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 20 

Abstract 21 

Parkinson’s disease (PD) and Dementia with Lewy bodies (DLB) are characterized by neuronal 22 

α-synuclein (α-syn) inclusions termed Lewy Pathology, which are abundant in the amygdala. The 23 

basolateral amygdala (BLA), in particular, receives projections from the thalamus and cortex. 24 

These projections play a role in cognition and emotional processing, behaviors which are impaired 25 

in α-synucleinopathies. To understand if and how pathologic α-syn impacts the BLA requires 26 

animal models of α-syn aggregation. Injection of α-synuclein pre-formed fibrils (PFFs) into the 27 

striatum induces robust α-synuclein aggregation in excitatory neurons in the BLA that 28 

corresponds with reduced contextual fear conditioning. At early time points after aggregate 29 

formation, cortico-amygdala excitatory transmission is abolished. The goal of this project was to 30 

determine if α-syn inclusions in the BLA induce synaptic degeneration and/or morphological 31 

changes. In this study, we used C57BL/6J mice injected bilaterally with PFFs in the dorsal striatum 32 

to induce α-syn aggregate formation in the BLA. A method was developed using 33 

immunofluorescence and three-dimensional reconstruction to analyze excitatory cortico-34 

amygdala and thalamo-amygdala presynaptic terminals closely juxtaposed to postsynaptic 35 

densities. The abundance and morphology of synapses were analyzed at 6- or 12-weeks post-36 

injection of PFFs. α-Syn aggregate formation in the BLA did not cause a significant loss of 37 

synapses, but cortico-amygdala and thalamo-amygdala presynaptic terminals and postsynaptic 38 

densities with aggregates of α-synuclein show increased volumes, similar to previous findings in 39 

human DLB cortex, and in non-human primate models of PD. Transmission electron microscopy 40 

showed that PFF-injected mice showed reduced intervesicular distances similar to a recent study 41 

showing phospho-serine-129 α-synuclein increases synaptic vesicle clustering. Thus, pathologic 42 

α-synuclein causes major alterations to synaptic architecture in the BLA, potentially contributing 43 

to behavioral impairment and amygdala dysfunction observed in synucleinopathies. 44 
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synaptic vesicles (SVs); tris-buffered saline (TBS); transmission electron microscopy (TEM); 54 
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Introduction   58 

Although classically thought of as a motor disorder characterized by the clinical presentation of 59 

tremor, rigidity, bradykinesia and postural instability, Parkinson’s Disease (PD) has been 60 

accepted as a more complex disease with additional presentation of non-motor symptoms 61 

including changes in cognition, depression, anxiety, and hallucinations, amongst others 62 

(Kumaresan & Khan, 2021; Poewe, 2008). Available treatments only alleviate the motor or non-63 

motor symptoms, but do not address the underlying pathology and progression (Opara et al., 64 

2012; Zhao et al., 2021). One of the major pathological hallmarks of PD includes the presence of 65 

Lewy pathology comprised of pathological, insoluble, α-synuclein hyperphosphorylated at serine 66 

129 (p-α-syn). The localization of p-α-syn pathologic aggregates in brain areas such as the cortex, 67 

thalamus, and amygdala could contribute to non-motor PD symptoms (Braak & Del Tredici, 2017; 68 

Kouli et al., 2018).  69 

The amygdala is an area of the brain that is associated with robust p-α-syn inclusion formation, 70 

but has only recently been appreciated for the potential impact it could have on patients’ quality 71 

of life (Braak et al., 1994; Carey et al., 2021; Huang et al., 2015; Sorrentino et al., 2019; Yamazaki 72 

et al., 2000). The basolateral amygdala (BLA), in particular, is necessary for the association 73 

between sensory stimuli and emotional and motivational significance (Tye et al., 2011; W. H. 74 

Zhang et al., 2021). The BLA sends projections to the striatum and receives projections from the 75 

cortex and thalamus which play a role in cognition and emotional control (Salzman & Fusi, 2010; 76 

Šimić et al., 2021). Despite what we know about the presence of α-syn aggregates in the 77 

amygdala, relatively little is known about the effects of Lewy pathology on amygdala function. 78 

Previous studies have shown that Lewy pathology does not strongly correlate with loss of 79 

amygdala volume or cell death in post mortem studies (Harding et al., 2002). However, more 80 

recent studies using MRI have shown asymmetrical loss of selective nuclei in the amygdala in PD 81 
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patients (Kilzheimer et al., 2019; Qu et al., 2024). In addition, hypoconnectivity between regions 82 

of the basolateral amygdala (BLA), and related frontal, temporal and insular cortices in MRI 83 

studies of PD patients has been reported (Wang et al., 2023). α-Syn aggregation in the amygdala 84 

may correlate with changes in amygdala functions. 85 

Animal models of α-syn aggregation can help determine the effect of pathologic α-syn on brain 86 

function and behavior. By injecting preformed fibrils (PFFs) into specific brain areas, neurons 87 

projecting to the area take up these fibrils which recruit and corrupt endogenous α-synuclein (Luk 88 

et al., 2012; Volpicelli-Daley et al., 2011). Bilateral dorsal striatal PFF injections produce robust 89 

α-syn aggregate formation in mouse amygdala which associates with reduced performance in 90 

fear conditioning thought to be caused at least in part by amygdala dysfunction (Stoyka et al., 91 

2020). This phenotype is not a result of cell death or loss of volume in the mouse amygdala 92 

(Stoyka et al., 2020). Electrophysiology studies using the PFF intrastriatal injection model showed 93 

defects in the cortico-amygdala, but not thalamo-amygdala excitatory transmission (Chen et al., 94 

2022). These functional and behavioral defects associated with α-syn aggregate formation in 95 

mouse amygdala that occur without overt neuron death, suggest other mechanisms of dysfunction 96 

associated with p-α-syn aggregation.  97 

The defects in behavior and transmission could be caused by degeneration of synapses in the 98 

amygdala caused by α-syn aggregates. A number of neurodegenerative diseases are associated 99 

with impairment of synaptic function (Bridi & Hirth, 2018; Taoufik et al., 2018). In PD, loss of 100 

nigrostriatal terminals occurs before degeneration of DA neurons (Hornykiewicz, 1998; Kordower 101 

et al., 2013). Recent PET imaging studies show synaptic loss in subjects with mild PD symptoms 102 

(Matuskey et al., 2020). Additionally, the presence of α-syn micro-aggregate accumulations at 103 

the presynaptic terminal correlates with down regulation of presynaptic proteins, such as syntaxin 104 

and synaptophysin, as well as postsynaptic density (PSD) proteins, PSD95 and drebrin (Kramer 105 

& Schulz-Schaeffer, 2007). Changes in synapses have also been shown in animal models of PD. 106 
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Formation of α-syn aggregates corresponds with major loss of dendritic spines in the mouse PFF 107 

primary culture model, in vivo PFF and in α-syn overexpression mouse models (Blumenstock et 108 

al., 2017; Froula et al., 2018). PFF-induced α-syn aggregates also associate with loss of pre-109 

synaptic protein expression and major alterations in molecular signatures of synaptic function 110 

(Goralski et al., 2024; Volpicelli-Daley et al., 2011). Thus, formation of α-syn may lead to an early 111 

change in the structure of the synapse.  112 

Here, we used the intrastriatal PFF mouse model to determine the effects of α-syn aggregation 113 

on synaptic structure in the amygdala. We employed immunofluorescence to label excitatory pre- 114 

and postsynaptic puncta in the amygdala. We then developed a method to render three-115 

dimensional surfaces to measure changes in density and volume of synaptic puncta at 6 weeks 116 

and 12 weeks following initiation of p-α-syn positive pathological aggregates. We show that the 117 

density of excitatory cortico-amygdala or thalamo-amygdala synapses is not altered at either time 118 

point. However, pre- and postsynaptic puncta that contain p-α-syn show increased volume in both 119 

cortico- and thalamic-amygdala synapses.  120 

Materials and Methods 121 

Unless otherwise noted, all materials were purchased from Fisher Scientific. 122 

Animals. The Institutional Animal Care and Use Committee at the University of Alabama at 123 

Birmingham approved all animal protocols IACUC 22112 (06/22/2022 – 06/21/2023), IACUC 124 

