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一些弱項。而這兩年，我不能說自己做得很好，還是有很多進步空

間，但最起碼是有所進步的。 
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研，每次遇到困難想要放棄的時候，都會提醒自己要盡力，而不是選
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研究得以順利進行。加上實驗室的同學一起共同討論，研究不同的解

決方法，研究經驗的增加讓我學會了思考實驗的設計，不會盲目地做

實驗。 

這兩年也讓我克服對於上台報告的恐懼，以及學習到有條理地表達自
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面的訓練對於我將來無論從是什麼工作都相當有幫助！ 

另外，這兩年能順利畢業最大的功勞莫過於是我的學姐楊琇欐。每次

在我受到挫折、遇到困難時，她總是會在我身邊鼓勵我、陪伴我。老

實說，如果沒有她，以我的性格應該不容易完成碩士，所以真的很感

謝她能在我身邊。 

此外，也很感謝我的家人願意支持我完成學業，這段時間一直在背後

支持我，讓我可以無後顧之憂地做實驗，也提供了我一個很舒適的休

息空間，讓我可以好好休息好好讀書。 

研究所畢業相當於學生生涯告一段落，希望接下來時間都能夠好好利

用這些年來學習到的事情，無論是知識、實驗技巧，還是處事態度等

人生觀，繼續進步、進入人生下一個階段。 
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摘要 

成年哺乳動物的腦中，成年神經幹細胞存在於側腦室的腦室下區

（subventricular zone, SVZ）。在 SVZ中的神經幹細胞會產生神經母細

胞，其沿著 rostral migratory stream (RMS) 爬行到嗅球，分化成成熟神

經元。在嗅球中新生的神經元主要是負責氣味辨識以及母性行為。

Rab18是 Rab蛋白的一員，屬於 Ras相關的小 GTP水解酶家族。過去

研究中我們發現 Rab18對於維持神經幹細胞增殖是必要的，進而得知

Rab18對於成年神經元新生的重要性，但並不影響神經幹細胞分化成神

經元或星狀膠質細胞。為了確認這點，我們在神經幹細胞中過表達

Rab18以觀察其對神經幹細胞增殖的影響，取出生後第 7天小鼠 SVZ

之神經幹細胞培養成初代神經球後，把神經球打散後送入 Rab18全長

之質體進行觀察，發現過表達 Rab18後促進神經幹細胞的分裂。同時

取 Rab18基因剔除小鼠的神經幹細胞培養成初代神經球，統計神經球

的大小及數量，結果顯示剔除 Rab18後，其神經球的體積較小，但不

影響其數量。由此上述結果得知 Rab18對於神經幹細胞的分裂是必要

且充分的。另外，神經幹細胞還有一個標誌性的特徵:自我更新的能

力。為了測試 Rab18對於神經幹細胞自我更新和分裂的影響，我們取

得 Rab18基因剔除小鼠 SVZ之神經幹細胞培養成初代神經球後打散，

將其培養成第二代神經球，統計神經球的大小及數量，結果顯示剔除

Rab18後第二代神經球的體積較小，數量上亦顯著較少。由此上述結果

得知 Rab18對於神經幹細胞自我更新的能力是必要的。然而 Rab18如

何調控神經幹細胞分裂的機制尚未明確，因此我們以 Rab18的 shRNA

來降低 Rab18表達，以及將 Rab18全長之質體送入 P19細胞中，觀察
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Rab18表現量的改變對於與細胞週期相關之 Cyclin D1的影響，證實

