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Abstract

Ganglioside GD3, a major ganglioside species in neural stem cells, plays a crucial role in 

maintenance of the self-renewal capacity of these cells. However, its bioactivity in postnatally 

differentiated neurons in the neurogenic regions of adult brains has not been elucidated. Here, we 

describe for the first time that deletion of GD3 not only impairs neurotrophin-induced stem cell 

proliferation, but also alters the dendritic structure as well as the number of synapses of nascent 

neurons in the dentate gyrus (DG) of adult brain. When examining the behavioral phenotypes, 

GD3-KO mice displayed impairment in hippocampus-dependent memory function. To further gain 

insight into its cellular function, we examined GD3-binding partners from mouse brain extract 

using a GD3-specific monoclonal antibody, R24, followed by LC-MS/MS analysis and identified 

a mitochondrial fission protein, the dynamin related protein-1 (Drp1), as a novel GD3-binding 

protein. Biochemical and imaging analyses revealed mitochondrial fragmentation in GD3-depleted 

DG neurons, suggesting that GD3 is essential for the mitochondrial Drp1 turnover that is required 

for efficient mitochondrial fission. These results suggest that GD3 is required for proper dendritic 

and spine maturation of newborn neurons in adult brain through the regulation of mitochondrial 

dynamics.
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Introduction

Gangliosides are a class of important sialic acid-containing glycosphingolipids (GSLs) that 

are most abundant in brain tissues and widely distributed on the outer surface of nerve 
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cells. It is generally accepted that they play a critical role in neural development (Yu et 

al. 2012). The expression of gangliosides during brain development is cell-specific and 

developmentally regulated; it shifts from an abundance of simple gangliosides, such as 

GM3 and GD3, to a group of complex gangliosides, such as GM1, GD1a, GD1b, and 

GT1b (Yu & Ando 1980; Yu et al. 2011; Schnaar et al. 2014). Ganglioside GD3 is 

first expressed in the neural tube during early development and can be detected using a 

GD3-specific monoclonal antibody (mAb R24) (Rosner et al. 1992). In cultured mouse 

neural stem/progenitor cells (NSCs/NPCs), GD3 is the predominant ganglioside species, 

accounting for more than 80% of the total gangliosides (Yanagisawa et al. 2005). [Footnote: 

The cells we isolated from mouse brain consist largely of a mixture of NSCs and NPCs 

that share many common properties, such as high proliferative potential, the capacity for 

self-renewal and multipotency. As development proceeds, NSCs become less abundant and 

the more restricted NPCs emerge. For simplicity, we denote the cell population used in 

this investigation as NSCs.] In adult mouse brain, GD3 is abundant in the dentate gyrus 

(DG) of hippocampus, one of the main brain regions continuously generates new neurons 

during adulthood (Wang et al. 2014). By studying GD3-synthase knockout (GD3S-KO) 

mice, we found that ablation of GD3 in NSCs coincides with its inability to facilitate 

EGF-induced cell proliferation and maintain NSC pools (Wang & Yu 2013; Wang et al. 

2014), but little is known on the role of GD3 in modulating dendrite branching and synaptic 

plasticity in these nascent granule cells (GCs) in adult hippocampus. For this reason, we 

initiated a detailed study to investigate the role of GD3 in determining the relationship 

between the cellular morphology of the newly formed GCs in DG and its relationship with 

hippocampus-dependent memory using loss-of-function approaches in adult mice.

Neurons differentiated from NPCs undergo morphological changes which required a huge 

amount of energy (Son & Han 2018). The mitochondria is the main intracellular organelle 

for producing adenosine triphosphate (ATP) (Chandel 2014). It is thus not surprising to 

find that mitochondria play a crucial role in adult neurogenesis (Beckervordersandforth et 

al. 2017; Son & Han 2018). GD3 has been found in the mitochondrial membrane using 

immunoelectron and confocal microscopy (De Maria et al. 1997; Rippo et al. 2000; Garcia

Ruiz et al. 2002); presumably it plays a specific role in regulating neuronal morphology/

function of those nascent neurons.

In the present study, we found that GD3 was expressed in NSCs and immature neurons 

in the DG. Using a GD3S-KO mouse model, we demonstrated that GD3 was required 

in the morphological differentiation in vivo. Furthermore, GD3-depleted mice displayed 

impairment in the novel object recognition (NOR) task and the Barnes maze test, which 

indicated that GD3 played a role in hippocampus-dependent memory. To gain further 

insight into its cellular function, we examined GD3-binding partners by LC-MS/MS 

analysis and identified mitochondrial fission protein dynamin-related protein 1 (Drp1) as 

a new GD3-binding protein. The physiological significance of the GD3-Drp1 interaction 

may be related to Drp1 turnover in the mitochondria that is necessary for efficient 

mitochondrial fission. These findings clearly implicate GD3 as playing a crucial role in 

hippocampus-dependent functions by controlling dendritic arborization through modulation 

of mitochondrial dynamics.
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Materials and Methods

Animals

The experiment details are described in a flow sheet shown in Figure 1. Mice were 

maintained and cared for according to animal protocols approved by the Institute of Animal 

Care and Use Committee (IACUC) at Augusta University (AU) (Ref: AUP 2009-0240). 