22447 (02/27/2023 – 01/06/2025) and IAUCUC 22614 (10/18/2022 – 10/18/2023). C57BL/6J 125 

mice (Strain 000664) were purchased from Jackson Labs and maintained on a 12-hour light/dark 126 

cycle with unrestricted access to food and water. Both male and female mice were included in 127 

each study, unless otherwise stated. 128 
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Preparation of recombinant α-synuclein PFFs. Mouse monomeric α-synuclein was purified in E. 129 

Coli and a Pierce LAL high-capacity endotoxin removal resin was used to minimize endotoxin as 130 

previously described (Volpicelli-Daley et al., 2014). PFFs (5mg/mL) were generated from 131 

monomeric α-synuclein through agitation in 150 mM KCl/50 mM Tris-HCl at 37 °C for 7 days 132 

(Bousset et al., 2013; Stoyka et al., 2020). PFFs were stored at -80°C until use. Immediately 133 

before injection, PFFs were sonicated using a Q700 Sonicator with circulating water at 15 °C. 134 

Samples at 22 µL were placed in a 1.5 mL sonicator tube (Active Motif, NC0869649) and 135 

sonicated for 15 min (amplitude 30; pulse on 3 s; pulse off 2 s). Fragmentation of PFFs between 136 

20 and 70 nm fragments was confirmed using dynamic light scattering.  137 

Intrastriatal injection of recombinant α-syn fibrils 138 

Three- to four-month old mice were placed on a stereotactic frame under deep anesthesia with 139 

vaporized isoflurane. Thereafter, mice were bilaterally injected with 2 μL (5mg/mL) per side of 140 

either sonicated fibrils (10 µg total protein), monomeric α-synuclein (10 µg total protein) or 141 

phosphate-buffered saline (PBS). The injections were carried out at a rate of 0.5 μL/min after 142 

which the needle remained in place for 5 minutes before a gradual withdrawal. To target the dorsal 143 

striatum, mice were injected at coordinates +1.0 mm anterior-posterior, ±2.0 mm mediolateral, 144 

and −3.2 mm dorsoventral measured from dura. 145 

Immunofluorescence and immunohistochemistry 146 

At 6- or 12-weeks post-injection, mice were anesthetized with isoflurane and underwent 147 

transcardial perfusion with a 0.9% saline solution containing 10 units/mL heparin and sodium 148 

nitroprusside (0.5% w/v) followed by a cold 4% paraformaldehyde (PFA) solution in PBS. 149 

Thereafter, brains were harvested and postfixed in the same 4% PFA in PBS solution for 12 hours 150 

at 4 °C then submerged in cryoprotectant (30% sucrose in PBS) for 24–48 hours and snap frozen 151 

in a dry ice/ethanol slurry for storage at −80 °C. Brains were sectioned at 40 μm thickness on a 152 

freezing microtome (Leica SM 2010 R). Serial sections of the brains were placed in a 6-well to 153 
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ensure each well represented the entire forebrain with slices spaced 240 μm apart. Brain sections 154 

were stored in a solution of 50% glycerol, 0.01% sodium azide in tris-buffered saline (TBS). 155 

For immunofluorescence, sections were rinsed three times in cold TBS (5 min) then incubated in 156 

a solution of 10 mM sodium citrate, 0.05% Tween-20 (pH 6.0) for 1 h at 37 °C for antigen retrieval. 157 

Thereafter, sections were rinsed three times with cold TBS (5 min) then blocked and 158 

permeabilized in a solution of 5% normal goat serum, 0.01% TritonX-100 in TBS for 1 h at 4 °C 159 

with agitation. Sections were then incubated in a solution of 5% normal goat serum in TBS with 160 

primary antibodies (Table 1) for 16 h at 4 °C with agitation.  Thereafter, sections were rinsed as 161 

before (3 x 5 min, cold TBS) then incubated with AlexaFluor conjugated secondary antibodies 162 

(Thermofisher) in 5% normal goat serum in TBS for 2 h at 4°C with agitation. Brains were again 163 

rinsed with cold TBS (3 x 5 min). To stain nuclei, Hoechst was included in the second TBS wash 164 

(1:500). Finally, sections were incubated in solution of cupric sulfate (10 mM) and ammonium 165 

acetate (50 mM) for 10 minutes at room temperature with agitation to quench autofluorescence 166 

from lipofuscin before quenching the reaction with two 5 min rinses in distilled water. Finally, 167 

sections were stored in TBS before mounting using Prolong Gold (Thermofisher). 168 

 Table 1: Primary Antibodies 

ANTIBODY TARGET Supplier Catalog 

No.  

RRID Host species/Isotype/Mono 

or Polyclonal 

Dilution 

VGLUT1 Synaptic Systems 135 304  AB_887878 Guinea Pig/IgG/Poly 1 : 1 000 

VGLUT2 Synaptic Systems 135 421 AB_2619823 Mouse/IgG/Mono 1 : 1 000 

HOMER1 Synaptic Systems 160 006 AB_2631222 Chicken/IgG/Poly 1 : 1 000 

PSER129-SYNUCLEIN Abcam 51253 AB_869973 Rabbit/IgG/Mono 1 : 5 000 

 169 

Wide Field Fluorescence Microscopy  170 

For visualization of pS129-positive aggregates in whole hemispheres containing the amygdala 171 

and the thalamus, sections were imaged as tiled files using an inverted Zeiss Axiovert.Z1 172 
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microscope. Carl Zeiss software was used to stitch single images acquired with LD Plan-173 

Neofluar 20X/0.4 Corr M27 air objective.  Single frame images of amygdala and thalamus were 174 

acquired using the LD Plan-Neofluar 20X/0.4 Corr M27 air objective and LD Plan-Neofluar 175 

20X/0.6 Corr air objective. 176 

Confocal Microscopy and Imaris 3D surface reconstruction 177 

Image acquisition: Imaging in the BLA was performed on coronal sections corresponding to 178 

levels -1.22 mm and -1.94 mm relative to bregma. Hoechst nuclear stain of the external and 179 

amygdala capsules was used to identify the BLA. Images were collected using a Nikon Ti2 180 

confocal microscope using a Nikon CFI Plan Apochromat λD 60X/1.42 oil objective with laser 181 

power, gain, offset, resolution, and pinhole diameter, kept consistent across all mice for each 182 

experiment. Eight to ten z-stack frames (step size 0.125 µm, steps > 20) were imaged from two 183 

sections for each mouse. Image processing: Images were deconvolved using the Richardson-184 

Lucy algorithm at 40-iterations using NIS Elements Imaging Software. Generate 3D Surfaces: For 185 

each pre- and post-synaptic element, a specific layer was created using Imaris Software with 186 

parameters optimized as outlined in Table 2. To assess whether inclusion formation had an effect 187 

of the number of pre- and post-synaptic puncta that are closely juxtaposed, presynaptic puncta 188 

with centers that were within 0.01 μm distance from at least one postsynaptic puncta center were 189 

filtered. Synaptic loci were defined according to the distance between the centers of a presynaptic 190 

surface A and postsynaptic surface B, such that distance from center A to center B < 0.01 µm = 191 

synaptic loci. Any pre- and postsynaptic surfaces that did not fit this definition were defined as 192 

non-synaptic loci.  To quantify the density of synaptic loci, the number of synaptic puncta in a 193 

population were counted and normalized to the volume of the frame (29,175 µm for all VGLUT1 194 

experiments and 34,410 µm for all VGLUT2 experiments). To determine the number of synaptic 195 

puncta that contain p-α-syn inclusions, a 3D surface was generated for p-α-syn according to 196 

surface parameters indicated in Table 2. Thereafter, synaptic surfaces were defined as positive 197 
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for p-α-syn if the distance between the center of synaptic surface A, and the p-α-syn surface 198 

center B < 0.1 µm. Synaptic surfaces that did not fit into this definition were considered negative 199 

for p-α-syn. Thereafter, we compared the mean volumes for synaptic puncta populations that 200 

contained p-α-syn (w p-α-syn) and those that did not contain p-α-syn (wo p-α-syn). 201 

Table 2: 3D surface parameters  

SURFACE Surface 

Grain Size 

(µm) 

Diameter of 

Largest Sphere 

(µm) 