Rab18對於 Cyclin D1的蛋白質表現是充分且必要。為了了解 Rab18如

何調控神經幹細胞增殖，我們以螢光素酶報告基因檢測了 Rab18與三

條訊息傳遞路徑:包括 Wnt，Notch和 Shh訊息傳遞路徑是否有交互作

用。發現 Rab18會活化 Wnt，Notch和 Shh路徑。過去在動物模型中發

現 Rab18基因剔除小鼠的嗅覺有缺陷，不能分辨其幼鼠的氣味，所以

我們進一步檢驗該基因剔除小鼠在一般氣味辨識上是否同樣的缺陷。

在研究中使用了化學性氣味進行氣味辨識之行為實驗，發現 Rab18對

於小鼠記住氣味的能力是必要的。綜合以上發現可知 Rab18對神經幹

細胞増殖必需且充分的，對於神經幹細胞自我更改亦是必要的，並作

用於 Wnt，Notch和 Shh路徑上游，以及與小鼠維持嗅覺記憶的能力相

關。 

 

 

關鍵字: Rab18, 神經幹細胞, 化學性氣味辨識  
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Abstract 

In the mammalian brain, adult neural stem cells (NSCs) exist in the 

subventricular zone (SVZ) of the lateral ventricle. In the SVZ, NSCs 

produce neuroblasts and they migrate through the rostral migratory stream 

(RMS) to the olfactory bulb (OB) and differentiate into mature neurons. 

Functions of adult OB neurogenesis are odor discrimination and maternal 

behaviors. Rab18 is a member of Rab proteins, which belong to Ras-related 

superfamily of small GTPase. Previously, we find that Rab18 is required for 

adult neurogenesis by regulating NSC proliferation, but not differentiation. 

We hypothesize that Rab18 is also sufficient for NSC proliferation. To test 

it, we overexpressed Rab18 in NSCs derived from postnatal day seven SVZ. 

We found that overexpression of Rab18 increased cell proliferation. In 

addition, we cultured NSCs from the SVZ of Rab18-/- mice to form 1’ 

neurospheres (NSs). In the Rab18-/- group, we found that there was a 

decrease in the sphere size but no difference of the number of 1’ NSs. These 

results show that Rab18 is necessary and sufficient for NSC proliferation. 

NSCs has another feature, self-renewal. We hypothesize that Rab18 is also 

required for NSC self-renewal and proliferation. To test it, we cultured 

NSCs from the SVZ of Rab18-/- mice to form 2’ NSs. In the Rab18-/- group, 

we found that there was a decrease in the sphere size and the number of 2’ 

NSs. These results show that Rab18 is necessary for NSC self-renewal. To 

study the mechanism how Rab18 regulates NSCs proliferation, we decreased 

Rab18 expression with two shRNA constructs against Rab18 or 

overexpression Rab18 to observe the expression of the cell cycle related 

protein Cyclin D1. We found that Cyclin D1 protein expression was 

decreased when Rab18 was knocked down and overexpression Rab18 
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increased Cyclin D1 protein expression. Our finding suggests that Rab18 is 

necessary and sufficient for Cyclin D1 protein expression. To find out the 

downstream signaling pathway of Rab18, we focused on three pathways: 

Wnt, Notch and Shh signaling pathway. After overexpression of Rab18, we 

found that the activity of Wnt, Notch and Shh was increased. This result 

show that Rab18 is the upstream for the Wnt, Notch and Shh pathway. 

Previously, we find that female Rab18-/- mice have odor discrimination 

defects that they cannot discriminate odors of their own pups from foreign 

ones. We further examined whether they had deficits in chemical odor 

discrimination. We found that Rab18-/- mice had impaired odor memory in 

chemicals as well. Our finding suggests that Rab18 is required for odor 

memory. Taken together, our studies suggest that Rab18 regulates NSC 

proliferation, self-renewal and odor memory in mice, also Rab18 is the 

upstream for the Wnt, Notch and Shh pathway. 
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Introduction 

Adult neurogenesis 

Neurogenesis is a process to produce newborn neurons from neural stem 

cells (NSCs) (Leuner and Sabihi, 2016). Adult neurogenesis is a process 

regulated by various physiological, pathological and pharmacological 

stimuli (Ming and Song, 2011). In the adult mammalian brain, there are 

two places with NCSs, the subventricular zone (SVZ) of the lateral 

ventricles and the subgranular zone (SGZ) in the dentate gyrus (DG) 

(Ming and Song, 2011). Adult neurogenesis is required for learning and 

memory, emotions, stress, depression, smell and the repair of a brain 

injury (Cameron and Glover, 2015). Adult neuronal renewal has the 

potential to rescue cognitive deficits caused by neurodegenerative 

diseases (Hollands et al., 2016).  

