
�������� ��	
���
��

Severely impaired hippocampal neurogenesis associates with an early seroton-
ergic deficit in a BAC α-synuclein transgenic rat model of Parkinson’s disease

Zacharias Kohl, Nada Ben Abdallah, Jonathan Vogelgsang, Lucas Tis-
cher, Janina Deusser, Davide Amato, Scott Anderson, Christian P. Müller,
Olaf Riess, Eliezer Masliah, Silke Nuber, Jürgen Winkler

PII: S0969-9961(15)30079-6
DOI: doi: 10.1016/j.nbd.2015.10.021
Reference: YNBDI 3625

To appear in: Neurobiology of Disease

Received date: 21 June 2015
Revised date: 20 October 2015
Accepted date: 27 October 2015

Please cite this article as: Kohl, Zacharias, Abdallah, Nada Ben, Vogelgsang, Jonathan,
Tischer, Lucas, Deusser, Janina, Amato, Davide, Anderson, Scott, Müller, Christian
P., Riess, Olaf, Masliah, Eliezer, Nuber, Silke, Winkler, Jürgen, Severely impaired
hippocampal neurogenesis associates with an early serotonergic deficit in a BAC α-
synuclein transgenic rat model of Parkinson’s disease, Neurobiology of Disease (2015),
doi: 10.1016/j.nbd.2015.10.021

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/10.1016/j.nbd.2015.10.021
http://dx.doi.org/10.1016/j.nbd.2015.10.021


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 
1 

 

Severely impaired hippocampal neurogenesis associates with an early serotonergic 

deficit in a BAC α-synuclein transgenic rat model of Parkinson’s disease 

 

Zacharias Kohl
a
, Nada Ben Abdallah

a
, Jonathan Vogelgsang

a
, Lucas Tischer

a
, Janina Deusser

a
, Davide 

Amato
b
, Scott Anderson

c
, Christian P. Müller

b
, Olaf Riess

e
, Eliezer Masliah

c
, Silke Nuber

c,d,e,1,2 
, 

Jürgen Winkler
a,1 

 

a
 Department of Molecular Neurology, and 

b
 Department of Psychiatry and Psychotherapy, Friedrich-Alexander 

University Erlangen-Nürnberg, Schwabachanlage 6, Erlangen 91054, Germany; 
c
 Departments of Neurosciences, 

Pathology, and 
d 

Psychiatry, University of California San Diego, La Jolla, U.S.A.; 
e
 Institute of Medical Genetics 

and Applied Genomics, University of Tübingen, Tübingen, Germany 

 

 

 

1 
To whom correspondence may be addressed: E-mail: snuber@partners.org or juergen.winkler@uk-erlangen.de. 

2
 current address: Ann Romney Center for Neurologic Diseases, Harvard Institutes of Medicine 740, 77 Avenue 

Louis Pasteur, Boston, MA 02115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 
2 

 

Abstract 

Parkinson’s disease (PD) is a multisystem disorder, involving several monoaminergic neurotransmitter 

systems resulting in a broad range of motor and non-motor symptoms. Pathological hallmarks of PD 

are the loss of dopaminergic neurons and the accumulation of alpha-synuclein, however also being 

present in the serotonergic raphe nuclei early in the disease course. The dysfunction of the 

serotonergic system projecting to the hippocampus might contribute to early non-motor symptoms 

such as anxiety and depression. The adult hippocampal dentate gyrus (DG), a unique niche of the 

forebrain continuously generating new neurons, may particularly present enhanced susceptibility 

towards accumulating alpha-synuclein levels. The underlying molecular mechanisms in the context of 

neuronal maturation and survival of new-born neurons are yet not well understood. To characterize the 

effects of overexpression of human full-length alpha-synuclein on hippocampal cellular and synaptic 

plasticity, we used a recently generated BAC alpha-synuclein transgenic rat model showing important 

features of PD such as widespread and progressive alpha-synuclein aggregation pathology, dopamine 

loss and age-dependent motor decline. At the age of four months, thus prior to the occurrence of the 

motor phenotype, we observed a profoundly impaired dendritogenesis of neuroblasts in the 

hippocampal DG resulting in severely reduced survival of adult new-born neurons. Diminished 

neurogenesis concurred with a serotonergic deficit in the hippocampus as defined by reduced levels of 

serotonin (5-HT) 1B receptor, decreased 5-HT neurotransmitter levels, and a loss of serotonergic nerve 

terminals innervating the DG/CA3 subfield, while the number of serotonergic neurons in the raphe 

nuclei remained unchanged. Moreover, alpha-synuclein overexpression reduced proteins involved in 

vesicle release, in particular synapsin-1 and Rab3 interacting molecule (RIM3), in conjunction with an 

altered ultrastructural architecture of hippocampal synapses. Importantly, BAC alpha-synuclein rats 

showed an early anxiety-like phenotype consisting of reduced exploratory behavior and feeding. 

Taken together, these findings imply that accumulating alpha-synuclein severely affects hippocampal 

neurogenesis paralleled by impaired 5-HT neurotransmission prior to the onset of aggregation 

pathology and overt motor deficits in this transgenic rat model of PD. 
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Introduction  

Non-motor symptoms (NMS) like anxiety and depression play an important role in synucleinopathies, 

such as Parkinson’s disease (PD) and often precede motor deficits (Hinnell et al., 2012), severely 

affecting quality of life (Gallagher et al., 2010). NMS have been linked to monoaminergic deficits 

within the limbic system including the hippocampus (HC), implicated in affective and cognitive 

functions (Halliday et al., 2014; van Mierlo et al., 2015). In fact, degeneration within the serotonergic 

system may occur prior to the progressive loss of nigrostriatal dopaminergic neurons (Braak et al., 

2003; Halliday et al., 1990). The raphe nuclei predominantly consisting of serotonergic neurons, show 

early intracellular accumulation of alpha-synuclein (-syn) (Braak et al., 2003), accompanied by the 

loss of serotonergic neurons (Halliday et al., 1990) and reduced expression of tryptophan hydroxylase 

2 (TPH2) in the median raphe nucleus (MnR) in PD patients (Kovacs et al., 2003). Both the MnR and 

the dorsal raphe nuclei (DR) densely innervate the hippocampal formation (McQuade and Sharp, 

1997). Furthermore, the interaction of -syn with the serotonin transporter (SERT) and its consecutive 

sequestration from the cellular membrane (Wersinger et al., 2006) may connect serotonergic 

dysfunction with synucleinopathies (Huot and Fox, 2013). 