GD3S-KO mice (RRID:MMRRC_000037-MU) were kindly provided by Dr. Richard Proia 

(National Institutes of Health, Bethesda, MD, USA.) and cared as described previously 

(Wang et al. 2014). The following primers were used for genotyping: GD3S 9692: 5’-CAC 

AGT TAC ATC TAC ATG CCT-3’; GD3S 9694: 5’-GCA AGA CGT TGT CAT AGT 

AGT-3’; and RLP290 (Neo): 5’-TCG CCT TCT TGA CGA GTT CTT CTG AG-3’. All 

phenotypic characterizations were performed in GD3S-KO and their control mice in a 

C57BL/6 background. Both male and female mice were used in all experiments except for 

behavior tests when only male mice were used. The study was not pre-registered and was 

exploratory. No animals were excluded in this study.

Retrovirus stereotactic injections

Retrovirus were prepared as described by previously described procedures with minor 

modifications (Steib et al. 2014; Sun et al. 2018; Schaffner et al. 2018). Briefly, 

plasmids were transfected into cultured 293-GPG cells (RRID:CVCL_E072) using 

polyethyleneimine, and retroviral particles containing supernatant were collected at 48 hours 

and 72 hours post transfection, filtered by a 0.44-μm filter, and then concentrated at 28,000 

rpm for 2 hours. For injections, two-month-old mice (n=30) were deeply anesthetized 

with 2% isoflurane (Piramal Healthcare) through a vaporizer (Kent Scientific). Mice were 

stereotactically injected with 1 μl of the retroviruses into the left and right DG (−1.9 mm 

anterior/posterior, ±1.6 mm medial/lateral, −1.9 mm dorsal/ventral from dura) at a rate 

of 0.5 μl/min. After the surgery, we injected the mice subcutaneously with the analgesic 

buprenorphine (0.1 mg/kg) to relieve pain.

Tissue processing and immunofluorescent staining procedures

Mice were first transcardially perfused with 30 ml phosphate-buffered saline (PBS, pH 7.4) 

and followed by 50 ml of 4% paraformaldehyde (PFA). The brains were removed and fixed 

in 4% PFA for another 4 hours at room temperature. Coronal sections were prepared by a 

vibratome (VT1000s, Leica) and the tissue sections were analyzed by immunostaining.

Immunofluorescent staining of floating sections was performed as described previously 

(Tang et al. 2015). The primary antibodies were: rabbit anti-GFP (1:500; Invitrogen, 

RRID:AB_221569), mouse anti-nestin (1:200; Millipore, RRID:AB_94911), goat anti-DCX 

(1:500; Santa Cruz, RRID:AB_2088494), and rabbit anti-Drp1 (1:500, Cell Signaling, 

RRID:AB_10950498).

Mouse anti-GD3 monoclonal antibody, clone R24 (kindly provided by Dr. Lloyd J. Old 

at the Memorial Sloan-Kettering Cancer Center, New York, NY), generated as described 

originally (Pukel et al. 1982). Any custom-made material reported in this investigation will 

be shared upon reasonable request.
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Confocal images were taken by Nikon A1 confocal as describe previously (Tang et al. 

2020). Sections for dendritic morphology analysis were 100-μm thick, and sections for spine 

morphology analysis were 35-μm thick. In addition, a 3x zoom was used for spine analysis. 

3D reconstructions were performed by using the Filament Tracer and Surface Tracer tools in 

Imaris.

Behavioral analysis—Two-month-old male mice were used for behavioral studies as 

described previously (Lu et al. 2019).

Open-field test—The mouse was placed at one corner of a 56 cm × 56 cm arena at the 

beginning, making it face the wall. The number of episodes of rearing and grooming, travel 

distance, and the time spent in a delineated center zone (26 cm × 26 cm) were recorded 

during a 5-min free-moving period.

Novel object recognition (NOR) test—Each mouse was placed in a 56 × 56 cm arena, 

with two identical objects placed at each end of the arena. After 10 min of investigation, 

mice were returned to their home cage. 24 hours later, one test object was replaced with a 

novel object (the same height and volume, but had a different shape and appearance as the 

familiar object), and animals were allowed 5 min for investigation. The time spent exploring 

each object was recorded.

Barnes maze task—At trial stage (days 1 to 3), a video camera controlled by ANY-maze 

video-tracking software was used to record the escape latency of the mouse from the center 

of platform to the hidden chamber, its escape velocity, and its escape traces. On the probe 

day (day 4), the hidden chamber was removed. The escape latency and quadrant occupancy 

were recorded.

Immunoprecipitation of GD3 interacting proteins

Three embryonic day 14.5 (E14.5) mouse brains were homogenized in 10 ml of a 

homogenization buffer (250 mM sucrose, 20 mM Tris·HCl, pH 7.8) with protease inhibitors 

as described previously (Savas et al. 2015). The homogenate was centrifuged at 1,500 x g for 

15 min and the pellets were resuspended by gently pipetting up and down in a total volume 

of 4 ml of homogenate buffer and then lysed by passing through a 22-G needle 20 times. 

