 
management of dementia with lewy bodies - third report of the dlb consortium. Neurology 
2005;65:1863-1872. 
2 Walker Z, Possin KL, Boeve BF, Aarsland D: Lewy body dementias. Lancet 
2015;386:1683-1697. 
3 Aarsland D, Zaccai J, Brayne C: A systematic review of prevalence studies of dementia 
in parkinson's disease. Movement disorders : official journal of the Movement Disorder Society 
2005;20:1255-1263. 
4 Emre M, Aarsland D, Albanese A, Byrne EJ, Deuschl G, De Deyn PP, Durif F, 
Kulisevsky J, van Laar T, Lees A, Poewe W, Robillard A, Rosa MM, Wolters E, Quarg P, Tekin 
S, Lane R: Rivastigmine for dementia associated with parkinson's disease. New England 
Journal of Medicine 2004;351:2509-2518. 
5 Mori E, Ikeda M, Kosaka K, Investigators D-DS: Donepezil for dementia with lewy 
bodies: A randomized, placebo-controlled trial. Ann Neurol 2012;72:41-52. 
6 Pantzar A, Atti AR, Fratiglioni L, Fastbom J, Backman L, Laukka EJ: Cognitive 
performance in unipolar old-age depression: A longitudinal study. International journal of 
geriatric psychiatry 2016 
7 Baquero M, Martin N: Depressive symptoms in neurodegenerative diseases. World 
journal of clinical cases 2015;3:682-693. 
8 da Silva J, Goncalves-Pereira M, Xavier M, Mukaetova-Ladinska EB: Affective 
disorders and risk of developing dementia: Systematic review. The British journal of psychiatry 
: the journal of mental science 2013;202:177-186. 
9 Reichmann H, Brandt MD, Klingelhoefer L: The nonmotor features of parkinson's 
disease: Pathophysiology and management advances. Current opinion in neurology 
2016;29:467-473. 
10 Fritze F, Ehrt U, Hortobagyi T, Ballard C, Aarsland D: Depressive symptoms in 
alzheimer's disease and lewy body dementia: A one-year follow-up study. Dementia and 
geriatric cognitive disorders 2011;32:143-149. 
11 Lara E, Haro JM, Tang MX, Manly J, Stern Y: Exploring the excess mortality due to 
depressive symptoms in a community-based sample: The role of alzheimer's disease. Journal 
of affective disorders 2016;202:163-170. 
12 Knoth R, Singec I, Ditter M, Pantazis G, Capetian P, Meyer RP, Horvat V, Volk B, 
Kempermann G: Murine features of neurogenesis in the human hippocampus across the 
lifespan from 0 to 100 years. PloS one 2010;5:e8809. 
13 Spalding KL, Bergmann O, Alkass K, Bernard S, Salehpour M, Huttner HB, Bostrom 
E, Westerlund I, Vial C, Buchholz BA, Possnert G, Mash DC, Druid H, Frisen J: Dynamics of 
hippocampal neurogenesis in adult humans. Cell 2013;153:1219-1227. 
14 Perry EK, Johnson M, Ekonomou A, Perry RH, Ballard C, Attems J: Neurogenic 
abnormalities in alzheimer's disease differ between stages of neurogenesis and are partly 
related to cholinergic pathology. Neurobiol Dis 2012;47:155-162. 
15 Liu YW, Curtis MA, Gibbons HM, Mee EW, Bergin PS, Teoh HH, Connor B, Dragunow 
M, Faull RL: Doublecortin expression in the normal and epileptic adult human brain. European 
Journal of Neuroscience 2008;28:2254-2265. 
16 Johnson M, Ekonomou A, Hobbs C, Ballard CG, Perry RH, Perry EK: Neurogenic 
marker abnormalities in the hippocampus in dementia with lewy bodies. Hippocampus 2010 



19 

17 Hoglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH, Caille I, Hirsch EC: 
Dopamine depletion impairs precursor cell proliferation in parkinson disease. Nat Neurosci 
2004;7:726-735. 
18 Ziabreva I, Ballard C, Johnson M, Larsen JP, McKeith I, Perry R, Aarsland D, Perry E: 
Loss of musashi1 in lewy body dementia associated with cholinergic deficit. Neuropath Appl 
Neuro 2007;33:586-590. 
19 Ekonomou A, Savva GM, Brayne C, Forster G, Francis PT, Johnson M, Perry EK, 
Attems J, Somani A, Minger SL, Ballard CG, Medical Research Council Cognitive F, Ageing 
Neuropathology S: Stage-specific changes in neurogenic and glial markers in alzheimer's 
disease. Biological psychiatry 2015;77:711-719. 