Physiologically, -syn assembles at presynaptic membranes and participates in vesicle clustering 

thereby attenuating synaptic transmission (Abeliovich et al., 2000; Vargas et al., 2014). Furthermore, 

increased -syn levels were linked to synaptic defects of hippocampal neurons (Boassa et al., 2013; 

Nemani et al., 2010; Scott and Roy, 2012). The hippocampal dentate gyrus (DG) is a confined area of 

adult neurogenesis (Cameron et al., 1993). Here, newly generated DG granule neurons integrate 

functionally into the hippocampal circuit, and connect to pyramidal neurons of the CA3 area via the 

mossy fibers tract (Bergami et al., 2008; Toni et al., 2008). Undergoing pronounced structural changes 

during maturation and integration, adult-born hippocampal neurons likely present an enhanced 

susceptibility in this niche. Serotonergic projections from the raphe nuclei to the HC predominantly 

terminate at the granular cell layer (GCL) and hilus of the DG (Descarries et al., 2010). Serotonin (5-

HT) receptors, in particular 5-HT 1A and 1B are involved in the regulation of adult hippocampal 

neurogenesis as well as neurite growth and branching (Trakhtenberg and Goldberg, 2012). 

Consistently, impaired hippocampal neurogenesis contributes to anxiety and depression presumably 

by dysfunction of serotonergic signalling (Samuels and Hen, 2011). Furthermore, treatment with 

selective serotonin reuptake inhibitors (SSRI) rescues impaired hippocampal neurogenesis both in 

models of depression (Sairanen et al., 2005; Santarelli et al., 2003; Surget et al., 2011) and in -syn 

transgenic mice (Kohl et al., 2012).  

Still, the etiology and treatment of NMS in PD is unsatisfactory most likely since the underlying 

mechanisms are not yet well understood. We have recently described a transgenic rat model carrying a 

bacterial artificial chromosome (BAC) construct consisting of human full-length -syn with pan-

neuronal overexpression of -syn (Nuber et al., 2013). Here, the progressive aggregation of -syn 
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results in an age-dependent dopaminergic nigro-striatal cell loss with motor deficits starting at the age 

of 12 months. Using 4-month-old animals, thus prior to the onset of an overt motor phenotype, we 

analyzed hippocampal neurogenesis and intra-hippocampal circuitry, previously observed to be 

directly modulated by overexpression of human α-syn (Marxreiter et al., 2013; Nuber et al., 2008; 

Winner et al., 2004). We further addressed the question whether the accumulation of human α-syn 

results in an early deficit of the serotonergic system, and investigated a possible associated anxiety-

like phenotype towards novelty as previously described in models of experimental 5-HT depletion 

(Hohmann et al., 2007; Lipska et al., 1992). 

 

Material and Methods 

Animals  

A BAC transgenic rat model over-expressing the full-length human SNCA locus under the control of 

the endogenous human regulatory elements and wild type littermates were used for this study (Nuber 

et al., 2013). All animals were housed under a 12h light-dark cycle and had free access to food and 

water. All animal procedures followed the guidelines by international standards for the care and use of 

laboratory animals and were approved by the local Animal Welfare and Ethics committee of the 

Country Commission Tübingen, Germany. 

 

Analysis of hippocampal neurogenesis 

To assess proliferating cells in the DG, 3-month-old male BAC alpha-synuclein rats (n=14) and non-

transgenic littermates (n=10) received two intraperitoneal (i.p.) injections of bromo-deoxyuridine 

(BrdU; 100 mg/kg body weight) within a 12 h period. 12 h following the second BrdU injection (24 h 

pulse paradigm), animals were deeply anaesthetized with a mixture of 10% ketamine (Ketanest; 25 

mg/ml), 1% acepromacine (Ventroquil; 0.25 mg/ml), and 2% xylazine (Rompun; 1.25 mg/ml) in 0.9% 

natriumchloride (NaCl) solution, and transcardially perfused with 0.9% NaCl followed by 4% 

paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4 for 10 min. Brains were dissected and postfixed 

overnight in 4% PFA in PBS solution and stored in 30% sucrose in 0.1 M PBS, pH 7.4 at 4 C until 

further processing. To determine the survival of newly generated cells in the DG, BrdU was 

administered daily on five consecutive days by i.p. injections (50 mg/kg body weight; non-tg n=7; α-

syn n=8). Four weeks after the first injection, animals were transcardially perfused as described above.  

 

Immunohistochemistry and immunofluorescence 

For immunostainings the primary antibodies are listed in supplemental Table S1. To analyze 

transgenic α-syn expression in the HC the human specific antibody 15G7 (amino acids 91-96; 1:20; 

Enzo Life Science, Farmingdale, USA) specifically binding to the C-terminus of α-syn was applied. 

Secondary antibodies used were donkey-derived, species-specific and conjugated with Alexa-488, 
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Alexa-568, Alexa-647, Alexa-660 (all 1:1000, Invitrogen, Carlsbad, USA) or biotin (1:500, Dianova, 

Hamburg, Germany). DAPI (1:10,000; Sigma, St. Louis, U.S.A.) was used as nuclear counterstain. 

For further details see supplement. 

 

Microscopy and quantification 

The density of BrdU+ and DCX+ cells in the DG was determined as described previously (Kohl et al., 

2012), for further details on the analysis of BrdU+ cell see supplement. To analyse the maturation 

stages of new-born neurons, DCX+ neuroblasts within the DG were categorized corresponding to their 

morphologies as previously established (Paus et al., 2013; Plumpe et al., 2006). Categorization was 

based on the presence, size, and shape of apical dendrites (Fig. 3 B). Cells with no or very short 

processes still bearing proliferative capacity (Lugert et al., 2010) were categorized as “early” 

neuroblasts. Cells showing dendrites with intermediate length and immature morphology were 

categorized as “intermediate” DCX+ cells. The processes of intermediate neuroblasts reached the 

granular layer, but not the molecular layer. “Late” DCX+ neurons were characterized by a more 

mature appearance. Their dendrites reached the molecular layer and presented dendritic tree branching 

in the GCL. To count the different DCX stages in the hippocampal DG every 12
th

 coronal section was 

sampled. Within the ROI all DCX+ cells were classified, divided into the three subgroups and counted 

at 40x magnification. Absolute cell numbers per DG of one hemisphere were obtained by 

multiplication with the sections interval (i.e. 12x). The density of DCX+ cell subgroup per total 

volume of the DG was calculated.  

The MnR and the DR were identified by cell somata expressing TPH2, the rate limiting enzyme for 

serotonin synthesis. The raphe nuclei on sagittal sections were outlined in the projected image of every 

6
th
 section within Stereo Investigator software and the volume of both regions was calculated. All cells 

clearly expressing TPH2 were quantified, and the total density of TPH2 serotonergic neurons in the 

MnR and the DR was determined in BAC alpha-synuclein animals in comparison to age-matched non-

transgenic rats. 