After centrifugation at 1,000 × g for 10 min, the supernatants were collected for the bind 

assay. 100 ul G Dynabeads were first incubated with 2 ug of mAb R24 antibody or IgG for 1 

hour at room temperature, then added to an equivalent amount of brain extract. The mixture 

was kept overnight at 4°C with rotation.

Beads bound with proteins were magnetically captured and washed 3 times with PBS. 

Samples were separated on 4-12% precast gels and subjected to LC–MS/MS analysis on an 

Orbitrap Velos (Thermo) mass spectrometer as previously described (Savas et al. 2015).

Glycosphingolipid-coated bead assay

His-tagged human Drp1 was purified from the cell lysate of HEK293T cells transfected 

with a His-Drp1 construct using cobalt beads. The GSL-coated bead assay was performed 
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following a previous report (Yoon et al. 2006). Briefly, Gangliosides GD3, GM3 and GM1 

(24 ug each) were dried and re-dissolved in an ethanol/water solution (9:1) and were 

incubated with the polystyrene beads (1-μm in diameter; Sigma-Aldrich) 1 hour at room 

temperature. After washing with PBS, the GSL-coated beads were resuspended in a His

Drp1 solution. The mixture was kept overnight at 4°C with rotation and then washed three 

times with PBS. Proteins bound to GSL-coated beads were denatured with SDS sample 

buffer at 90°C and analyzed by Western blotting with the anti-Drp1 antibody.

Isolation of mitochondria

Percoll density gradient centrifugation was used to isolate the mitochondria. Tissues in 

the DG region were dissected out as described previously (Hagihara et al. 2009) and 

homogenized in isolation buffer (225 mM mannitol, 75 mM sucrose, 1 mM EGTA, 5 mM 

HEPES, pH = 7.2). After centrifugation at 1,100 g for 2 min, the supernatant was mixed 

with 80% Percoll and carefully layered on the top of 10% Percoll, then centrifuged at 18,500 

g for 10 min. The myelin-rich top fraction was removed, leaving the mitochondrion-enriched 

pellet at the bottom. The isolated mitochondria were washed once and then lysed with SDS 

sample buffer.

A sample containing 10 to 20 μg of total protein was loaded onto 8% 

or 14% sodium dodecylsulfate (SDS) gels. Following electrophoresis, gels were 

transferred onto Nitrocellulose Blotting Membranes (Bio-Rad). Antigen-specific primary 

antibodies, including rabbit anti-Drp1 (1:200; Cell Signaling, RRID:AB_11178938), 

rabbit anti-phospho-Drp1 (1:1000, Cell Signaling, RRID:AB_11178659), mouse anti

Mfn2 (1:2000; Abcam, RRID:AB_2142629), mouse anti-beta-Catenin (1:2000; Abcam, 

RRID:AB_562065), rabbit anti-Vps35 (1:200; Abcam, RRID:AB_1524565), mouse anti

VCP (1:2000; Millipore, RRID:AB_10806328), mouse anti-Atp1a1 (1:1000; Santa Cruz, 

RRID:AB_1125502), mouse anti-tubulin (1:8000; Proteintech, RRID:AB_2687491), and 

rabbit anti-VDAC (1:5000, Abcam, RRID:AB_297264).

NSC isolation and differentiation analysis

NSCs were isolated and prepared as described previously (Wang & Yu 2013). Briefly, 

tissues in the DG regions were dissected and treated with papain and then mechanically 

dissociated in HBSS to obtain single-cell suspensions. Cells were seeded at a density of 

5,000–10,000 cells/ml and cultured in a medium containing Neural Basal Medium (2% B27, 

1x GlutaMAX, 2 μg/ml heparin, 50 units/ml penicillin/streptomycin, 20 ng/ml epidermal 

growth factor (EGF), and 20 ng/ml fibroblast growth factor (FGF) for 7 days.

The neurospheres were dissociated with Accutase into single cells and seeded to a density 

of 100,000 cells per well on poly-D-lysine (PDL)/laminin-coated glass coverslips. After 24 

hours, the growth medium was replaced by the growth medium without EGF and FGF. After 

another 24 hours, cells were transduced with a CAG-Mito-dsRed retrovirus for labeling 

mitochondria.

Differentiated cells were fixed for 10 min in 4% PFA and permeabilized with 0.1% saponin 

for 15 min. Cells were incubated for 1 hour with primary antibodies, mouse anti-GD3 
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antibody (1:500) and rabbit anti-Drp1 (1:200), rinsed with PBS-0.0025% saponin and 

incubated for 45 min with secondary antibodies.

Mitochondrial morphology analysis

Mitochondrial morphology was quantified as previously described (Tang et al. 2015; Wang 

et al. 2016). Raw images were background-corrected, linearly contrast-optimized to generate 

binary images. Most mitochondria were well separated in binary images and large clusters 

of mitochondria were excluded automatically. All binary images were analyzed by ImageJ 

software to provide information about the mitochondrial aspect ratio (the ratio between 

major and minor axes of an ellipse equivalent to the mitochondrion as an index for 

mitochondrial morphology).

Statistics

Blinding was achieved in all experiments since experimenters were always unaware of the 

animal’s genotyping during in vitro or behavioral experimentation and while performing all 

different analyses. There was no test for outliers and no pre-determined exclusion criteria. 