Threshold Value 

(% of Total 

Signal) 

Filter 

Surfaces: 

Voxels 

Filter 

Surface: 

Volume 

VGLUT1 0.05 0.70 90 > 10 < 2.00 µm3 

VGLUT2 0.20 0.40 90 > 10  

HOMER1 0.15 0.30 90  > 10 < 2.00 µm3 

PSER129-SYNUCLEIN 0.05 0.60 95   

Transmission electron microscopy  202 

Male mice (n = 4 PFF, n = 4 PBS) were anesthetized with isoflurane and perfused with PBS 203 

followed by 2.5% glutaraldehyde and 2% paraformaldehyde in PBS (pH 7.5) at room temperature 204 

using a peristaltic pump at 3 mL/min). Brains were removed and immersion fixed in 2.5% 205 

glutaraldehyde and 2.0% paraformaldehyde in PBS for 2 hours at room before overnight storage 206 

at 4°C overnight. Brains were embedded in 2% 255-bloom calf skin gelatin with 3% agarose in 207 

room temperature PBS. Sections were cut on a vibratome at 200 µm thickness in room 208 

temperature 1XPBS. The BLA was dissected and placed in a 1.5 mL tube with 2% 209 

paraformaldehyde in 0.1 M cacodylate buffer at pH 7.4 and stored at 4 °C. The samples were 210 

shipped in 0.1 M phosphate buffer to Center for Cellular and Molecular Imaging EM Core facility 211 

at Yale Medical School.  212 

Mouse brain tissue was further post-fixed in 1% OsO4 and 0.8% potassium ferricyanide in 0.1 M 213 

cacodylate buffer at room temperature for one hour. Specimens were then en bloc stained with 214 

2% aqueous uranyl acetate for 30 minutes, dehydrated in a graded series of ethanol up to 100%, 215 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.15.594419doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594419
http://creativecommons.org/licenses/by/4.0/


12 
 

substituted with propylene oxide, and embedded in EMbed 812 resin (Electron Microscopy 216 

Sciences, Hartfield, PA). Sample blocks were polymerized in an oven at 60°C overnight. Ultrathin 217 

sections (60 nm) were cut using a Leica ultramicrotome (UC7) and post-stained with 2% uranyl 218 

acetate and lead citrate. The sections were examined with an FEI Tecnai transmission electron 219 

microscope at an 80 kV accelerating voltage, and digital images were acquired with an AMT 220 

NanoSprint15 MK2 camera (Advanced Microscopy Techniques, Woburn, MA). 221 

To analyze TEM images, excitatory, asymmetrical synapses were identified. The following 222 

exclusion criteria were applied: poorly defined or unclear PSDs, SVs or pre- and postsynaptic 223 

membranes; presynaptic compartment with fewer than 4 SVs; pre- and postsynaptic 224 

compartments at the edge of the frame of collection cutting through SVs/PSDs; synapses where 225 

convolution neural network algorithm applied via Python Software identified < 85 % of manually 226 

counted SVs. To measure PSD lengths and SVs counts: PSD was manually traced and measured 227 

using the segmented line tool in ImageJ Software. SVs vesicles were counted manually.  To count 228 

the number of docked SVs per PSD length: A line was manually traced of the PSD juxtaposed to 229 

presynaptic compartment of interest. Docked vesicles were defined as SVs the fell within distance 230 

≤ 100 nm from active zone adjacent to traced PSD length and counted manually. To measure the 231 

area of synaptic vesicles and intervesicular distance to nearest neighbor: Presynaptic 232 

compartments of interest were cropped and analyzed using convolution neural network algorithm 233 

trained on mouse synapses operated via Python Software (Imbrosci et al., 2022). All analyses 234 

were performed in a blinded manner. 235 

Statistical and Graphical Analysis 236 

Analyses and graphs were generated using SPSS or GraphPad Prism. The mean density of 237 

synaptic puncta for each frame per animal was averaged to generate one mean density value 238 

for each mouse. To compare the means between three groups, PBS, monomer or PFF, ordinary 239 
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one-way ANOVA was used. Normality between groups was assessed using the Shapiro-Wilkes 240 

measure and standard variance was determined using the Browne-Forsythe Test to assess the 241 

equality of variances in ANOVA analyses. If one-way ANOVA revealed a statistical difference 242 

between means of at least two of the three groups, Tukey’s multiple comparison test with single 243 

pooled variance was calculated to determine which specific groups were statistically different. 244 

Where the variance between groups was not equal, the Brown-Forsythe correction was applied.  245 

For two group-analyses, means were compared using independent student’s t-test and 246 

normality between groups was assessed using the Shapiro-Wilkes measure. F-test was 247 

employed to assess the equality of variances between two groups and where variances were 248 

not equal, the Welch’s t-test was employed.  For electron microscopy, values that were more 249 

than 2 standard deviations from the mean were excluded. Analyses of the PSD length and 250 

docked vesicles divided by the PSD length revealed right-skewed data. The data were thus 251 

transformed using Log10. Data were analyzed using linear mixed model with mouse number as 252 

“subjects” and synapse number as repeated measures, compound symmetry structure was 253 

used with treatment as a fixed effect. For the synaptic vesicle area, The “AI” algorithm for 254 

analyses of synaptic vesicle area thresholded the data such that the data were not continuous 255 

(Imbrosci et al., 2022). Therefore, a Fisher’s exact test was performed comparing the 256 

percentage of cases that were above or below the grand median for PBS or PFF.  257 

 258 

Results 259 

PFF injection into the striatum induces robust α-synuclein inclusion formation in mouse 260 

BLA at 6- and 12-weeks post-injection 261 
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To examine the extent and localization of aggregation at 6- and 12-weeks post-injection an 262 

antibody which recognizes α-syn phosphorylated at Ser129, was used to identify α-syn inclusions. 263 

Mice injected with monomeric α-syn or phosphate buffered saline (PBS) were used as negative 264 

controls as these injections do not induce α-syn inclusion formation (Supplemental Figure 1). At 265 

6- and 12-weeks following intrastriatal PFF injection there was robust formation of phosphorylated 266 

α-syn aggregates in the basolateral amygdala (BLA (Figure 1 A, D).  α-Syn aggregates also 267 

appeared in cortical layer 5 and the paraventricular nucleus of the thalamus at 6- and 12-weeks 268 

post-injection (Figure 1A, D and Supplemental Figure 2). Double labelling with phosphorylated α-269 

synuclein marker pSer129-α-syn and Hoechst nuclear marker showed somal and neuritc 270 

inclusions as well as small aggregates at low and high magnifications in the BLA (Figure 1B, C 271 

and E, F).    272 

 

 

Figure 1. PFF injection induces α-synuclein inclusions in mouse BLA 6- and 12-
weeks post-injection. Representative images for 3 – 4 month old mice injected with 
preformed α-syn fibrils (PFFs) and sacrificed (A - C) 6 weeks post-injection and (D - F) 
12 weeks post-injection. Left panels show p-α-syn positive aggregates (yellow) and 
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Hoechst stained nuclei (blue). (A, D) Robust p-α-syn inclusion formation observed in 
the basolateral amygdala (BLA), cortical layer V and the paraventricular nucleus of the 
thalamus shown in right panels (inverted LUT, black). (B. E) Low magnification images 
of p-α-syn aggregates (yellow) and nuclei (Hoechst) and (C, F) high magnification 
images where inclusions can be observed in the neurons of the BLA and CeA. 
Inclusions in the soma are indicated by white arrowheads and Lewy neurite-like 
inclusions indicated by white arrows. Scale Bar = 100 µm and 25 µm for low 
magnification and high magnification, respectively. 