To assess the size of the sub-portions of the mossy fiber tract every 12
th
 section was stained for the 

zinc transporter protein ZnT3 (Wenzel et al., 1997), and the hilar mossy fibers, the suprapyramidal 

mossy fibers, and intra-infra-pyramidal fibers were analyzed. As previously described (Paus et al., 

2013) the mossy fiber fields were outlined on the projected images within the StereoInvestigator 

software using a 10x objective. The area sizes were determined using the area measurement tool. The 

volumes of the mossy fiber regions were calculated by multiplying the sum of measured areas with the 

inverse of the sampling fraction (12) and the section thickness (40 µm). Mean values were calculated 

for the volumes of all three sub-portions of the mossy fiber tract. 
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Analysis of hippocampal serotonergic and dopaminergic fibers 

Fibers of serotonergic neurons expressing SERT in the hilus of the DG including the subgranular zone 

(SGZ) were determined by the analysis of image stacks (20 µm thickness, 20 slices, size 134.8 x 134.8 

µm, 1024 x 1024 pixels) acquired on a ZEISS LSM 780 confocal scanning laser microscope (63× PL 

APO oil objective, pinhole corresponding to 1 Airy Unit). Maximum intensity projections (MIP) from 

the SGZ and adjacent hilar region processed by ZEISS ZEN software were further analyzed. On 5 

MIPs per animal obtained from randomly chosen areas of the DG the integrated density of fluorescent 

SERT signal was measured using the measure-tool within ImageJ 1.46r and normalized to the 

background of the chosen area. Mean background fluorescence was obtained at three different 

locations without specific SERT signal and subtracted from total fluorescence intensity as previously 

described (Burgess et al., 2010). To estimate the level of dopaminergic innervation of the DG/CA3 

region, we further analyzed confocal overview image stacks of tyrosine-hydroxylase (TH) 

immunostained sections (15 µm thickness, 6 slices, size 339.7 x 339.7 µm, 1024x1024 pixels) 

acquired on the identical confocal laser microscope using a 25x APO oil objective (pinhole 

corresponding to 1 Airy Unit). On 6 MIPs per animal (3 each from the infrapyramidal and the 

suprapyramidal blade of the DG and adjacent hilar region), the integrated density of fluorescent TH 

signal was measured as above and calculated accordingly. 

 

Analysis of hippocampal serotonin content                

For estimation of hippocampal 5-HT levels by high performance liquid chromatography (HPLC), the 

CA3 region including the DG and the caudate putamen of 4-month-old rats (n=8 each) were dissected 

(Fig. 5 A) on a chilled stage (Nuber et al., 2013) and further processed as described previously (Pum et 

al., 2008). Samples containing 500 pg dihydroxybenzylamine as an internal standard were analyzed by 

HPLC with electrochemical detection. The column was an ET 125/2, Nucleosil 120-5, C-18 reversed 

phase column (Macherey-Nagel, Dueren, Germany). For detecting 5-HT, the mobile phase consisted 

of 75 mM NaH2PO4, 4 mM KCl, 20 mM EDTA, 1.5 mM SDS, 100 ml/l diethylamine, 12% methanol, 

and 12% acetonitril adjusted to pH 6.0 using phosphoric acid. The electrochemical detector was set at 

500 mV versus an ISAAC reference electrode (Antec, Zoeterwoude, Netherlands) at 30 C (Amato et 

al., 2011). 

 

Biochemical study  

4-month-old animals were anesthetized and decapitated, and the HC were subdivided from dissected 

brains on a chilled stage. The DG/CA3 subfield from one hemisphere was separated (depicted in Fig. 5 

A) and further processed. To separate proteins belonging to either the soluble membrane or the 

detergent-resistant membrane (lipid raft) fraction (Rockenstein et al., 2014), sequential extraction was 

performed as previously described (Nuber et al., 2013; Tofaris et al., 2003). After separating proteins 
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from the soluble and the membrane fraction using TBS+ (50 mM Tris-HCl, pH 7.4, 175 mM NaCl, 5 

mM EDTA), protease inhibitor cocktails (Calbiochem, CA), and TBS+ containing 1% of Triton X-

100, pellets were further solubilized in TBS+ containing 1 M sucrose, and RIPA buffer (TBS+, 1% 

NP-40, and 0.5% sodium deoxycholate, 0.1% SDS), each extraction step followed by 

ultracentrifugation for 20 min at 120,000 × g. The detergent-resistant membrane fraction was finally 

solubilized in 8M urea/5% SDS. 

Western blot analyses using 25 μg of Tris-buffered saline (TBS), and 8 µg of either TX or 8M 

urea/5% SDS hippocampal protein extracts were run on 4-12% Bis-Tris gels (Invitrogen, Life 

Technologies, Carlsbad, CA, USA) and electroblotted on nitrocellulose membranes (Millipore, 

Bedford, MA, USA). After washing in phosphate buffered saline (PBS), membranes were blocked for 

30 min in PBST (PBS with 0.2% Tween-20) containing 5% of bovine serum albumine (BSA) at room 

temperature. Primary antibodies used are listed in supplemental table S1. Antibody incubation was 

performed in PBST containing 5% of BSA overnight. After washing with PBST, membranes were 

probed with anti-mouse secondary antibodies (1:5000, American Qualex, CA, USA), visualized with 

enhanced chemiluminescence (ECL, PerkinElmer, Boston, MA, USA), and analyzed with the 

VersaDoc gel imaging system (BioRad, Hercules, CA, USA). Proteins were normalized to ß-actin 

(1:3000). Quantification of signal intensities was performed as previously described (Nuber et al., 

2013). 

                                                                                                                                                   

Electronmicroscopy study  

For ultrastructural analysis, vibratome sections were post-fixed with 2% of glutaraldehyd/0.1% 

osmium tetroxide in 0.1M sodium cacodylate buffer, embedded in epoxy and analyzed with a ZEISS 

EM 10 electron microscope. Image J was used to outline the length of the active zone and the area of 

the postsynaptic density (PSD) of asymmetric synapses (each group n=3; 82 ± 5 total synapses 

studied). The average thickness of PSD was calculated by dividing the outlined area by the length of 

the postsynaptic membrane, as previously described (Dosemeci et al., 2001).   

 

Behavioral analysis  

To investigate spontaneous exploratory and feeding behavior we re-evaluated data obtained from an 

automated cage system (Lab Master home cage apparatus; TSE Systems, Bad Homburg, Germany) 

(Nuber et al., 2013), specifying on the first minutes after transfer to the new home cage. BAC alpha-

synuclein and non-transgenic rats (n=6 each) were individually placed into the Lab Master cage during 

the light phase with 200g sawdust, and a grid of photocells automatically detected overall and center 

activity within the first 100 min, consistent with earliest detection of inactivity (linear regression; see 

result section). Moreover, mean food intake was determined by the home cage system, and body 
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weight of animals was obtained monthly. All possible efforts were made to minimize the number of 

animals used and distress. 