NSCs have two main characteristics, the capacity for self-renewal 

through cell division and the capacity for generating specialized cell types 

through differentiation (Ming and Song, 2011). NSCs exist in the SGZ 

and the SVZ and stay in a largely quiescent state (Doetsch et al., 1999; 

(Bonaguidi et al., 2011). There are many different important 

transcriptional regulators of neurogenesis, such as Sox2, NeuroD1, Pax6, 

Gsx2, Sp8, Prox1, Ascl1and TLX (Zhao et al., 2008). Epigenetic 

mechanisms also control the levels of neurogenesis (Zhao et al., 2008). 

Also, many pathways related to embryonic development, Wingless 

(Wnt), Sonic hedgehog (Shh) and Notch, regulate adult neurogenesis 

(Zhao et al., 2008). Adult neurogenesis is regulated by complicated 
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mechanisms, and whether there are other factors regulating adult 

neurogenesis remains unclear. In this study, we are interested in the SVZ- 

olfactory bulb (OB) pathway in adult neurogenesis. 

 

The SVZ-olfactory bulb (OB) pathway 

Adult NSCs exist in the SVZ and produce transit-amplifying cells 

(TACs). TACs produce neuroblasts that migrate through the rostral 

migratory stream (RMS) to the OB. After reaching the OB, neuroblasts 

differentiate into interneurons (Ming and Song, 2011). The SVZ-OB 

pathway is very important for the function in adult rodents. When odor 

molecular was inhaled into the nasal cavity, the main olfactory epithelium 

and vomeronasal organ are the first areas to interact with the molecular. 

There are the main olfactory system (MOS) and the accessory olfactory 

system (AOS) in the olfactory system. MOS distinguishes general odor 

molecules, such as food, which are first transmitted by the olfactory 

epithelium and thought the main olfactory bulb (MOB) to the cortex. 

AOS receives the pheromone molecules, such as hormone and the odor of 

the pup, which is transmitted from the vomeronasal organ to the 

accessory olfactory bulb (AOB) and then transmitted to the hypothalamus 

and amygdala (Doetsch et al., 1999; Feierstein, 2012). In some 

neurodegenerative diseases, such as Alzheimer's disease and Huntington's 

disease, there is a symptom with a complete lack of odor perception or a 

change in the acuity of odor perception (Doty et al., 2014). Since adult 

neurogenesis in the SVZ-OB suggests that the mature central nervous 

system also has the capacity to regenerate, it may be a hope for the 
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patients with brain injuries or degenerative diseases (Lledo and Valley, 

2016).  

 

Rab protein  

Rab proteins are the superfamily of small GTPases. The major function of 

Rab proteins is the regulation of protein trafficking (Muller and Goody, 

2018). Rab small GTPases are highly conserved master regulators of 

vesicular traffic in all eukaryotes (Ishida et al., 2016). Rab proteins are 

activated by a guanine nucleotide exchange factor (GEF) and bound GDP 

is replaced by GTP. Rab proteins become inactivate by GTPase activating 

proteins (GAPs) and hydrolysis GTP to GDP. In endomembrane system, 

transport between the ER and Golgi complex is mediated by several 

GTPases, such as Rab1 and Rab2. In the Golgi apparatus, the vesicle 

transport is regulated by Rab11 and related Rab proteins (Brighouse et 

al., 2010). Besides, Rab proteins also play an important role in neuronal 

processes such as NTF/neurotrophin-mediated signaling and cause 

neurite outgrowth consequently. Another molecular process activated by 

Rab proteins is macroautophagy, a cellular catabolic process essential for 

neuronal maintenance. Macroautophagy is associated with different 

neurodegenerative disorders. In Alzheimer disease (AD) and mild 

cognitive impairment patients, it has been found that the expression of 

Rab4A, Rab5A, Rab7A, and Rab27A gene was higher in brains (Jain and 

Ganesh, 2016). However, there is little knowledge about how Rab 

proteins regulate adult neurogenesis. 
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Ras-related protein 18 (Rab18) 