Although no statistical methods were used to pre-determine sample size, our sample sizes 

were determined as described previously (Tang et al. 2015; Wang et al. 2014). GraphPad 

Prism 8 (GraphPad Software, RRID:SCR_002798) was used for statistical analysis. All 

data sets were analyzed using D’Agostino–Pearson omnibus test and Shapiro–Wilk test for 

normality. Data sets with normal distributions were analyzed for significance using either 

unpaired Student’s two-tailed t-test or one-way ANOVA test. When data were not normally 

distributed the Mann-Whitney U test was used. The significance levels were expressed as *p 
< 0.05, **p < 0.01, ***p < 0.001, and all data presented as mean ± s.e.m.

Results

GD3 is expressed in NSCs and immature neurons in the DG of adult hippocampus

To investigate the function of GD3 in adult hippocampus, we first analyzed the expression 

of GD3 in the DG of 2-month-old mice by immunofluorescence microscopy. As shown in 

Fig. 2A, GD3 is abundantly expressed in the subgranular zone (SGZ) of the DG where 

NSCs reside. In agreement, GD3 staining was detected in cells expressing the radial glia-like 

NSC marker, Nestin. In GD3S-KO mice, where GD3 was not expressed, the GD3 staining 

signal was absent (Fig. 2B-C), demonstrating the specificity of the anti-GD3 monoclonal 

antibody, mAb R24. Also, GD3 partially colocalized with doublecortin (DCX, an immature 

neuronal marker) positive cells) (Fig. 2B-C). GD3 staining was observed in both cell bodies 

and dendrites of DCX-positive cells present in the granule cell layer (GCL). These results 

are consistent with the notion that GD3 is expressed in NSCs and immature neurons in the 

SGZ (Fig. 2C). This expression pattern suggests that GD3 not only plays a critical role in 

the regulation of NSC proliferation during early stages of brain development (Wang and Yu, 

2013), but also functions during later stages of neurogenesis.

GD3 is necessary for the dendritic maturation of nascent granule neurons

Previously, we have shown a progressive loss of the NSC pool in the DG of GD3S-KO 

mice, suggesting that GD3 may also play a crucial role in the long-term maintenance of 
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NSC populations in postnatal mouse brain (Wang et al. 2014). We next investigated whether 

integration of these nascent granule neurons into the existing circuitry would be impaired 

in the absence of GD3. The CAG-GFP retrovirus was stereotactically injected into the DG 

of 2-month-old GD3S-KO and WT mice. Animals were sacrificed at 14, 28, and 42 days 

post-retrovirus injection (dpi), (Fig. 3A). In contrast to previous findings (Wang et al. 2014), 

we found fewer GFP-labeled nascent neurons in GD3S-KO mice, suggesting that GD3S-KO 

could suppress the activation of NSCs.

Since the integration of nascent neurons into the existing cytoarchitecture is expected to 

involve progression through a series of morphological stages of maturation, we focused on 

dendritic arborization and synapse formation. We performed confocal microscopic analysis 

followed by 3D reconstruction and morphometric evaluation of the dendritic arbor in labeled 

neurons and found that the total number of dendritic branches and their lengths were 

significantly reduced in GD3S-KO vs. control neurons at 28 and 42 dpi (Fig. 3B-D). 

Moreover, Sholl analysis (Bird & Cuntz 2019) revealed that the dendritic complexity of 

GD3S-KO neurons was reduced compared with control neurons at 42 dpi (Fig. 3F).

We next analyzed the impact of GD3S-KO on dendritic spine formation. High-magnification 

imaging analysis of dendritic spines showed reduced spine density of GD3S-KO neurons 

compared to their respective controls at all time points (Fig. 3G-H). 3D-analysis of spine 

morphology showed that GD3S-KO neurons had fewer mushroom spines than those in 

the WT controls, suggesting compromised dendritic spine formation. These data showed 

that GD3 is involved in the control of dendrite and spine development and may affect the 

integration of newborn DG neurons in adult brain into the hippocampal circuitry.

Hippocampus-dependent memory is impaired in GD3S-KO mice

To test whether GD3 plays a role in hippocampus-dependent memory, we subjected 2

month-old GD3S-KO male mice and their WT littermates to three behavioral tests. First, 

the open-field test was used to examine the locomotor activity (Fig. 4A). We found that 

GD3S-KO mice exhibited similar rearing times (data not shown) and travel distance (Fig. 

4B) compared with the control littermates, suggesting that locomotor functions were not 

affected. Likewise, we also found that the grooming time (data not shown) and time spent 

in the central zone (Fig. 4C) for GD3S-KO mice were indistinguishable from controls, 

suggesting that GD3S-KO mice did not exhibit abnormal anxiety levels. Next, we subjected 

these mice to the novel object recognition (NOR) task, a hippocampus-dependent memory 

test (Ennaceur & Delacour 1988). During the training session (two identical objects), no 

preference was detected for one object over the other in both genotypes (Fig. 4D-E); 

however, during the test session, whereas WT mice presented a preferential exploration 

toward the novel object, GD3S-KO mice exhibited a significant decrease in preference to 

explore the novel object (Fig. 4D-E).