  273 

Three dimensional surface reconstruction to assess changes to morphology of excitatory, 274 

cortico-amygdala synapses in mice with PFF-induced BLA α-synuclein aggregates at 6- 275 

and 12-weeks post-injection 276 

Intrastriatal injections of PFFs cause a selective reduction in excitatory transmission of VGLUT1-277 

positive cortico-amygdala terminals (Chen et al., 2022). To examine the effect of formation of p-278 

α-syn aggregates on synaptic structure, we examined the morphology of synaptic puncta using 279 

excitatory, presynaptic marker VGLUT1 and excitatory, postsynaptic marker HOMER1, a 280 

scaffolding protein in excitatory post synaptic structures, at 6- and 12-weeks after intrastriatal 281 

injections of PFFs. Mice injected with phosphate buffered saline (PBS) were used as a negative 282 

control for bilateral injection into the dorsal striatum, and injection of monomeric α-synuclein was 283 

used as a negative control for the injection of protein as monomeric α-synuclein (MON) is known 284 

to not seed inclusion formation (Earls et al., 2019; Luk et al., 2012). As confirmed using 285 

immunofluorescence with an antibody to pSer129-α-syn, PBS and MON mice showed no 286 

inclusion formation when imaged with confocal at high magnification (Figure 2A) although diffuse 287 

cytosolic immunofluorescence was apparent reflecting normal p-α-syn (Froula et al., 2019; Parra-288 

Rivas et al., 2023; Ramalingam et al., 2023). Mice injected with PFFs bilaterally into the striatum 289 

exhibited neuritic and somal inclusion formation in mouse BLA (Stoyka et al., 2020) (Figure 2A).  290 
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Immunofluorescence was performed on glutamatergic presynaptic terminals using antibodies 291 

against presynaptic VGLUT1, and postsynaptic HOMER1 (Figure 2A). The volumes of VGLUT1 292 

and HOMER1 puncta were rendered using Imaris 3D surface rendering software as described in 293 

methods (Figure 2B). To assess whether abnormal α-syn formation had an effect on the overall 294 

density of synaptic puncta at early time points, the number of synaptic puncta for pre- and post-295 

synaptic surfaces was quantified 6 weeks after injection with PBS, monomeric α-syn, or PFFs. To 296 

see if there were changes to cortico-BLA synapses, the mean density per frame volume of total 297 

VGLUT1 and total HOMER1 were calculated (Supplemental Figure 3). One-way ANOVA results 298 

revealed that there were no statistically significant differences in total VGLUT1+ or total 299 

HOMER1+ mean density amongst any of the groups (Table S1A).  300 

To assess whether abnormal α-syn formation had an effect of the number of pre- and post-301 

synaptic puncta that are closely juxtaposed, we filtered for VGLUT1+ puncta centers that were 302 

within 0.01 μm distance from at least one HOMER1+ puncta center and vice versa. Thereafter, 303 

the number of pre- and postsynaptic puncta which were considered closely juxtaposed were 304 

counted to quantify the density of HOMER1 localized VGLUT1+ puncta/frame volume (mean 305 

density ‘synaptic’ VGLUT1) and VGLUT1 localized HOMER1+ puncta/frame (mean density 306 

‘synaptic’ HOMER1) (Figure 2C, D). One-way ANOVA revealed there were no significant 307 

differences in ‘synaptic’ VGLUT1+ counts per frame or ‘synaptic’ HOMER1+ counts per frame 308 

(Figure 2C and D, Table 3A) between PBS, MON and PFF groups. This was taken to indicate 309 

that PFF-induced α-syn aggregate formation does not affect the density of synaptic puncta in the 310 

BLA at six weeks post-PFF injection. There was no statistical difference between the MON or 311 

PBS-injected animals. 312 

Pathologic α-syn may cause changes in mean volume of synaptic puncta. One-way ANOVA 313 

revealed no significant differences in mean volume of total VGLUT1+ puncta between PBS-, 314 

MON-, or PFF-injected mice. However, postsynaptic puncta populations were affected by 315 
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aggregate formation as mean volume of total HOMER1 positive puncta were significantly larger 316 

in PFF-injected mice. (Supplemental Figure 3, Table S1A). There was no significant difference 317 

between groups in mean volume ‘synaptic’ VGLUT1 puncta or ‘synaptic’ HOMER1 puncta (Figure 318 

2E and F, Table 3B).  319 
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Figure 2. Effect of p-α-syn inclusion formation in density and volume of cortico-
amygdala synaptic surfaces at 6 weeks post-injection Mice were injected with 
either PBS, monomeric α–synuclein (MON), or PFFs and sacrificed 6 weeks post-
injection. (A) Representative images of the deconvolved immunofluorescence for p-α-
synuclein (yellow), presynaptic marker VGLUT1 (magenta) and postsynaptic marker 
HOMER1 (cyan). Scale bar = 10 µm. (B) 3D rendered surfaces for presynaptic VGLUT1 
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(magenta) and postsynaptic HOMER1 (cyan) total surfaces and 3.4X zoom inset and 
closely juxtaposed pre- and post- ‘synaptic’ surfaces and 3.4X zoom inset. Scale bar = 
10 µm and 3 µm, respectively. Mean values for the density of ‘synaptic’ surfaces for (C) 
VGLUT1+ and (D) HOMER1+ puncta normalized to the volume of the frame showed 
no significant differences between treatment and control mice. Mean values of the 
volume for (E) ‘synaptic’ VGLUT1+ and (F) ‘synaptic’ HOMER1+ puncta showed overall 
no significant differences in puncta volume for pre- and postsynaptic puncta compared 
to negative controls. Statistical model: One-way ANOVA with Brown-Forsythe 
correction applied to groups with unequal variance. Data points represent average 
values for each individual mouse.      

 320 

CORTICO-AMYGDALA PROJECTIONS 

Table 3A. Statistics summary table for mean density of ‘synaptic’ VGLUT1+ and ‘synaptic’ HOMER1+ puncta 6 

weeks post-injection 

 Test [group] (mean, SD) F* Dfn Dfd p 

‘SYNAPTIC’ 

VGLUT1 

One-way 

ANOVA 

PBS (0.0461, 0.0192) 

MON (0.0384, 0.0128) 

PFF (0.0392, 0.0141) 

0.4415 2 15 0.6512 

‘SYNAPTIC’ 

HOMER1 

One-way 

ANOVA 

PBS (0.0560, 0.0241) 

MON (0.0448, 0.0165) 

PFF (0.0465, 0.0182) 

0.5534 2 15 0.5863 

Table 3B. Statistics summary table for mean volume of ‘synaptic’ VGLUT1+ and ‘synaptic’ HOMER1+ puncta 6 

weeks post-injection 

 Test [group] (mean, SD) F* Dfn Dfd p 

‘SYNAPTIC’ 

VGLUT1 

One-way 

ANOVA 

PBS (0.2941, 0.0856) 

MON (0.2792, 0.0895) 

PFF (0.2683, 0.0861) 

0.1321 2 15 0.8772 

‘SYNAPTIC’ 

HOMER1 

One-way 

ANOVA 

PBS (0.0780, 0.0137) 

MON (0.0812, 0.0125) 

PFF (0.0668, 0.0177) 

1.572 2 15 0.2400 

 321 

To assess if changes to cortico-amygdala synapses may occur in a time-dependent manner, we 322 

analyzed the density of VGLUT1+ and HOMER1+ puncta per frame volume for mice 12 weeks 323 

post-PFF injection (Figure 3). At 6 weeks post-injection, it was noted that there were no significant 324 
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differences reported for negative controls MON and PBS-injected mice. Given that both PBS and 325 

MON do not induce α-syn inclusion formation and that there was no statistical difference between 326 

PBS and MON with respect to synapses, it was concluded that the PBS mouse cohort would be 327 

a sufficient negative control for PFF-injected mice. Hence, the remaining analyses were reported 328 

on PBS- and PFF-injected animals only. 329 

As observed at 6 weeks post-injection, there were no significant differences in mean density for 330 

total VGLUT1+ puncta or total HOMER1+ puncta between PFF- and PBS-injected mice at 12 331 

weeks post-injection (Supplemental Figure 4, Table S2A). For ‘synaptic’ VGLUT1+ puncta, there 332 

were no significant differences in the mean density between PBS and PFF. There were also no 333 

significant difference in the mean density of ‘synaptic’ HOMER1+ puncta between groups (Figure 334 

3C and D, Table 4A).  335 

The most robust changes in synaptic puncta were morphological as we observed significant 336 

increases in mean volume for different synaptic populations. When mean volume was measured 337 

for PFF and PBS control, we observed a significant increase in mean volume of presynaptic total 338 