20 Bjoerke-Bertheussen J, Ehrt U, Rongve A, Ballard C, Aarsland D: Neuropsychiatric 
symptoms in mild dementia with lewy bodies and alzheimer's disease. Dementia and geriatric 
cognitive disorders 2012;34:1-6. 
21 Auning E, Rongve A, Fladby T, Booij J, Hortobagyi T, Siepel FJ, Ballard C, Aarsland 
D: Early and presenting symptoms of dementia with lewy bodies. Dementia and geriatric 
cognitive disorders 2011;32:202-208. 
22 Boldrini M, Underwood MD, Hen R, Rosoklija GB, Dwork AJ, John Mann J, Arango V: 
Antidepressants increase neural progenitor cells in the human hippocampus. 
Neuropsychopharmacology : official publication of the American College of 
Neuropsychopharmacology 2009;34:2376-2389. 
23 Lucassen PJ, Stumpel MW, Wang Q, Aronica E: Decreased numbers of progenitor 
cells but no response to antidepressant drugs in the hippocampus of elderly depressed 
patients. Neuropharmacology 2010;58:940-949. 
24 Boldrini M, Santiago AN, Hen R, Dwork AJ, Rosoklija GB, Tamir H, Arango V, John 
Mann J: Hippocampal granule neuron number and dentate gyrus volume in antidepressant-
treated and untreated major depression. Neuropsychopharmacology : official publication of 
the American College of Neuropsychopharmacology 2013;38:1068-1077. 
25 Huang Y, Coupland NJ, Lebel RM, Carter R, Seres P, Wilman AH, Malykhin NV: 
Structural changes in hippocampal subfields in major depressive disorder: A high-field 
magnetic resonance imaging study. Biological psychiatry 2013;74:62-68. 
26 McKinnon MC, Yucel K, Nazarov A, MacQueen GM: A meta-analysis examining 
clinical predictors of hippocampal volume in patients with major depressive disorder. Journal 
of psychiatry & neuroscience : JPN 2009;34:41-54. 
27 Boldrini M, Hen R, Underwood MD, Rosoklija GB, Dwork AJ, Mann JJ, Arango V: 
Hippocampal angiogenesis and progenitor cell proliferation are increased with antidepressant 
use in major depression. Biological psychiatry 2012;72:562-571. 
28 Jin K, Xie L, Mao XO, Greenberg DA: Alzheimer's disease drugs promote 
neurogenesis. Brain research 2006;1085:183-188. 
29 Matsukawa M, Ogawa M, Nakadate K, Maeshima T, Ichitani Y, Kawai N, Okado N: 
Serotonin and acetylcholine are crucial to maintain hippocampal synapses and memory 
acquisition in rats. Neurosci Lett 1997;230:13-16. 
30 Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J, 
Duman R, Arancio O, Belzung C, Hen R: Requirement of hippocampal neurogenesis for the 
behavioral effects of antidepressants. Science 2003;301:805-809. 
31 Anacker C, Zunszain PA, Cattaneo A, Carvalho LA, Garabedian MJ, Thuret S, Price 
J, Pariante CM: Antidepressants increase human hippocampal neurogenesis by activating the 
glucocorticoid receptor. Molecular psychiatry 2011;16:738-750. 
32 Brunoni AR, Lopes M, Fregni F: A systematic review and meta-analysis of clinical 
studies on major depression and bdnf levels: Implications for the role of neuroplasticity in 
depression. The international journal of neuropsychopharmacology / official scientific journal 
of the Collegium Internationale Neuropsychopharmacologicum 2008;11:1169-1180. 
33 Castren E, Voikar V, Rantamaki T: Role of neurotrophic factors in depression. Current 
opinion in pharmacology 2007;7:18-21. 
34 Shimizu E, Hashimoto K, Okamura N, Koike K, Komatsu N, Kumakiri C, Nakazato M, 
Watanabe H, Shinoda N, Okada S, Iyo M: Alterations of serum levels of brain-derived 



20 

neurotrophic factor (bdnf) in depressed patients with or without antidepressants. Biological 
psychiatry 2003;54:70-75. 
35 Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K: Staging of alzheimer 
disease-associated neurofibrillary pathology using paraffin sections and 
immunocytochemistry. Acta neuropathologica 2006;112:389-404. 