The impairment in hippocampal-dependent memory shown by GD3S-KO mice was 

corroborated using the Barnes maze task. This task requires the animal to encode spatial 

information into a memory and use that memory to complete an escape task (Harrison et 

al. 2009). The results revealed that GD3S-KO mice displayed a significant spatial memory 

defect as evidenced by an increase in escape latency to find the hidden chamber on the third 
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day of the training trial, with decreased quadrant occupancy on the probe trial compared 

with the control mice (Fig. 4F-H). The escape velocity was similar between the two groups, 

indicating that differences in escape latencies were not due to speed variations. These results 

indicate impairment of the spatial memory in GD3S-KO mice and support that GD3 is 

required for a proper function of hippocampus-dependent memory.

Identification of Drp1 as a GD3-binding protein

Gangliosides regulate cell signaling often by associating with proteins (Schnaar 2016). To 

better understand how GD3 regulates adult hippocampal neurogenesis, we performed a mass 

spectrometric (MS) analysis-based proteomic screen for GD3-protein interactors. We first 

performed affinity chromatography using the anti-GD3 mAb R24 and detergent-free brain 

extract, followed by MS analysis (Fig. 5A). Coomassie staining showed an enrichment of 

proteins in the anti-GD3 pulldown lanes, which was absent when the anti-GD3 antibody 

was omitted or using the GD3S-KO brain extract as the prey. In addition to EGFR, which 

has been shown to bind with GD3 in NSCs to maintain the self-renewal capability of NSCs 

(Wang & Yu 2013), we identified several other proteins from the screening (Fig. 5B, C). 

Previously, we showed that GD3 mediated EGFR intracellular trafficking/degradation and 

that decreased EGFR expression was found in the GD3S-KO NSCs (Wang & Yu 2013). 

In the present study, we tested the impact of GD3 deficiency on expression of these new 

binding proteins. Among the five top hit potential binding proteins, Dynamin-1-like protein 

(Drp1) levels were robustly elevated in GD3S-KO brains by Western blot analysis (Fig. 5D, 

E), which prompted us to examine more closely the significance of the interaction between 

GD3 and Drp1.

The GD3–Drp1 interaction was further verified by co-immunoprecipitation; mAb R24

immunoprecipitated Drp1 was detected in the WT brain lysate, but not in the GD3S-KO 

lysate (Fig. 5F). As Drp1 functions as a mitochondrial fission protein (Westermann 2010), 

we also imaged NSCs that were transfected with mito-dsRed and immunostained with 

Drp1 and GD3 antibodies. The 3D-reconstructed images demonstrated that Drp1 and GD3 

were co-localized as puncta on mitochondria (Fig. 5G). A GSL-coated bead assay was also 

used to determine whether co-immunoprecipitation and co-localization of Drp1 and GD3 

represent a direct physical interaction. We purified recombinant Drp1 protein from HEK293 

cells transfected with His-Drp1 and incubated it with GSL-coated beads; Western blot 

analysis with anti-Drp1 antibody showed binding of His-Drp1 with GD3-coated polystyrene 

beads, but not with GM1-coated beads, demonstrating the specificity of the lipid-protein 

interaction (Fig. 5H). These experiments strongly suggest that Drp1 is a novel endogenous 

GD3-binding partner.

GD3 interacts with Drp1 to regulate mitochondrial morphology

The identification of Drp1 protein as a GD3 interactor was particularly interesting. Drp1 is 

a GTPase that regulates mitochondrial fission and plays important roles in the regulation 

of mitochondrial dynamics (Westermann 2010). Previous studies reported that enhancement 

of mitochondrial fission was sufficient to induce major alterations in dendritogenesis and 

synaptogenesis of neurons in vitro and disruption of mitochondrial dynamics in murine 

adult NSC-impaired hippocampus-dependent learning and memory (Arrazola et al. 2019; 
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Steib et al. 2014; Beckervordersandforth et al. 2017; Son & Han 2018). To investigate 

whether GD3 affects mitochondrial dynamics, we examined mitochondrial morphology in 

the nascent granule neurons. Retrovirus encoding for mitochondria-targeted dsRed (CAG

IRES-mito-dsRed) was co-injected with CAG-GFP into the DGs of GD3S-KO and control 

mice. Animals were sacrificed at different time intervals after retroviral injection (dpi) (Fig. 

6A). At all the stages, mitochondria were of tubular morphology that had an average aspect 

ratio (major axis/minor axis) of more than two in WT neurons (Fig. 6B, C). In contrast, 

neurons with GD3S-KO had shorter mitochondria with an average aspect ratio around 1.6 

(Fig. 6B, C), suggesting that mitochondria were fragmented. The neurite mitochondrial 

index (total mitochondrial length/neurite length), an index for mitochondrial density, was 

also significantly reduced in GD3S-KO neurons (Fig. 6D, E). These findings suggest that the 

loss of GD3 resulted in mitochondrial fragmentation in newborn DG neurons in adult brain.