VGLUT1+ puncta (Supplemental Figure 4, Table S2B). Postsynaptic puncta populations were 339 

also affected as mean volume of total HOMER1+ puncta was significantly larger in PFF-injected 340 

mice (Supplemental Figure 4, Table S2B). The mean volume of ‘synaptic’ VGLUT1+ puncta was 341 

significantly larger in PFF-injected mice than in PBS-injected mice. However, the ‘synaptic’ 342 

HOMER1+ puncta population showed no significant difference between treatment groups (Figure 343 

3E and F, Table 4B).     344 
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Figure 3. Inducing p-α-syn inclusion formation significantly increased mean 
volume of excitatory cortico-amygdala vGLUT1-positive terminals in mouse BLA 
12 weeks post-injection. For animals injected with either PBS or PFFs 12 weeks post-
injection, (A)  representative images of the deconvolved immunofluorescence for p-α-
syn (yellow), presynaptic marker VGLUT1 (magenta) and postsynaptic HOMER1 
(cyan) signal. Scale bar = 10 µm. (B) 3D rendered surfaces for presynaptic VGLUT1 
(magenta) and postsynaptic HOMER1 (cyan) total surfaces and 3.4X zoom inset and 
closely juxtaposed pre- and post- ‘synaptic’ surfaces and 3.4X zoom inset. Scale bar = 
10 µm and 3 µm, respectively. Mean values for the density of surfaces for (C) ‘synaptic’ 
VGLUT1+ and (D) ‘synaptic’ HOMER1+ puncta normalized to the volume of the frame 
showed no significant differences between treatment and control mice. Mean values of 
the volume for (E) ‘synaptic’ VGLUT1+ puncta showed significant increase in mean 
volume for PFF-injected animals compared to PBS-injected animals. (F) No significant 
difference in mean volume of ‘synaptic’ HOMER1+ puncta closely juxtaposed to 
VGLUT1+ was observed. Statistical model: Students t-test with Welch’s correction 
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applied to groups with significant differences in variance. Data points represent average 
values for individual mouse.      

 345 

CORTICO-AMYGDALA PROJECTIONS 

Table 4A. Statistics summary table for mean density of ‘synaptic’ VGLUT1+ and ‘synaptic’ HOMER1+ puncta 12 

weeks post-injection 

 Test [group] (mean, SD) t df p (p < 0.05) 

‘SYNAPTIC’ VGLUT1 Parametric 

Student’s t-test, 

Welch’s correction 

PBS (0.1030, 0.0123) 

PFF (0.1349, 0.0579) 

1.210 4.300 0.2886 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test, 

Welch’s correction 

PBS (0.1368, 0.0174) 

PFF (0.1929, 0.1116) 

1.113 4.162 0.3258 

Table 4B. Statistics summary table for mean volume of ‘synaptic’ VGLUT1+ and ‘synaptic’ HOMER1+ puncta 12 

weeks post-injection 

 Test [group] (mean, SD) t df p (p < 0.05) 

‘SYNAPTIC’ VGLUT1 Parametric 

Student’s t-test 

PBS (0.2261, 0.0324) 

PFF (0.3102, 0.0757) 

2.485 9 0.0347 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test 

PBS (0.1332, 0.0293) 

PFF (0.1614, 0.0313) 

1.545 9 0.1568 

 346 

Three dimensional surface reconstruction to assess changes to morphology of excitatory, 347 

thalamo-amygdala synapses in mice with PFF-induced BLA α-synuclein aggregates at 6- 348 

and 12-weeks post-injection 349 

To assess if VGLUT2+ thalamo-BLA synapses showed changes in density or volume, we 350 

repeated these analyses for VGLUT2+ positive terminals and HOMER1+ postsynaptic densities. 351 

To determine if there were changes to counts of thalamo-BLA terminals at 6 weeks post-injection, 352 

the mean density per frame volume of total VGLUT2+ and total HOMER1+ was calculated. There 353 
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was a significant increase in mean density of total VGLUT2+ puncta per frame volume between 354 

PBS-injected mice and PFF-injected mice. There was no significant difference in mean density 355 

of total HOMER1+ puncta per frame volume between these two groups (Supplemental Figure 5, 356 

Table S3A). When synaptic puncta populations were filtered based on localization to HOMER1+ 357 

puncta, there was no significant differences in ‘synaptic’ VGLUT2+ counts per frame volume. 358 

There was also no significant difference in mean density per frame volume for ‘synaptic’ 359 

HOMER1+ (Figure 4C and D, Table 5A).  360 

To assess if changes to thalamo-BLA projections may affect the morphology of synaptic puncta, 361 

we analyzed the mean volume of total VGLUT2+ and total HOMER1+ puncta. There was no 362 

significant difference in mean volume of total VGLUT2+ puncta between PBS- and PFF-injected 363 

mice with mean volumes of PFF-injected mice. We observed no significant differences in mean 364 

volume of total HOMER1+ puncta between PBS-injected mice and PFF-injected mice 365 

(Supplemental Figure 6, Table S3B).  366 

When surfaces were filtered to isolate closely juxtaposed populations, no changes were observed 367 

in the mean volume of ‘synaptic’ puncta. When isolating ‘synaptic’ VGLUT2+ puncta, we observed 368 

no significant differences in mean puncta volume between PBS-injected mice and PFF-injected 369 

mice. Similarly, we report no significant difference in mean volume of VGLUT2 localized, ‘synaptic’ 370 

HOMER1+ puncta between PBS-injected mice and PFF-injected mice (Figure 4E and F, Table 371 

5b).     372 
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Figure 4. Inducing p-α-syn inclusion formation has no significant effect on 
density and volume of thalamo-amygdala synaptic pairs at 6 weeks post-
injection. For animals injected with either PBS or PFFs 6 weeks post-injection, (A) 
representative images of the deconvolved immunofluorescence for p-α-syn (yellow), 
presynaptic marker VGLUT2 (orange) and postsynaptic HOMER1 (cyan). Scale bar = 
10 µm. (B) 3D rendered surfaces for presynaptic VGLUT2 (orange) and postsynaptic 
HOMER1 (cyan) total surface and 3.4X zoom inset as well as closely juxtaposed pre- 
and post- ‘synaptic’ surfaces and 3.4X zoom inset. Scale bar = 10 µm and 3 µm, 
respectively. Mean values for the density of ‘synaptic’ surfaces for (C) VGLUT2+ and 
(D) ‘synaptic’ HOMER1+ puncta normalized to the volume of the frame showed no 
significant differences between treatment and control mice. Mean values of the volume 
for (E) ‘synaptic’ VGLUT2+ and (F) ‘synaptic’ HOMER1+ puncta showed no significant 
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differences in mean volume of puncta. Statistical model: Students t-test with Welch’s 
correction applied to groups with significant differences in variance. Data points 
represent average values for individual mouse.      

 373 

THALAMO-AMYGDALA PROJECTIONS 

Table 5A. Statistics summary table for mean density of ‘synaptic’ VGLUT2+ and ‘synaptic’ HOMER1+ puncta 6 

weeks post-injection 

 Test [group] (mean, SD) t Df p (p < 0.05) 

‘SYNAPTIC’ VGLUT2 Parametric 

Student’s t-test 

PBS (0.0279, 0.0095) 

PFF (0.0403, 0.0136) 

1.787 9 0.1076 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test 

PBS (0.2318, 0.0558)  

PFF (0.2003, 0.0133) 

1.233 9 0.2525 

Table 5A. Statistics summary table for mean volume of ‘synaptic’ VGLUT2+ and ‘synaptic’ HOMER1+ puncta 6 

weeks post-injection 

 Test [group] (mean, SD) t Df p (p < 0.05) 

‘SYNAPTIC’ VGLUT2 Parametric 

Student’s t-test, 

Welch’s correction 

PBS (0.3701, 0.0483)  

PFF (0.4982, 0.1434) 

1.909 4.758 0.1175 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test, 

Welch’s correction 

PBS (0.2318, 0.0558) 

PFF (0.2003, 0.0133) 