 

Statistical analysis 

Statistical analyses and graphs were performed using Prism v6.0 (GraphPad Software, San Diego, CA, 

USA). Data are presented as mean ± S.E.M.. Differences between means were analyzed by two-tailed 

t-test, 1-way, and 2-way ANOVA with post-hoc tests as appropriate. Statistical outliers were detected 

using the ‘robust regression and outlier removal’ method (ROUT; Q = 1%) (Motulsky and Brown, 

2006). Statistical significance at p < 0.05 was considered significant. 

 

 

Results 

Expression of full-length human α-syn in maturing DG neurons and hippocampal synapses 

In BAC alpha-synuclein rats, a 2-3-fold overexpression of full-length human α-syn was detected in 

hippocampal homogenates (Nuber et al., 2013), and is therefore expressed in the range predicted for 

PD gene multiplication (Kasten and Klein, 2013). Human α-syn was present in neuronal perikarya of 

the DG labeled either with NeuN or Calbindin (Fig. 1 B and Q). Furthermore, abundant co-localization 

of human α-syn with the synaptic proteins synaptophysin and synapsin-1 in the hilus of the DG and 

the adjacent CA3 region was detected (Fig. 1 D and F). α-Syn immunoreactive patches also 

colocalized with ZnT3, expressed within the mossy fiber tract and its nerve terminals (Fig. 1 H). We 

further determined the temporal pattern of human α-syn expression during proliferation, migration, 

and differentiation in newly generated DG cells. Interestingly, early precursor cells in the DG, 

expressing both Sox2 and GFAP, or Nestin, showed no co-labeling with human α-syn (Fig. 1 J and L). 

In contrast, human α-syn was present in the cytoplasm as well in developing dendrites of DCX+ 

neuroblasts (Fig. 1 M and O). Thus, human α-syn was expressed in mature DG neurons and in 

intermediate and late stage DCX+ neuroblasts as well as at synaptic membranes of hippocampal 

granule cells projecting to the CA3 region. 

 

Severely reduced survival of newly generated neurons in the DG of BAC alpha-synuclein rats 

Since α-syn is already strongly expressed during neuronal maturation, we further dissected its impact 

on hippocampal neurogenesis. In the DG of BAC alpha-synuclein animals we detected a strikingly 

reduced survival of BrdU+ cells (Fig. 2 B, Tab. 1). We did neither observe significant alterations of 

cell proliferation in the SGZ of the DG (Fig. 2 A, Tab. 1), nor proportional changes in neuronal 

differentiation (Tab. 1). This resulted in 48% less newly generated neurons in BAC alpha-synuclein 

compared to non-transgenic rats (Fig. 2 C, Tab. 1). Together, this suggests that human full-length α-

syn strongly affects survival of new neurons in the DG, while proliferation remains unaffected. 
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Overexpression of human α-syn reduces dendritic outgrowth of newly generated neurons and 

impairs the axonal compartment of the DG in BAC alpha-synuclein rats 

The decrease in adult hippocampal neurogenesis was also reflected by a significantly reduced number 

of DCX+ neuroblasts (Fig. 3 A, Tab. 1). The functional integration of new DG neurons in the local 

circuitry depends on the development of dendritic branching during neuronal maturation (Toni et al., 

2008): By categorizing distinct maturation stages of DCX+ cells into early, intermediate, and late 

neuroblasts via dendritic complexity we detected a significantly reduced density of intermediate 

neuroblasts in BAC alpha-synuclein rats (Fig. 3 B, Tab. 1). In contrast, early DCX+ cells, still bearing 

proliferative capacity, were even increased (Fig. 3 B). Thus, an impaired or delayed dendritogenesis of 

DCX+ neuroblasts may contribute to the overall reduced survival of newly generated neurons in BAC 

alpha-synuclein rats. We further focussed our analysis on the mossy fiber tract representing the axonal 

compartment of DG neurons. Here, we observed a reduced volume of all three major subfields of the 

ZnT3 expressing mossy fiber tract (Paus et al., 2013) projecting to the pyramidal neurons of the CA3 

subregion (Fig. 3 C, Tab. 1) indicative for a reduced axonal output from DG neurons. Together, these 

data suggest that the overexpression of α-syn has detrimental effects on the development of dendrites 

and axons of newly DG generated neurons. 

 

Alpha-synuclein induced early impairment of the hippocampal serotonergic system 

We previously observed a significant effect of SSRI treatment compensating α-syn induced 

impairments of hippocampal neurogenesis in A53T α-syn transgenic mice (Kohl et al., 2012). Because 

of the previously described impact of 5-HT on neurogenesis we further estimated the integrity of 

serotonergic input into the HC of BAC alpha-synuclein rats. We first evaluated 5-HT neurotransmitter 

levels in both the putamen and the DG/CA3 subfield of the HC in BAC alpha-synuclein rats. α-Syn 

overexpression induced a decrease of 5-HT levels in the DG/CA3 subfield only (Fig. 4 A), reflecting 

an early dysfunction of serotonergic terminals within the HC (Vertes et al., 1999). The quantitative 

analysis of high-resolution image stacks revealed a significant reduction of SERT signal in the HC 

subregion of BAC alpha-synuclein animals (Fig. 4 B). We next studied the membrane localization of 

hippocampal 5-HT 1 receptors, known to be implicated in dendrite complexity of new-born neurons 

(Trakhtenberg and Goldberg, 2012). We detected distinct alterations of their expression pattern: While 

the levels of 5-HT 1A remained unchanged, 5-HT 1B was strongly reduced in the lipid raft fraction 

associating with a significantly increased signal in the membrane fraction (Fig. 4 E and F). To address 

whether there is a rather distinct and early serotonergic hippocampal denervation, we determined TH 

expressing fibers in the hilus and the adjacent SGZ of the DG. Interestingly, no significant changes of 

dopaminergic innervation of the DG/CA3 subfield in BAC alpha-synuclein rats were present 
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compared to non-transgenic animals (Fig. 4 G-I). Together, α-syn overexpression induced an early and 

profound dysfunction of the hippocampal serotonergic input in BAC alpha-synuclein rats. 

 

The number of serotonergic neurons in the raphe nuclei remains unchanged in BAC alpha-

synuclein rats 

While we detected a reduction of SERT+ nerve terminals in the HC of young BAC alpha-synuclein 

rats, we further determined the number of serotonergic neurons in the raphe nuclei by quantifying 

TPH2 expressing perikarya of serotonergic neurons: Interestingly, the density of TPH2+ serotonergic 

neurons was unaltered in the MnR as well as in the DR in BAC alpha-synuclein rats (Fig. 5 A-C). The 

number of serotonergic neurons obtained were in the range of previously published studies in rats 

(Descarries et al., 1982; Vertes and Crane, 1997). However, transgenic α-syn was abundantly present 

in the raphe nuclei region, as well as in serotonergic neurons expressing TPH2 (Fig. 5 E, G), 

suggesting that overexpression of α-syn affects serotonergic projections to the HC prior to the 

perikarya of serotonergic neurons in the raphe nuclei of 4-month-old BAC alpha-synuclein animals. 