36 Muller-Thomsen T, Arlt S, Mann U, Mass R, Ganzer S: Detecting depression in 
alzheimer's disease: Evaluation of four different scales. Archives of clinical neuropsychology 
: the official journal of the National Academy of Neuropsychologists 2005;20:271-276. 
37 Banasr M, Hery M, Printemps R, Daszuta A: Serotonin-induced increases in adult cell 
proliferation and neurogenesis are mediated through different and common 5-ht receptor 
subtypes in the dentate gyrus and the subventricular zone. Neuropsychopharmacology : 
official publication of the American College of Neuropsychopharmacology 2004;29:450-460. 
38 Perera TD, Dwork AJ, Keegan KA, Thirumangalakudi L, Lipira CM, Joyce N, Lange C, 
Higley JD, Rosoklija G, Hen R, Sackeim HA, Coplan JD: Necessity of hippocampal 
neurogenesis for the therapeutic action of antidepressants in adult nonhuman primates. PloS 
one 2011;6 
39 Wang L, Zhang Z, Wang Y, Zhang R, Chopp M: Treatment of stroke with erythropoietin 
enhances neurogenesis and angiogenesis and improves neurological function in rats. Stroke 
2004;35:1732-1737. 
40 Ramirez BG, Blazquez C, del Pulgar TG, Guzman N, de Ceballos MAL: Prevention of 
alzheimer's disease pathology by cannabinoids: Neuroprotection mediated by blockade of 
microglial activation. J Neurosci 2005;25:1904-1913. 
41 Crandall J, Sakai Y, Zhang JH, Koul O, Mineur Y, Crusio WE, McCaffery P: 13-cis-
retinoic acid suppresses hippocampal cell division and hippocampal-dependent learning in 
mice. P Natl Acad Sci USA 2004;101:5111-5116. 
42 Marchalant Y, Baranger K, Wenk GL, Khrestchatisky M, Rivera S: Can the benefits of 
cannabinoid receptor stimulation on neuroinflammation, neurogenesis and memory during 
normal aging be useful in ad prevention? J Neuroinflammation 2012;9:10. 
43 Aarsland D, Ballard C, Larsen JP, McKeith I: A comparative study of psychiatric 
symptoms in dementia with lewy bodies and parkinson's disease with and without dementia. 
International journal of geriatric psychiatry 2001;16:528-536. 
44 Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J, Possnert G, Druid H, 
Frisen J: Neurogenesis in the striatum of the adult human brain. Cell 2014;156:1072-1083. 
45 Lledo PM, Alonso M, Grubb MS: Adult neurogenesis and functional plasticity in 
neuronal circuits. Nature reviews Neuroscience 2006;7:179-193. 
46 Ming GL, Song H: Adult neurogenesis in the mammalian brain: Significant answers 
and significant questions. Neuron 2011;70:687-702. 
47 Halliday GM, Song YJ, Harding AJ: Striatal beta-amyloid in dementia with lewy bodies 
but not parkinson's disease. Journal of neural transmission 2011;118:713-719. 
48 Hepp DH, Vergoossen DL, Huisman E, Lemstra AW, Netherlands Brain B, Berendse 
HW, Rozemuller AJ, Foncke EM, van de Berg WD: Distribution and load of amyloid-beta 
pathology in parkinson disease and dementia with lewy bodies. Journal of neuropathology 
and experimental neurology 2016;75:936-945. 
49 Compta Y, Parkkinen L, O'Sullivan SS, Vandrovcova J, Holton JL, Collins C, Lashley 
T, Kallis C, Williams DR, de Silva R, Lees AJ, Revesz T: Lewy- and alzheimer-type pathologies 
in parkinson's disease dementia: Which is more important? Brain : a journal of neurology 
2011;134:1493-1505. 
50 Walker L, McAleese KE, Thomas AJ, Johnson M, Martin-Ruiz C, Parker C, Colloby 
SJ, Jellinger K, Attems J: Neuropathologically mixed alzheimer's and lewy body disease: 
Burden of pathological protein aggregates differs between clinical phenotypes. Acta 
neuropathologica 2015;129:729-748. 
51 Ruffmann C, Calboli FC, Bravi I, Gveric D, Curry LK, de Smith A, Pavlou S, Buxton JL, 
Blakemore AI, Takousis P, Molloy S, Piccini P, Dexter DT, Roncaroli F, Gentleman SM, 
Middleton LT: Cortical lewy bodies and abeta burden are associated with prevalence and 
timing of dementia in lewy body diseases. Neuropathol Appl Neurobiol 2016;42:436-450. 