1.337 5.673 0.2322 

 374 

To see if changes to thalamo-BLA projection counts might be time-dependent, the mean density 375 

per frame volume of total VGLUT2+ and total HOMER1+ at 12-weeks-post-injection were also 376 

calculated. There were no significant differences in mean density of total VGLUT2+ puncta per 377 

frame volume between PBS-injected mice and PFF-injected mice. There were also no significant 378 

differences in mean density per frame volume of total HOMER1+ puncta between PBS-injected 379 

mice and PFF-injected mice (Supplemental Figure 6, Table S4A). When presynaptic VGLUT2+ 380 

puncta populations were filtered based on localization to HOMER1+ puncta, there were no 381 

significant differences in ‘synaptic’ VGLUT2+ counts per frame volume between groups. There 382 
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were also no significant differences in mean density per frame volume for ‘synaptic’ HOMER1+ 383 

puncta between PBS- and PFF-injected mice (Figure 5C and D, Table 6A). Overall, we observed 384 

no significant differences in mean density of thalamo-amygdala VGLUT2+/HOMER1+ projections 385 

between PBS- and PFF-injected animals at 12 weeks post-injection. 386 

To assess if morphological changes in thalamo-BLA synapses may be time-dependent, we also 387 

assessed the mean volume of total VGLUT2+ and total HOMER1+ puncta at 12-weeks-post-388 

injection. There was no significant difference in mean volume of total VGLUT2+ puncta between 389 

PBS- and PFF-injected mice. We also observed no significant differences in mean volume of total 390 

HOMER1+ between PBS-injected mice and PFF-injected mice (Supplemental Figure 6, Table 391 

S4B). There were also no changes observed in the mean volume of ‘synaptic’ puncta when 392 

surfaces were filtered to isolate closely juxtaposed populations. ‘Synaptic’ VGLUT2+ puncta 393 

showed no significant differences in mean puncta volume between PBS-injected mice and PFF-394 

injected mice. Similarly, we report no significant difference in mean volume of ‘synaptic’ 395 

HOMER1+ puncta between PBS-injected mice and PFF-injected mice (Figure 5E and F, Table 396 

6B). Thus, while cortico-BLA, VGLUT1/HOMER1 synapses in the BLA show morphological 397 

changes at 12 weeks post-PFF injections, VGLUT2/HOMER1 thalamo-BLA synapses do not.  398 
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Figure 5. Inducing p-α-syn inclusion formation has no significant effect on density 
and volume of thalamo-amygdala projections 12 weeks post-injection. (A) For 
animals inoculated with either PBS or PFFs 12 weeks post-injection, representative 
images of the deconvolved immunofluorescence for p-α-syn (yellow), presynaptic 
marker VGLUT2 (orange) and postsynaptic HOMER1 (cyan). (B) 3D rendered surfaces 
for presynaptic VGLUT2 (orange) and postsynaptic HOMER1 (cyan) total surfaces and 
3.4X zoom inset and closely juxtaposed pre- and post- ‘synaptic’ surfaces and 3.4X 
zoom inset. Scale bar = 10 µm and 3 µm, respectively. Mean values for the density of 
(C) ‘synaptic’ VGLUT2+ and (D) ‘synaptic’ HOMER1+ puncta normalized to the volume 
of the frame showed no significant differences between treatment and control mice. 
Mean values of the volume for (E) ‘synaptic’ VGLUT2+ and (F) ‘synaptic’ HOMER1+ 
puncta showed no significant differences in mean volume of puncta. Statistical model: 
Students t-test with Welch’s correction applied to groups with significant differences in 
variance (p > 0.5). Data points represent average values for individual mouse.      
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 399 

THALAMO-AMYGDALA PROJECTIONS 

Table 6A. Statistics summary table for mean density of ‘synaptic’ VGLUT2+ and ‘synaptic’ HOMER1+ puncta 12 

weeks post-injection 

 Test [group] (mean, SD) T df p (p < 0.05) 

‘SYNAPTIC’ VGLUT2 Parametric 

Student’s t-test 

PBS (0.0325, 0.0228) 

PFF (0.0253, 0.0113) 

0.5747 8 0.5813 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test 

PBS (0.0308, 0.0108) 

PFF (0.0354, 0.0178) 

0.4836 7 0.6434 

Table 6B. Statistics summary table for mean volume of ‘synaptic’ VGLUT2+ and ‘synaptic’ HOMER1+ puncta 12 

weeks post-injection 

 Test [group] (mean, SD) T df p (p < 0.05) 

‘SYNAPTIC’ VGLUT2 Parametric 

Student’s t-test 

PBS (0.7108, 0.2433) 

PFF (0.6339, 0.1032) 

0.5884 8 0.5725 

‘SYNAPTIC’ HOMER1 Parametric 

Student’s t-test 

PBS (0.1701, 0.0886) 

PFF (0.1442, 0.0554) 

0.5161 8 0.6197 

 400 

Three-dimensional surface reconstruction to assess changes to morphology of BLA 401 

excitatory synapses containing α-syn aggregates at 6- and 12-weeks post-injection 402 

We observed that although p-α-syn inclusion formation in the BLA is robust, only a small 403 

proportion of synapses are also positive for p-α-syn aggregates, and some puncta contain 404 

aggregates that appear as small puncta. It was previously shown that in DLB cortex, presynaptic 405 

terminals containing p-α-syn show increased volumes (Colom-Cadena et al., 2017). We 406 

hypothesized that the presence of p-α-syn within synaptic puncta would have an effect on the 407 

overall morphology of those puncta and that those changes may be absent in those puncta that 408 

do not have p-α-syn inclusions. 409 
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Total VGLUT1+ puncta were separated into VGLUT1 with p-α-syn and without p-α-syn. The mean 410 

volume of total VGLUT1+ puncta colocalized with p-α-syn (w p-α-syn) was significantly higher 411 

than that of VGLUT1+ puncta that were not colocalized with p-α-syn (wo p-α-syn) at 6-weeks 412 

post-injection. Similarly, postsynaptic puncta were separated to assess differences in total 413 

HOMER1+ puncta with and without p-α-syn inclusions. Again total HOMER1+ mean volume was 414 

significantly higher for total HOMER1+ puncta containing p-α-syn compared to total HOMER1 not 415 

containing p-α-syn (Figure 6A and C, Table 7A). 416 

To determine if the effect of inclusions persisted with time, we repeated this analysis with PFF-417 

injected mice at 12-weeks post-injection. As seen at earlier time points, the mean volume of total 418 

VGLUT1+ puncta colocalized with p-α-syn was significantly higher than that of total VGLUT1+ 419 

puncta not colocalized with p-α-syn. This effect was also found in postsynaptic puncta as mean 420 

volume of total HOMER1+ puncta containing p-α-syn was significantly higher than that of total 421 

HOMER1+ puncta not containing p-α-syn (Figure 6A and D, Table 7B).  422 

To see if there was a similar effect on mean volume of thalamo-amygdala synapses containing 423 

p-α-syn, this analysis was performed on 6- and 12-week post-injection cohorts of PFF mice. After 424 

separating surface populations into total VGLUT2+ puncta with p-α-syn and without p-α-syn and 425 

total HOMER1+ puncta with p-α-syn and without p-α-syn as already described, we compared the 426 

mean volume of these populations. At 6-weeks post-injection, the mean volume of total VGLUT2+ 427 

puncta with p-α-syn was significantly higher than without p-α-syn. Similarly, the mean volume of 428 

total HOMER1+ puncta with p-α-syn was also significantly higher than that of total HOMER1+ 429 

puncta without p-α-syn (Figure 6B and E, Table 7C).  430 

Similar to the findings for cortico-amygdala projections, it was found that the effect on synaptic 431 

volumes when those puncta contained p-α-syn was consistent at 12-weeks-post-injection. For 432 

this cohort of mice, the mean volume of total VGLUT2+ puncta colocalized with p-α-syn was 433 
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significantly higher than mean volume of total VGLUT2+ puncta not colocalized with p-α-syn. 434 

Postsynaptic populations were affected similarly with mean volume of total HOMER1+ puncta 435 

containing p-α-syn being significantly higher than the mean volume of total HOMER1+ puncta not 436 

containing p-α-syn (Figure 6B and F, Table 7d).  Overall, the morphology of cortico-amygdala 437 

projections as well as thalamo-amygdala projections is significantly affected by the presence of 438 

p-α-synuclein aggregates within synaptic puncta.   439 

 