 

α-Syn affects biochemical composition and ultrastructure of hippocampal synapses in BAC 

alpha-synuclein rats 

Synaptic dysfunction may be an important factor for α-syn mediated pathogenic processes in 

synucleinopathies. It is hypothesized that α-syn accumulation at synaptic membranes mediates its 

pathologic role by interfering with synaptic neurotransmission of hippocampal CA1 neurons at the 

level of vesicular recycling (Nemani et al., 2010). Immunoblot analysis of dissected DG/CA3 tissue 

(Fig. 6 A) revealed distinct alterations of synaptic proteins in the presence of human α-syn (Fig. 6 B 

and C): While the levels of synaptophysin and SNAP-25 were unaltered, we detected significantly 

reduced levels of synapsin-1, physiologically playing an important role in synaptic vesicle trafficking. 

Moreover, we observed reduced levels of RIM3, a member of the Rab3 Interacting Molecules (RIM) 

recently described being crucial for dendritic arborization of neurons (Alvarez-Baron et al., 2013). On 

the contrary, the levels of the postsynaptic protein PSD-95 in the HC of BAC alpha-synuclein rats 

were increased. This altered expression pattern of distinct synaptic proteins point towards a 

compromised hippocampal synaptic machinery. Using an ultrastructural approach we observed an 

increased length of the active zone (LAZ) of CA3 asymmetric synapses in BAC alpha-synuclein 

compared to non-transgenic rats (291.7 ± 26.2 nm in non-tg vs. 459.3 ± 38.8 nm in tg h-syn rats; Fig. 

6 F). However, the average thickness of the postsynaptic density was reduced in BAC alpha-synuclein 

animals (25.5 ± 1.0 nm in non-tg vs. 15.7 ± 0.9 nm in tg h-syn; Fig. 6 G). Thus, the expression of α-

syn in conjunction with the reduced serotonergic input resulted in compromised CA3 synapses in BAC 

alpha-synuclein rats.  
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Early decrease in exploratory and feeding behavior in BAC α-synuclein rats 

Since we detected a reduced hippocampal neurogenesis in conjunction with deficits of the serotonergic 

system, we additionally analyzed behavioral measurements conducted by an automated cage system 

(Fig. 7A). This system allows testing for spontaneous exploratory and feeding behavior while 

minimizing experimenter-induced emotional intersubject variability. No overt abnormalities in motor 

behavior were detected in transgenic animals at this age (Nuber et al., 2013). Immediately after 

transfer, animals face a conflict between avoidance and exploration of the center. BAC alpha-

synuclein rats did not show an immediate difference in time spent at the wall or center when compared 

to non-tg rats, but a more rapid decline in horizontal moving (linear regression: non-tg: slope=-38  

18, R2=0.6, p=0.13; α-syn: slope=-48  12, R2 = 0.8, p=0.03) and vertical activity (rearing: linear 

regression: non-tg: slope=-10.74.6, R2=0.6, p=0.1; α-syn: slope=-14.7  3.7, R2=0.8, p=0.02) (Fig. 7 

D-F). Moreover, BAC alpha-synuclein rats avoided the center more often as an effect over time (Fig 7 

E). In addition, home cage food consumption revealed repressed feeding for the transgenic rats (linear 

regression: non-tg slope=0.030.002, R2=0.9, p=0.006; α-syn slope=0.020.005, R2=0.7, Fig. 7 B) 

that may result in less total body weight by 7% (Fig. 7 C). Together, this is suggestive of altered 

motivation and conveys the impression of mild anxiety-like behavior in response to a novel 

environment.   

 

Discussion  

Manifold deficits and symptoms, ranging from hyposmia, sleep disturbances, gastrointestinal, 

genitourinary and cardiovascular dysfunction, to psychopathological symptoms like anxiety and 

depression in particular, represent NMS frequently occurring in pre-motor stages of PD (Mahlknecht 

and Poewe, 2013; Weintraub et al., 2015). While from an epidemiological viewpoint it remains 

ambiguous whether depression is a risk factor for PD or represents an early stage of the disease 

(Gustafsson et al., 2015), neuropathological studies underline the crucial role of α-syn pathology 

beyond the nigrostriatal dopaminergic system for pre-motor NMS (Jellinger, 2015). Nevertheless, the 

molecular mechanisms contributing to NMS in early PD, such as depression and anxiety are still 

elusive. Moreover, it is not known how overexpression of human α-syn affects the interplay of 

hippocampal neurogenesis and the serotonergic system, both hypothesized to contribute to the 

complexity of depression and anxiety disorders (Mahar et al., 2014; Petrik et al., 2012). Here, we 

demonstrate that accumulating hippocampal α-syn reduced 5-HT levels, impaired the density of 

serotonergic fibers projecting to the HC, and decreased the expression of 5-HT 1B in the DG/CA3 

region of a BAC alpha-synuclein rat model of PD, overexpressing the full-length human gene under its 

endogenous regulatory sequences. The α-syn mediated alterations of hippocampal synapses were 

accompanied by an impaired dendritic arborization and a significant mossy fiber loss, leading to a 
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severely reduced survival of new-born neurons. Moreover, the BAC alpha-synuclein rat model showed 

an early decrease in spontaneous exploratory and feeding behavior towards novelty change. 

 

Impaired serotonergic circuitry in the hippocampus prior to the onset of motor symptoms 

Increased levels of α-syn concurred with severe NMS in alpha-synuclein multiplication carriers 

(Gwinn et al., 2011; Miller et al., 2004) suggesting a gene-dosage effect in PD brains. Interestingly, 

we observed that the accumulation of α-syn at hippocampal synapses associates with a significant 

reduction of 5-HT levels in the DG/CA3 subregion, and a profound decrease of SERT+ fibers 

projecting into the DG. This matches well findings of dystrophic hippocampal SERT+ fibers in PD 

(Azmitia and Nixon, 2008). In addition, a punctate expression of human α-syn was observed in 

TPH2+ serotonergic neurons of the raphe nuclei in BAC alpha-synclein animals. This relates to α-syn 

accumulation detected within serotonergic neurons of the raphe region in PD patients (Halliday et al., 

1990; Seidel et al., 2015). Furthermore, decreased hippocampal 5-HT levels as well as reduced SERT 

binding in the HC were observed in PD reflecting a dysfunctional serotonergic system (Huot and Fox, 