To further validate the increased Drp1 expression in GD3S-KO brain (Fig. 6D, E), we 

isolated the mitochondrial fraction from DG. Western blot analysis demonstrated that Drp1 

levels were slightly increased in GD3S-KO and the activated-Drp1 (phosphorylation of Drp1 

at serine 616) was higher in GD3S-KO mitochondria (Fig. 7A, B). In contrast, we did not 

observe any significant changes for the fusion proteins Mfn2 (Fig. 7A, B). To confirm this 

finding, we imaged mitochondrial Drp1 in these nascent neurons. As shown in Fig. 7C, the 

density and average size of the mitochondrial Drp1 puncta were significantly increased in 

GD3S-KO neurons. To understand how GD3 regulates the Drp1 protein level, we measured 

the half-life of Drp1 in control and GD3S-KO neurons and found that the half-life of Drp1 

in control cells was about 15 hours (Fig. 7D, E). However, it was dramatically increased 

in GD3S-KO neurons, with no detectable reduction within 20 hours of experiments. These 

findings suggest that GD3 may participate in regulating the clearance of mitochondrial Drp1 

complexes.

Discussion

Dendrite development of nascent GCs in the DG of adult hippocampus is critical for their 

incorporation into existing hippocampal circuits, but the cellular mechanisms regulating 

dendrite development remains largely unclear. In this study, we found that GD3, which is 

expressed in newborn GCs in adult brain, plays an important role in regulating dendrite 

morphogenesis. Thus, GD3 is important for the maturation of nascent neurons in the adult 

mouse hippocampus by serving as a pivotal link between mitochondrial dynamics and 

maturation of the developing neurons.

GD3 in adult hippocampal neurogenesis and hippocampus-dependent memory function

In accordance with previous studies, we observed robust GD3 expression in the DG GC 

layer and in differentiating adult NSCs (Fig. 2). This expression pattern suggests that 

GD3 may regulate adult hippocampal neurogenesis in at least two different aspects: First, 

GD3 promotes NSC proliferation, thus, increasing the number of newborn neurons. This 

is supported by our previous observations that the reduced number of DCX+ immature 

neurons in GD3S-KO mice (Wang et al. 2014) compared well with the increased number 

of proliferative NSCs when GD3 was introduced in vitro and in vivo (Wang & Yu, 2013). 
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Second, GD3 enhances nascent neuronal maturation by increasing dendritic outgrowth and 

branching (Fig. 3). Meanwhile, analysis of 3D renderings of dendritic volumes demonstrated 

that GD3S-KO neurons exhibited reduced density of dendritic spines (Fig. 3). Dendritic 

spine development contributes to the initiation of the local dendritic spikes (Spruston 2008), 

suggesting that the morphological defects associated with deletion of GD3S may disturb 

synaptic inputs to the local circuit.

Hippocampal nascent neurons have been implicated in the acquisition and recall of 

hippocampus-dependent memories (Moreno-Jimenez et al. 2019; Gage 2019) and, therefore, 

adult hippocampal neurogenesis is an essential process for cognitive function (Zhao et al. 

2006; Bond et al. 2015; Kang et al. 2016). In this investigation, we demonstrated that both 

control and GD3S-KO mice acquired a basic procedural task, specifically, locating a visible 

escape box in the initial phase of the Barnes maze. However, only control animals learned, 

and subsequently recalled, the portion of the task that required generating a spatial map 

to locate the platform. GD3S-KO mice never acquired this behavior, suggesting a selective 

hippocampal-dependent learning deficit (Fig. 4). The deficits we found in morphology and 

integration of adult-born neurons in the absence of GD3 may therefore contribute to the 

learning deficits exhibited by these mice. The reduced arborization of GD3S-KO neurons 

conceivably created a shortage of the receptive field for inputs, which could disrupt the 

specificity of incoming excitatory stimuli to GCs. Reduced dendritic spine density could 

further alter the organization of excitatory inputs and reduce the number of contacts received 

by each neuron (Spruston 2008; Winkle et al. 2016). As GCs are selectively recruited by 

incoming stimuli, which facilitate learning and memory, sensory integration, and pattern 

separation (Abrous & Wojtowicz 2015), this could produce significant defects in any 

of these cognitive processes. Previously, deletion of GD3 synthase was reported only to 

exert beneficial effects on the cognition of APP/PSEN1 transgenic mice and to protect 

against MPTP-induced neurodegeneration. (Bernardo et al. 2009; Akkhawattanangkul et al. 

2017). This beneficial effect of ablation of GD3 synthase, however, was not observed when 

comparison was made with the wild-type control. Therefore, when considering using GD3S 

as a therapeutic target, it is important to consider its side effects.

Regulation of mitochondrial dynamics by GD3-Drp1 interaction in nascent neurons of the 
adult hippocampus

GSL-enriched microdomains, also known as lipid rafts, are normally detected at the cell 

plasma membranes, where they exert an essential function facilitating molecular interactions 

and signal transduction (Schnaar 2016). Under pre-apoptotic stimulation, the presence of 

raft-like microdomains at the mitochondrial level has also been demonstrated (Garofalo et al. 

2005). It has been hypothesized that they could contribute to mitochondrial remodeling, e.g., 

fission processes and changes of membrane curvature associated with apoptosis (Ciarlo et al. 