Figure 6. Volume of synaptic puncta containing p-α-syn are larger than those that 
do not contain p-α-syn aggregates at 6- and 12-weeks post-injection. For animals 
injected with PFFs, representative images of 3D rendered surfaces for p-α-syn 
inclusions and pre- and postsynaptic excitatory markers closely juxtaposed to 
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inclusions. (A) 3D surfaces for VGLUT1+ (magenta) and HOMER1+ (cyan) cortico-
amygdala projections containing p-α-synuclein inclusions (yellow). (B) 3D surfaces for 
VGLUT2+ (orange) and HOMER1+ (cyan) thalamo-amygdala projections containing p-
α-synuclein inclusions (yellow). Second inset represents only synaptic puncta 
containing p-α-syn aggregates. For visual clarity, p-α-syn aggregates with volume 
greater than 0.1 µm have been removed. White arrows used to indicate synaptic puncta 
containing p-α-syn aggregates with volume below 0.1 µm. Scale bar left = 10 µm, scale 
bar middle = 3 µm & scale bar right = 0.5 µm.  (C – F) Mean volume of pre- and 
postsynaptic puncta show significant increase in mean volume of puncta when those 
puncta are positive for p-α-synuclein (w p-α-syn) compared to those puncta without p-
α-synuclein (wo p-α-syn) measured as distance from surface between synaptic puncta 
and p-α-synuclein for cortico-amygdala (VGLUT1/HOMER1) and thalamo-amygdala 
(VGLUT2/HOMER1) projections. Statistical model: Students t-test with Welch’s 
correction applied to groups with significant differences in variance. Data points 
represent average values for individual mouse.      

 440 

CORTICO-AMYGDALA PROJECTIONS 

Table 7A. Statistics summary table for mean total volume of total VGLUT1+ and total HOMER1+ puncta containing 

p-α-syn 6 weeks post-injection 

 Test [group] (mean, SD) t df P (p < 0.05) 

TOTAL VGLUT1 Parametric 

Student’s t-test 

wo p-α-syn (0.1036, 0.0206) 

w p-α-syn (0.2507, 0.0545) 

6.188 10 0.0001 

TOTAL HOMER1 Parametric 

Student’s t-test 

wo p-α-syn (0.0484, 0.0076)  

w p-α-syn (0.0720, 0.0178) 

2.981 10 0.0138 

Table 7B. Statistics summary table for mean volume of total VGLUT1+ and total HOMER1+ puncta containing p-α-

syn 12 weeks post-injection 

 Test [group] (mean, SD) t df P (p < 0.05) 

TOTAL VGLUT1 Parametric 

Student’s t-test 

wo p-α-syn (0.1693, 0.0325) 

w p-α-syn (0.4267, 0.0767) 

6.910 8 0.0001 

TOTAL HOMER1 Parametric 

Student’s t-test 

wo p-α-syn (0.0962, 0.0063) 

w p-α-syn (0.2077, 0.0104) 

20.47 8 <0.0001 

THALAMO-AMYGDALA PROJECTIONS 

Table 7C. Statistics summary table for mean volume of total VGLUT2+ and total HOMER1+ puncta containing p-α-

syn 6 weeks post-injection 

 Test [group] (mean, SD) t df P (p < 0.05) 

TOTAL VGLUT2 Parametric wo p-α-syn (0.2489, 0.0629) 15.28 8 <0.0001 
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Student’s t-test w p-α-syn (0.5311, 0.1540) 

TOTAL HOMER1 Parametric 

Student’s t-test 

wo p-α-syn (0.0854, 0.0074) 

w p-α-syn (0.1961, 0.0144) 

3.795 8 0.0053 

Table 7D. Statistics summary table for mean volume of total VGLUT2+ and total HOMER1+ puncta containing p-α-

syn 12 weeks post-injection 

 Test [group] (mean, SD) t df P (p < 0.05) 

TOTAL VGLUT2 Parametric 

Student’s t-test 

wo p-α-syn (0.3654, 0.0403) 

w p-α-syn (0.6238, 0.0844) 

5.524 6 0.0015 

TOTAL HOMER1 Parametric 

Student’s t-test 

wo p-α-syn (0.0916, 0.0263) 

w p-α-syn (0.1661, 0.0497) 

2.649 6 0.0381 

 Transmission electron microscopy to assess ultrastructural changes to excitatory 441 

synapses in mice with PFF-induced BLA α-syn aggregates 442 

Transmission electron microscopy was performed to determine if there are changes in synaptic 443 

morphology in the BLA of mice that received intrastriatal injections of PBS or PFFs. Mice were 444 

analyzed 12 weeks post-injections. After perfusions, the BLA was dissected, and TEM was 445 

performed. For analyses, asymmetric, excitatory synapses were identified and the PSD length 446 

and number of docked vesicles per PSD length were measured. The area of individual synaptic 447 

vesicles and the nearest neighbor distance of synaptic vesicles were measured using a published 448 

convolutional neural network algorithm trained on mouse synapses (Imbrosci et al., 2022) (Figure 449 

7). In the BLA, there were no significant differences between PBS- and PFF-injected mice for 450 

length of PSD (Figure 7B), number of docked vesicles normalized to PSD length (Figure 7C). The 451 

length of the synaptic boutons were also measured and although the data showed a bimodal 452 

distribution, there were no differences between PBS- and PFF-injected mice (Supplemental 453 

Figure 7A). There were, however, significant differences in the inter-vesicular distances. The mice 454 

with PFF-injections show reduced distance from one synaptic vesicle to its nearest neighbor 455 

(Figure 7D). The neural network algorithm used thresholds for the synaptic vesicle area 456 

measurements and the data did not appear continuous (Supplemental Figure 7B). Therefore, the 457 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.15.594419doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.15.594419
http://creativecommons.org/licenses/by/4.0/


33 
 

synaptic vesicle areas were analyzed by comparing the percentage of cases that were above or 458 

below the grand median for PBS and PFF. There were statistically significant differences, and the 459 

data showed that in PFF-injected mice, there is a lower percentage of “larger” synaptic vesicle 460 

areas and a higher percentage of “smaller” synaptic vesicle areas. (Figure 7E). The synaptic 461 

vesicles appeared more compact within the terminal, similar to previous findings in hippocampal 462 

neurons exposed to PFFs (Froula et al., 2018). 463 

 464 

Figure 7. Intervesicular distances and synaptic vesicle volumes are reduced in 465 

excitatory synapses in the BLA of PFF-injected mice. At 12 weeks post-injection, 466 

transmission electron microscopy was performed using the BLA from PBS (N=4) and PFF 467 
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(N=4) mice. (A) Representative image of asymmetric synapses quantified from PBS- and 468 

PFF-injected mice (Scale bar = 600 nm). (B) Fiji was used to quantify the length of the 469 

PSD in asymmetric synapses (n=412). Data were log10 transformed and analyzed using 470 

linear mixed models with synapses nested within each mouse, treatment as a fixed 471 

variable and compound symmetry as the covariance type. (F(1,6)=1.7, p = 0.245). (C) 472 

37.8, p < 0.001 . Docked vesicles were defined as SVs the fell within distance ≤ 100 nm 473 

from active zone adjacent to traced PSD length. The number of docked vesicles was 474 

divided by the PSD length measured for that synapse. Data were log10 transformed and 475 

analyzed using linear mixed models with synapses nested within each mouse, treatment 476 

as a fixed variable and compound symmetry as the covariance type. (F(1,6)= 0.15, p = 477 

0.71). (D, E) Intervesicular distances and synaptic vesicle were measured using a 478 

previously published convolution neural network algorithm (n=10,400 for PBS, n=9,570 479 

for PFF). For (D), intervesicular distances, data were analyzed using linear mixed models 480 

with synapses nested within each mouse, treatment as fixed variable and compound 481 

symmetry as the covariance type. (F(1,6)=14.3, p = 0.007). For (E), the synaptic vesicle 482 

areas did not fit a continuous distribution because of the thresholding built in to the neural 483 

network. The data were thus binned into cases above or below the grand median for PBS 484 

and PFF. A Fisher’s exact test revealed significantly higher percentage of smaller 485 

synaptic vesicle areas in the PFF treated group χ2 = 37.9, p<0.001).   486 

Discussion 487 

Lewy pathology is found in multiple brain regions in Parkinson’s disease and Dementia with Lewy 488 

bodies. It is particularly common and abundant in the amygdala where it could contribute to 489 

cognitive and psychiatric symptoms. The intrastriatal PFF model induces formation of α-syn 490 

aggregates in the cortex and amygdala, particularly in excitatory neurons (Stoyka et al., 2020). 491 