2013). Interestingly, 5-HT 1A levels in the HC of BAC alpha-synuclein rats remained unchanged, 

while the levels of 5-HT 1B were reduced in the lipid raft fraction. The presynaptically localized 5-HT 

1B plays an important role in the control of neurotransmitter release, and represents the only 5-HT 

receptor that is actively transported and released via secretory vesicles into dendritic branches 

(Liebmann et al., 2012). In conjunction with a recent study detecting reduced 5-HT 1B binding in PD 

(Varrone et al., 2014), the observed serotonergic dysfunction is likely an underlying pathway 

contributing to NMS in early PD. The precise onset of NMS is difficult to determine in PD. Models 

displaying key features of NMS in PD represent a very valuable tool to address this question, as early 

changes are readily identified and correlated to cellular, biochemical and molecular changes. At 3-6 

months of age BAC alpha-synuclein rats display a 2-3 fold overexpression of α-syn, thus leading to a 

significant accumulation, however without presenting neither α-syn aggregation, nor dopaminergic 

neurodegeneration (Nuber et al., 2013). Our present study confirms an intact innervation of TH+ fibers 

to the hippocampal CA3/DG subfield. This is in contrast to early α-syn induced impairments of the 

serotonergic projections innervating the hippocampal formation being not accompanied by a loss of 

serotonergic neurons within the MnR and DR of 4-month-old rats.  Thus, the loss of serotonergic 

terminals within the hippocampal target field may reflect an early stage of the α-synucleinopathy, 

supporting the hypothesis that synaptic loss and axonal degeneration precede neuronal loss in PD 

(Burke and O'Malley, 2013; Lamberts et al., 2015).  

Notably, at this early age, BAC alpha-synuclein rats displayed subtle alterations in emotional 

behavior, as observed by reduced exploring and food consumption after transfer into a novel 

environment of home cages. Consistently, the transgenic animals displayed less visits of the center 

zone not as an immediate effect but rather a more rapid decline in activity, conveying the impression 
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of less exploratory motivation in response to novelty. Since our findings further imply that these 

behavioral deficits occur prior to dopaminergic loss and overt motor deficits, these symptoms might be 

related to early α-syn induced impairments of the serotonergic projections in the hippocampal 

formation. Interestingly, intra-hippocampal infusion of 5-HT in the chronic unpredicted mild stress rat 

model was sufficient to rescue reduced food intake, as well as impaired spontaneous behavior (Luo et 

al., 2008). Further, experimental 5-HT depletion was shown to associate with increased anxiety in 

response to novelty (Hohmann et al., 2007); although the impact on anxiety per se is yet not clear, 

potentially relating to stress as a contributing factor (Andrade and Graeff, 2001; Netto et al., 2002). 

However, this study does not allow to directly link the observed behavioral phenotype to impairments 

of the hippocampal 5-HT system, in particular as other mechanisms besides dopaminergic and 

serotonergic signaling might contribute to this early behavioral abnormalities. Therefore, further 

studies are needed to fully characterize the time course and underlying mechanisms of anxiety-related 

and depressive symptoms in BAC alpha-synuclein rats. 

 

Overexpression of human α-syn leads to impaired intra-hippocampal circuitry and altered 

synaptic marker expression 

The overexpression of human α-syn in BAC alpha-synuclein rats results in widespread aggregation 

pathology and associates with age-dependent dopamine loss (Nuber et al., 2013). In the HC, human α-

syn was present both in DCX+ neuroblasts and in mature neurons, accumulating at synapses and in the 

cytoplasm of DG neurons and their major target, the CA3 region. Indeed, we observed abundant co-

localization of human α-syn with presynaptic proteins of the vesicle cycle. Moreover, accumulation of 

α-syn in the presynaptic compartment affects spine maintenance in human synucleinopathies (Kramer 

and Schulz-Schaeffer, 2007). This is in line with the co-localization of -syn with presynaptic proteins 

and the mossy fiber marker ZnT3 leading to a loss of mossy fibers in BAC alpha-synuclein rats. In 

general, these findings match well with imaging data in PD pointing to altered intra-hippocampal 

connectivity early in the disease course (Carlesimo et al., 2012). 

While levels of synaptophysin were unaltered in the DG/CA3 subfield, the presynaptic protein 

synapsin-1 was significantly reduced in BAC alpha-synuclein rats. This is in line with a previous 

report showing a similar decrease of synapsins in α-syn transgenic mice (Nemani et al., 2010). 

Moreover, RIM3, located within the pre- as well as the postsynaptic compartment, was strongly 

reduced upon α-syn overexpression. RIM3 is expressed in the DG and the CA regions of the HC, and 

plays an essential role for neuronal arborisation and the development of dendritic spines besides its 

synaptic function (Alvarez-Baron et al., 2013). Our finding suggests that overexpression of α-syn 

within the HC impairs synaptic integration and stability by down-regulation of RIM3. In contrast, an 

increased expression of the postsynaptic protein PSD-95 in the DG/CA3 subfield of BAC alpha-

synuclein animals together with an increased LAZ may reflect secondary remodeling of CA3 synapses 
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by extending the neurotransmitter receptive region. An increased PSD length in α-syn overexpressing 

mice was previously described (Nemani et al., 2010), however a decreased PSD thickness is a novel 

finding and suggests α-syn induced defects at the level of both the pre- and post-synaptic 

compartment. 

 

Hippocampal overexpression of human α-syn severely impairs adult neurogenesis 

The integration of new-born neurons is critically pending on local and systemic neural circuitries in 

the neurogenic niche, possibly resulting in an increased susceptibility towards α-syn overexpression or 

neurotransmitter imbalance. Adult hippocampal neurogenesis was severely reduced to almost half of 

the level observed in non-transgenic animals without changing cell proliferation. This is in contrast to 

our previous findings that the olfactory bulb of 4-month-old BAC alpha-synuclein rats contained 

significantly more newly generated BrdU+ neurons (Nuber et al., 2013). While the number of early 

DCX+ cells in the HC was even increased, the proportion of intermediate neuroblasts was 

significantly reduced in BAC alpha-synuclein rats, suggesting a particular impact of α-syn on young 

neurons during outgrowth of their processes. Interestingly, accumulating and/or oligomerized α-syn 

may destabilize microtubule cytoskeleton (Cartelli et al., 2012), thereby proportionally damaging 

intermediate and late-stage neuroblasts. Furthermore, selective activation of 5-HT 1A or 1B is required 

to promote neurite outgrowth and branching (Persico et al., 2006). So far, the mechanisms underlying 

compromised DG neurogenesis in PD are far from understood: Overexpressed α-syn impairs 

dendritogenesis and spine formation of new DG neurons (Lim et al., 2011; Winner et al., 2012), 

leading to a reduced survival of newly generated hippocampal neurons in murine transgenic -syn 

models and human synucleinopathies (Winner et al., 2011). While recent findings underline the 

significance of adult neurogenesis in humans (Spalding et al., 2013), data on hippocampal 

neurogenesis in PD patients is yet rather limited. Nevertheless, post-mortem studies in a small number 

of cases of synucleinopathies show a reduction of immature neurons in the DG (Hoglinger et al., 2004; 