2010). GD3 is involved in Fas-mediated apoptosis in hematopoietic cells, causing the loss of 

mitochondrial potential and the release of apoptotic factors (De Maria et al. 1997; Tomassini 

& Testi 2002). Thus, GD3 is not only localized in the plasma membranes, but is also present 

in the cytosol and other intracellular structures, including the endoplasmic reticulum- and 

mitochondrion-associated, and nuclear membranes, where they play important functional 

roles (Sorice et al. 2010; Yu et al, 2012; Sorice et al. 2009). In the present context, we 
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found for the first time the binding of the mitochondrial fission protein Drp1 with GD3 

using a proteomic approach. This interaction was corroborated by the co-localization of 

Drp1 puncta and GD3 on mitochondria and endogenously co-immunoprecipitated Drp1 by 

the GD3-specific antibody (Fig. 5). Importantly, these results came from analyses performed 

in fresh brain tissues. This is consistent with a recent brain mitochondrial lipidomic study 

showing the detection of gangliosides in mouse brain mitochondria (Kiebish et al. 2008).

The importance of the ganglioside-protein molecular interaction has already been widely 

recognized. In particular, it has been hypothesized that ganglioside-protein complexes 

may act as regulators of membrane organization and be involved in the pathogenesis 

of human diseases (Schnaar 2016; Yu et al. 2012; Sandhoff et al. 2018). Recently, we 

have provided direct evidence that the GD3-containing microdomains act as a platform 

to initiate and facilitate EGF trafficking and degradation in cultured NSCs (Wang & 

Yu 2013). Here, we report that Drp1 is upregulated in GD3S-KO brain. Because Drp1 

plays a key role in mitochondrial fission, we investigated if loss of GD3 affected the 

translocation of Drp1 to mitochondria. In isolated mitochondrial fractions from GD3S-KO 

DG, we observed an increased level of Drp1. In addition, we found a significant increase 

in mitochondrial Drp1 puncta in GD3S-KO nascent neurons (Fig. 7). Mechanistically, 

we can only speculate that GD3 affects Drp1 protein turnover based on the observation 

that loss of GD3 altered Drp1 half-life after treatment with cycloheximide (Fig. 7). 

Interestingly, Drp1 can also be modified by O-GlcNAcylation (Gawlowski et al. 2012). 

In cardiomyocytes, excessive O-GlcNAcylation translocates Drp1 to mitochondria and 

augments mitochondrial fragmentation and impairs mitochondrial function (Gawlowski et 

al. 2012). As the interaction between gangliosides and proteins are dependent on the glycan 

chains, it would be of interest to further investigate how Drp1 O-GlcNAcylation could 

influence GD3-Drp1 binding.

In vitro findings indicated that mitochondrial fusion and fission alter bioenergetics, which in 

turn influence neuronal morphogenesis (Dickey & Strack 2011). In addition, mitochondrial 

morphology is related to mitochondrial biogenesis, and mitochondrial fission is crucial 

for efficient distribution of new mitochondria to the growing axons and dendritic trees in 

cultured neurons (Li et al. 2004). Mitochondrial fission relies on the activity of GTPase 

associated with Drp1. Drp1 forms helical oligomers that wrap around the mitochondrial 

outer membrane and scissions it (Westermann 2010). The functional properties of Drp1 

are modulated by a number of posttranslational modifications, including phosphorylation 

(Chang & Blackstone 2007; Cereghetti et al. 2008). As shown in Fig. 7, we have 

seen increased phosphorylation of Drp1 at Ser-616 in GD3S-KO mitochondria. As 

phosphorylation of Ser-616 promotes mitochondrial fission (Chang & Blackstone 2007), 

mitochondrial fragmentation was shown in GD3S-KO nascent neurons (Fig. 6). The fewer 

number of mitochondria in GD3S-KO dendrites is coupled with less dendritic arborization 

and reduced spine formation (Fig. 7C). Taken together, these results support the notion that 

mitochondrial fission constitutes a limiting factor on dendritogenesis and spinogenesis in 

adult neurogenesis.

In conclusion, the present study provides novel information on the role of ganglioside 

GD3 in the maturation of nascent hippocampal granule neurons by regulating mitochondrial 
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dynamics through binding with Drp1. We propose a working model (Fig. 7F) in which 

GD3 mediates the removal of Drp1 from mitochondria and transports it to lysosomes for 

degradation, a process that is likely required for efficient mitochondrial fission, thereby 

regulating mitochondrial function and dendritogenesis / spinogenesis, which contributes to 

the hippocampus-dependent memory function. Since GSLs are known to strongly influence 

the biophysical properties of biomembranes as well as their curvature (Maggio et al. 1990), 

we speculate that ganglioside GD3 may play a pivotal role in morphogenic remodeling of 

mitochondria during the development of newly generated neurons in adult brain. A better 

understanding of the role of ganglioside GD3 in mitochondrial function may thus provide 

useful insights in basic as well as in translational medicine.
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Figure 1. 
Scheme of animals, experiments and corresponding figures.
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Figure 2. GD3 is expressed in NSCs and immature neurons of the adult mouse hippocampus.
(A) Representative immunodetection of GD3 in the dentate gyrus of 2-month-old mice. 

Scale bar: 50 μm. GCL: granule cell layer, SGZ: subgranular zone. (B) Co-expression of 

GD3 with Nestin and DCX in cells of the SGZ in the dentate gyrus of 2-month-old mice. 