Mice with PFF-induced α-synuclein aggregates show behavioral defects associated with 492 

amygdala function amygdala, as well as robust deficits in cortico-amygdala transmission (Chen 493 

et al., 2022). The goal of this study was to determine if changes occur in excitatory synapse 494 

morphology and density at early and later time points after initiation of α-synuclein aggregation. 495 

At 6- and 12-weeks post-PFF injections, the BLA shows abundant α-synuclein inclusions. 496 

However, the density of both cortico-amygdala and thalamo-amygdala synapses was unchanged 497 

at both time points. The most robust finding was a significant increase in the volume of pre-498 

synaptic terminals and post-synaptic volumes in both cortico-amygdala and thalamo-amygdala 499 

synapses harboring p-α-syn. Analyses of synapse ultrastructure revealed more densely packed 500 
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synaptic vesicles in PFF-injected animals compared to PBS controls at 12 weeks post-injection 501 

as well as a greater percentage of synaptic vesicles with a small area. 502 

Increased volume of synapses in α-synucleinopathies and Parkinson’s disease models has now 503 

been demonstrated in a few studies, thus supporting our findings as a bona fide morphological 504 

change. In the DLB post-mortem cingulate cortex, presynaptic terminals with small aggregates of 505 

p-α-syn showed increased volumes (Colom-Cadena et al., 2017).  Both cortico-striatal and 506 

thalamo-striatal terminals and postsynaptic densities show increases in volume in non-human 507 

primates treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine as a model of Parkinson’s 508 

disease (Villalba & Smith, 2011). The mechanisms by which synapses show increased volumes 509 

are is yet unknown. Synucleins play a role in endocytosis of synaptic vesicles and thus 510 

sequestration of normal α-syn into aggregates could cause a loss of function phenotype, reducing 511 

retrieval of exocytosed synaptic vesicles, leading to expansion of the presynaptic plasma 512 

membrane (Vargas et al., 2014).  Another mechanism could be expansion of organelles such as 513 

endoplasmic reticulum or mitochondria in an attempt to protect synapses from toxic α-syn 514 

aggregates. Increased synaptic activity could also cause an increased synaptic volume. Although 515 

it has been shown that PFF-induced aggregates in the amygdala cause an overall reduction in 516 

cortico-striatal transmission (Chen et al., 2022), this study was not able to specifically record from 517 

synapses harbouring small α-syn aggregates because of the current lack of tools to identify them 518 

in live, unfixed neurons. In the future, the development of tools to identify synapses with small 519 

aggregates live could better help determine the relationships between synaptic transmission, 520 

morphology and presence of p-α-syn. 521 

It has recently been shown that phosphorylation of native α-synuclein is physiologically necessary 522 

for activity-dependent association with synapsin and VAMP2 (Parra-Rivas et al., 2023). This again 523 

brings into question whether the sequestration of α-syn into these aggregates not only reduces 524 

the level of native α-synuclein available within presynapses but also prevents α-syn from 525 
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phosphorylating and dephosphorylating as necessary to facilitate binding and vesicle release at 526 

the level necessary to maintain synapse function. Transmission electron microscopy was 527 

performed to determine if mice with PFF-induced α-syn aggregates in the amygdala show 528 

changes in synaptic morphology or location of synaptic vesicles. This technique is limited because 529 

it was not possible to identify synapses with p-α-syn aggregates or distinguish cortico-amygdala 530 

or thalamo-amygdala synapses. It is possible that TEM analysis of synapses that specifically 531 

contain inclusions would show differences in synaptic vesicles in that population of synapses 532 

compared to controls or synapses without these inclusions as seen using immunofluorescence. 533 

Overall, there were no changes in length of postsynaptic density or synaptic boutons. The number 534 

of docked vesicles was also not changed, indicating no changes in the readily releasable pool of 535 

synaptic vesicles. The TEM did show reduced distance between individual synaptic vesicles as 536 

was seen in primary hippocampal neurons exposed to PFFs (Froula et al., 2018). A similar 537 

clustering of vesicles also occurs in neurons lacking all isoforms of synuclein (Vargas et al., 2014) 538 

and in neurons expressing phospho-mimetic α-syn S129D (Parra-Rivas et al., 2023). In addition, 539 

expression of phospho-mimetic α-syn S129D attenuates synaptic vesicle recycling. Chen et al 540 

found that PFF-injection mediates a reduction in frequency but not amplitude of optogenetically 541 

evoked, cortico-BLA asynchronous Sr2+-induced EPSCs. Additionally, they found no changes in 542 

density of VGLUT1+ terminals and no changes in initial release probability leading them to 543 

conclude that fewer synaptic vesicle release sites may explain reduction in cortico-BLA 544 

transmission (Chen et al., 2022). Thus, the formation of small p-α-syn aggregates could be a 545 

mechanism for the loss of cortico-amygdala transmission and specifically related to changes in 546 

the presynaptic compartment.  547 

The increased volume in synapses with p-α-syn aggregates could be a homeostatic response to 548 

the formation of pathologic aggregates.  A recent proteomic study of the amygdala from 549 

Parkinson’s disease brains indicates that there may be some measures in place to protect the 550 
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balance of synaptic proteins in the amygdala complex of PD patients. Compared to controls, PD 551 

amygdala showed upregulation of NPTN, which has been reported in induction of neurite 552 

outgrowth and regulation of synaptic structure, function and plasticity (Beesley et al., 2014; Villar-553 

Conde et al., 2023; J. Zhang et al., 2021; Zhang et al., 2022). This indicates that a protective 554 

phenotype may be active in PD to maintain and retain synapses.  555 

Previous studies have shown that an abundance of α-synuclein micro-aggregate accumulations 556 

at the presynaptic terminal correlate with a downregulation in presynaptic proteins, such as 557 

syntaxin and synaptophysin, as well as postsynaptic proteins, PSD95 and drebrin (Kramer & 558 

Schulz-Schaeffer, 2007). Formation of α-syn aggregates have also been shown to correspond 559 

with major loss of dendritic spines in the mouse primary hippocampal culture models, and in the 560 

cortex in vivo, using PFF and in α-syn overexpression mouse models (Blumenstock et al., 2017; 561 

Froula et al., 2018). We were not able to recapitulate these findings as our study did not show 562 

changes in the density of pre- and postsynaptic puncta in the BLA at 6- and 12-weeks post-563 

injection. It is worth noting that while mushroom spines in cultured neurons are thought to 564 

represent more mature excitatory synapses, the synaptic integrity and complex circuitry 565 

represented by in vivo analysis within the BLA may contribute to major differences in analysis 566 

outcomes. The effects of plasticity and other circuit effects such as inhibitory tone and changes 567 

in protein expression may mitigate the toxic effects of p-α-syn pathology as measured in cultured 568 

neurons. In the brain, a loss of spines in the cortex with no apparent loss of excitatory synapses 569 

in the BLA may reflect regional differences in the chemical and electrical environments between 570 

these two brain regions. Interestingly, in layer I of the cortex of PFF-injected mice, there is an 571 

increase in density of stubby spines which are typically found to be more dense in post-natal 572 

brains (Blumenstock et al., 2017). Overall, our data point to a possible homeostatic changes in 573 

synaptic morphology at earlier time points after initiation of p-α-syn aggregation.  574 
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The abundance of literature aimed at elucidating the changes in synaptic abundance, synaptic 575 

protein homeostasis and synaptic function in the PD brain indicates that the question of how 576 

synapses are changing in relation to α-synuclein aggregation is of special relevance to the field. 577 

Understanding the dynamics of synapse morphology and the changes to the organization of 578 

synaptic vesicles in glutamatergic synapses is vital to devise effective therapeutic strategies to 579 

protect these synapses in the brain especially given the vulnerability of glutamatergic synapses 580 

to α-synuclein aggregation in the PD brain. Studying the BLA could equip scientists with the 581 

information to understand the vulnerabilities of different glutamatergic populations that could 582 

relate to the overall glutamatergic network in the PD brain. 583 
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