Johnson et al., 2011; Winner et al., 2012). Various lines of evidence suggest that hippocampal 

neurogenesis is under serotonergic control: Compounds elevating serotonergic tone like SSRIs 

enhance neurogenesis in models of depression (Surget et al., 2011). Furthermore, TPH2 is necessary to 

stimulate exercise induced hippocampal neurogenesis (Klempin et al., 2013), while combined 

knockout of 5-HT 1A and 1B in mice leads to a reduction, respectively (Xia et al., 2012). Our findings 

indicate that a deficit in 5-HT neurotransmission is paralleled by severely impaired neurogenesis, the 

latter previously shown to directly correlate with α-syn overexpression in inducible transgenic mice 

(Marxreiter et al., 2013; Nuber et al., 2008). In addition, chronic SSRI treatment ameliorates 

neurogenesis deficits in human α-syn transgenic animals (Deusser et al., 2015; Kohl et al., 2012; Ubhi 

et al., 2012). Although these findings are associative and require validation via controlled e.g. 
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pharmacological assessment, the present study further establishes a link between 5-HT deficits and the 

observed hippocampal alterations in α-syn overexpressing animal models of PD. 

 

Thus, early degeneration of the serotonergic input to the HC may severely affect the survival of new-

born hippocampal neurons by reduced dendritic and axonal outgrowth via α-syn induced changes in 

pre-synaptic vesicle release and post-synaptic ultrastructure. The results predict that individuals 

carrying gene multiplications show from an early age on changes in the function of hippocampal 

neural circuits and particularly of susceptible developing neurons. Furthermore, in patients with 

sporadic PD, due to an upregulation of α-syn, early dysfunctions of the pontine raphe nuclei could be 

present prior to the midbrain dopaminergic region (Braak et al., 2003; Seidel et al., 2015). Our results 

may provide a further link between the serotonergic system and the pathogenesis of NMS such as 

depression and anxiety in pre-motor PD. 
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Legends: 

Figure 1: Expression of human alpha-synuclein (α-syn) under its endogenous regulatory sequences in 

mature and developing neurons and synaptic terminals in the hippocampal dentate gyrus (DG)/CA3 

subfield of BAC alpha-synuclein transgenic rats (hα-syn tg). (A, B) Human α-syn (green) in mature 

DG neurons labelled with NeuN (red, arrows). (C-H) Human α-syn strongly co-localized with 

synaptophysin (D, red), synapsin-1 (F, red), and the mossy fiber marker ZnT3 (H, red) in the CA3 

region of hα-syn tg rats (yellow), while α-syn was also expressed in CA3 neurons (H, arrows). (I-L) 

Lack of α-syn expression in early neural precursors co-labeling Sox2 (red) and GFAP (blue, arrow), or 

Nestin (M, red, arrow) in the subgranular layer (SGZ) of the DG of transgenic rats. (M-O) α-Syn is 

present in neuroblasts expressing doublecortin (DCX), cytoplasmatic (M and O, arrows) and along 

dendrites of DCX+ cells (O, arrowheads). (P, Q) Young mature Calbindin+ neurons express α-syn (Q, 

red, arrows). The hippocampus of non-transgenic animals (non-tg) was devoid of transgenic α-syn. 

Nuclear staining (DAPI) in blue. (Scale bars: 20 µm). 

 

Figure 2: α-Syn accumulation severely decreased hippocampal neurogenesis in BAC alpha-synuclein 

rats (hα-syn tg). (A) No significant difference of BrdU+ proliferating cells in the DG (density) 

between hα-syn tg and non-tg animals (non-tg n=10; hα-syn tg n=14), representative images of BrdU 

labelled cells (black). (B) Dramatically reduced density of BrdU+ cells in the DG representing 

surviving newly generated cells in hα-syn tg rats, representative images (non-tg n=7; hα-syn tg n=8; 

scale bars: 50µm). (C) Strong reduction of newly generated mature neurons in hα-syn tg rats, 

representative images of triple immunofluorescence showing BrdU+ new cells (green) co-expressing 

the neuronal marker NeuN (red; arrowheads), glial cells (expressing GFAP) in blue (scale bar: 20µm). 

# p < 0.05, student’s t-test. 

 

Figure 3: Altered dendritic and axonal compartment in the DG of BAC alpha-synuclein rats (hα-syn 

tg). (A) Significantly reduced density of the overall DCX+ neuroblast population in transgenic animals 

(non-tg n=7; hα-syn tg n=8), representative images of DCX+ neuroblasts (brown). (Scale bar: 50µm) 

(B) Mainly post-mitotic DCX+ neuroblasts classified as intermediate phenotype were reduced, while 

the number of early DCX+ cells was even higher in transgenic rats. (C) Reduced volume of ZnT3+ 

mossy fibers representing the axonal projections of DG neurons to the CA3 region in the hilar (hi), 

supra-pyramidal (sp, black arrows), and intra-infrapyramidal region (iip, black arrowheads) (non-tg 

n=7; hα-syn tg n=8; scale bar: 500 µm). # p < 0.05, student’s t-test. 

 

Figure 4: α-Syn induced serotonergic deficit in the hippocampus (HC) of BAC alpha-synuclein rats 

(hα-syn tg). (A) Serotonin (5-HT) levels were significantly reduced in the DG/CA3 subfield of the HC 

in hα-syn rats tg compared to non-tg littermates, in contrast to the caudate putamen (CPu) (both groups 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 
21 

 

n=8). (B) A significantly reduced serotonin transporter (SERT) network was present in the DG in 

transgenic animals, analysis of integrated density of maximum intensity projections (MIP) from 

confocal image stacks (each group n=6). (C, D) Representative images showing SERT+ network 

(green), DAPI in blue, example of analyzed region of interest (ROI; yellow). (Scale bar: 20 µm). (E, 

F) 5-HT receptor 1A levels, both the monomeric (mono) and the glycosylated form (glyc) were 

unchanged. In contrast, the levels of 5-HT 1B, mainly localized to presynaptic vesicles, were strongly 

reduced in the lipid raft fraction (raft), its physiological localization, while its content was increased in 

the membrane bound fraction (memb). (G) No loss of dopaminergic fibers expressing tyrosine-

hydroxylase (TH) in the subgranular zone (SGZ) and adjacent hilus of hα-syn tg compared to non-tg 

rats (each group n=4) (H, I) Representative images of MIP showing the network of TH expressing 

fibers (red, DAPI in blue, ROI in yellow), (scale bar: 50 µm). # p<0.05; 1-way ANOVA for 5-HT 

levels, student’s t-test for 5-HT, SERT, and TH analysis.  