Scale bar: 10 μm. (C) Quantification of the number of GD3+ cells; Nestin+ and GD3+ cells; 

DCX+ cells in DG. (n = 4 mice / group).
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Figure 3. Effects of GD3 deletion in adult-born granule cells (GCs) on dendritic development.
(A) Schematic diagram showing the experimental procedure for labeling nascent GCs in 

adult mice through retrovirus-mediated gene transfection. Mice were perfused at different 

time points as indicated. dpi, days post infection. (B) Retrovirus infected nascent neurons in 

WT and GD3S-KO mice at 42 dpi. Scale bars, 10 μm. (C) Representative reconstructions 

of WT and GD3S-KO neurons. Scale bars, 10 μm. (D-E) Quantification of the number 

of branches (D) and total dendritic length (E) at 28 and 42 dpi. n = 32/28 (28/42 dpi) 

Control and n = 36/24 (28/42 dpi) GD3S-KO neurons from 6 mice/group. (F) Sholl 

analyses of dendritic intersections from neuronal soma. (n=6 neurons from 6 mice/group; 

two-way ANOVA with a Tukey’s multiple comparisons test). (G) Representative images 

showing dendritic segments in different layers of the DG. Note the decreased spine density 
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and abnormal spine formation in the GCL of GD3S-KO mice. Scale bars, 10 μm. (H) 
Quantification of the number of spines in WT and GD3S-KO neurons at 42 dpi. n = 

14 neurons from 6 mice/group. (I) Representative 3D-reconstructed dendritic spines. (J) 
Quantification of mushroom spine density at different stages. n = 14 neurons from 6 mice/

group. ***, p < 0.001; n.s., not significant.
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Figure 4. Ablation of GD3 impairs hippocampus-dependent memory.
(A) Representative heat maps illustrating the time spent in different locations of the arena 

for open field test. (B) Travel distance and (C) time in center zone showed no alterations in 

GD3S-KO mice compared with control. (D) Schematic diagram showing the experimental 

procedure of NOR test. (E) Percentage of exploration time between old and new object 

locations in the NOR test for WT and GD3S-KO. (F) Upper: Representative tracking plots 

of WT and GD3S-KO mice on Barnes maze training trials. Lower: Representative heat 

maps illustrating the time spent in different locations of the arena for Barnes maze tests 

during the memory phase (escape box removed) in control and GD3S-KO mice. (G) Time 

spent to find the escape box during the Barnes maze training sessions in both control and 

GD3S-KO mice. (H) Bar graphs showing the time spent on exploring the correct quadrant in 

the memory phase of Barnes maze tests. For all behavior test, n = 8 / group. **p < 0.01; n.s., 

not significant.
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Figure 5. Identification of Drp1 as a GD3-binding protein.
(A) Proteomic workflow for the identification of GD3-interacting proteins. (B) 
Representative Coomassie-stained SDS gel of proteins bound to bead-coupled anti-GD3 

antibody incubated with brain extracts, with indicated negative control. (C) Frequency of 

detection of all peptides (total spectra count) for proteins identified. (D) Lysates (30 μg 

protein) of DG were immunoblotted with the indicated antibodies. (E) Quantification of 

data from (D) (normalized by control). n = 6 mice / group. (F) Representative Western blot 

analyses for the presence of immunoprecipitates. (G) Representative 3D images showing the 

co-localization of endogenous GD3 and Drp1 on mitochondria in NSCs with mito-DsRed2 

and immunostained with anti-Drp1 and mAb R24. Boxed area in the left image was enlarged 

and viewed at different angles. Scale bars, 1 μm. (H) Interaction of GSL-coated polystyrene 

beads with Drp1.
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Figure 6. GD3 regulates mitochondrial dynamics in vivo.
(A) Experimental scheme of visualization of mitochondria and cell morphology in adult

born neurons. (B) Representative confocal and 3D pictures (last one) of mitochondria in 

nascent neurons in adult brain. (C) Quantification of mitochondrial length, aspect ratio 

and percentage of neurons with fragmented mitochondria in adult newborn neurons. n = 

100 mitochondria from 4 mice / groups. (D) A segment of dendrites was enlarged. (E) 
Quantification of neurite-mitochondrial index (total mitochondrial length/neurite length), an 

index for mitochondrial density. n = 16 neurites from 4 mice / group.

Panel C on the right: y axis should be aspect ratio, not ration.
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Figure 7. GD3 regulates mitochondrial Drp1 complex turnover.
(A-B) Representative Western blot (A) and quantification (B) of Drp1 in mitochondrial 

fractions from DG of control and GD3S-KO mice. n = 6 mice / group. (C) Representative 

confocal images of Drp1 (green) and mitochondria (red), demonstrating mitochondrial Drp1 

puncta. (D-E) After neurons were treated with cycloheximide (CHX; 50 μg/mL) for the 

indicated time, expression of Drp1 and Mfn2 was analyzed by Western blotting (D); the 

intensity of Drp1 expression for each time point was quantified by densitometry, with 

tubulin as a normalizer (E). n = 6 mice / group. (F) Schematic representation of the 

role of GD3 in the regulation of mitochondrial dynamics by mediating the turnover of 

mitochondrial Drp1. *p < 0.05; **p < 0.01.
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