 

Figure 5: Quantification of serotonergic cells in rostral raphe nuclei and expression of human α-syn in 

TPH2+ neurons of hα-syn tg rats. (A) Sagittal overview image of the DR and MnR in hα-syn tg rats. 

(B) Representative image with higher magnification showing TPH2+ cell bodies and neurites (black) 

in the DR. (C) Numbers of TPH2+ serotonergic neurons/ mm
3
 were not altered in MnR or DR of hα-

syn tg rats (both n = 5). (D-G) Abundant expression of human α-syn (green) in raphe nuclei (E) and 

within the soma of TPH2+ neurons (red) of the raphe nuclei (G) in hα-syn tg rats. (D, F) No 

expression in non-tg animals. DAPI in blue. Scale bars (A, B) = 100 µm, (D-G) = 10 µm. 

 

Figure 6: Overexpression of α-syn leads to an altered synaptic structure in the hippocampal DG/CA3 

subfield. (A) The DG/CA3 subfield of the HC from one hemisphere was separated from the CA1 area. 

(B) Note the reduced expression of presynaptic proteins RIM3 and synapsin-1 in hα-syn tg rats, while 

the postsynaptic protein PSD-95 was increased. (C) Quantification shows significant differences for 

RIM3, synapsin-1, and PSD-95, but no change for synaptophysin and SNAP-25. (D-G) Representative 

electron micrographs of hippocampal CA3 synaptic terminals (T) of non-tg (D) and transgenic animals 

(E). Quantification of the postsynaptic density (PSD) of dendritic spines (S) shows significant changes 

in the length of the active zone (LAZ; F; line, arrows) and average thickness of the PSD (TPSDAV) of 

both groups (n=3/each). (Scale bar: 200 nm). # p<0.05, student’s t-test.  

 

Figure 7: Time dependent decline of exploratory activity after transfer into the home cage apparatus 

(example in A) in hα-syn tg rats: Reduced feeding in the novel environment compared to non-tg rats 

(B), and body weight with significant changes starting as early as 4 months of age (C). After transfer 

into the automated cage apparatus, hα-syn tg rats showed a more rapid decline in ambulatory (D) and 
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horizontal activity (rearing; F), and a more rapid decline in exploration of the center zone (E). # 

p<0.05, 2-way ANOVA, post-hoc LSD, linear regression for analysis of slope. 

 

Table 1: Impaired cellular and axonal plasticity in the HC of BAC alpha-synuclein rats (hα-syn tg) 

compared to controls: Volume of mossy fiber tract projecting from DG granule cells to CA3 

pyramidal neurons. Mossy fiber (MF) bundle was visualized using an antibody against zinc-

transporter 3 (ZnT3), and the volumes of the three major MF subfields, consisting of hilar MFs (hi), 

supra-pyramidal (sp) MFs, and intra-infra-pyramidal (iip) MFs, expressed as mm
3
 ± S.E.M. are 

presented. The volumes of all three subfields were significantly reduced in hα-syn tg rats compared to 

non-tg littermates. 

Hippocampal neurogenesis in the adult DG of hα-syn tg and non-tg animals for both experimental 

paradigms. Calculation of densities was performed by division of quantified cells through the 

corresponding volume of the DG and presented as cells/mm
3
. While the proliferation of neural stem 

and precursor cells in hα-syn tg rats showed no significant reduction, the number of surviving BrdU+ 

cells in the DG of hα-syn tg animals four weeks after BrdU injection was severely decreased, while the 

proportional differentiation into neuronal (NeuN) and glial (GFAP) phenotypes was unaltered. This 

resulted in a strongly reduced density of newly generated neurons in the DG of hα-syn tg rats. 

Moreover, the density of DCX+ neuroblasts in the DG was reduced in hα-syn tg animals. The analysis 

of developmental stages of DCX+ cells revealed reduced densities of the large group of intermediate 

stage neuroblasts, while the proportion of late DCX+ cells was unaltered. Additionally, the density of 

early DCX+ neuroblasts was increased in hα-syn tg animals. All values are given ± S.E.M.. The 

significance level was set at p< 0.05. 
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Figure 2 
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Figure 3 
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Figure 7 
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Table 1: 

 

 Non-tg h-syn tg p-value 

Mossy fiber (MF) volumes (mm
3
)    

Volume of hilar MFs (hi)  

Volume of suprapyramidal layer MFs (sp) 

Volume of intra-infrapyramidal layer MFs (iip) 

2.13 ± 0.08 

2.11 ± 0.14 

0.59 ± 0.03 

1.82 ± 0.06 

1.73 ± 0.10 

0.38 ± 0.03 

p = 0.011 

p = 0.042 

p = 0.001 

    

Hippocampal neurogenesis     

Proliferation 

Density (BrdU+ cells /mm
3
) 

 

1390 ± 138 

 

1138 ± 85 

 

p = 0.115 

    

Survival of newly generated cells 

Density (BrdU+ cells/mm
3
) 

 

3528 ± 242 

 

1927 ± 157 

 

p < 0.0001 

Differentiation of new cells 

% BrdU+/NeuN+ cells 

% BrdU+/GFAP+ cells 

% BrdU+ only cells 

 

93.3 ± 1.0 

1.9 ± 0.8 

4.8 ± 0.9 

 

88.7 ± 2.1 

1.9 ± 0.6 

9.3 ± 1.7 

 

p = 0.084 

p = 0.983 

p = 0.042 

Newly generated neurons 

Density (BrdU+ neurons/mm
3
) 

 

3303 ± 253 

 

1707 ± 145 

 

p < 0.0001 

Neuroblasts 

Density (DCX+ cells/mm
3
) 

 

4984 ± 147 

 

4011 ± 264 

 

p = 0.009 

Subgroups of DCX+ neuroblasts/mm
3 

early  

intermediate 

late 

 

490 ± 76 

3352 ± 149 

1142 ± 175 

 

958 ± 167 

2123 ± 457 

930 ± 174 

 

p = 0.030 

p = 0.032 

p = 0.407 
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Highlights 

 BAC alpha-synuclein rats show a profoundly impaired hippocampal serotonergic system prior 

to the onset of progressive aggregation pathology and motor phenotype 

 Alpha-synuclein overexpression interferes with the development of dendrites and axons of 

newly generated hippocampal neurons resulting in their severely reduced survival 

 Increased alpha-synuclein levels in the hippocampus result in altered expression levels of 

distinct synaptic proteins relevant for vesicle recycling 

 A compromised serotonergic system may play an important role in the pre-motor phase of 

synucleinopathies, in particular in Parkinson’s disease.  