Rab18 is one of the Rab proteins, which is related to endoplasmic 

reticulum-Golgi transport (Dejgaard et al., 2008), regulation of secretory 

granules (Vazquez-Martinez et al., 2007), peroxisome (Gronemeyer et al., 

2013), macroautophagy and proteostasis (Feldmann et al., 2017). It also 

regulates the release of dopamine in neuroendocrine cells (Bem et al., 

2011). Researchers discover that Warburg Micro syndrome (WARBM) is 

caused by Rab18 loss-of-function mutation. In previous studies, we found 

that adult neurogenesis in the OB and DG was decreased in both virgin 

and postpartum Rab18 null mice, indicating that Rab18 is essential for 

adult neurogenesis in the OB and DG (Hung, 2018). Rab18 null mice 

have impaired maternal behaviors with high frequency of maternal 

infanticide behaviors (Chou, 2015). And we found that Rab18 was 

required for odor discrimination, but the mechanisms still unknown 

(Huang, 2018). Also, researchers discover that Rab18 plays a key role 

during carcinogenesis. And it has been reported that Rab18 promotes 

non-small-cell lung cancer cell proliferation (Wu et al., 2018). In the 

NSCs, we found that Rab18 maintains cell proliferation (Yang, 2019). 

However, the molecular mechanism how Rab18 regulates NSC 

proliferation is unknown. 

In this study, we are interested in how Rab18 regulates NSC 

proliferation, self-renewal and odor discrimination in mice. We found that 

Rab18 was necessary and sufficient for the expression of Cyclin D1 

protein, NSC proliferation and self-renewal. In addition, Rab18 activates 
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the Wnt, Notch and Shh pathway. It is also necessary for odor memory in 

virgin female mice.
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Materials and methods 

Experimental animals 

Rab18+/+ (WT) and Rab18-/- female mice and ICR-mice were used in this 

thesis. Mice were bred in the animal facility at the Department of Life 

Science, National Taiwan Normal University. Rab18-/- mice were 

produced by Rab18+/- mice and Rab18+/- mice and were a kind give from 

Dr. C-J Hong laboratory, National Yang-Ming University (Cheng et al., 

2015). Mice were fed with food and water ad libitum. The housing 

condition with all mice were maintained in a 12hr light/dark cycle (light 

on at 7:00) in IVC system. At 4 weeks old, they were genotyped by 

polymerase chain reaction (PCR). When Rab18+/- female mice were 9-11 

weeks old, they were paired with Rab18+/- male mice, and their 

pregnancy was determined by vaginal plugs. 

 

P19 cell culture 

P19 cell line (the mouse embryonic carcinoma cell line) was cultured in 

MEMα (Invitrogen) with 7.5% calf serum (HyClone), 2.5% fetal bovine 

serum (FBS; HyClone) and 1% Penicillin-Streptomycin-Glutamine (PSG; 

Invitrogen) at 37°C in 5% CO2 incubator.  

 

Transfection for P19 cells 

In western blot analysis, 6x105 of P19 cells were cultured in 6-well plates. 

P19 cells were cultured in MEMα (Invitrogen) with 7.5% calf serum 

(HyClone), 2.5% fetal bovine serum (FBS; HyClone) and co-transfected 

with 1 μg of anti-puromycin or GFP, 1.4 μg of shRab18 1-1 and 5-1 or 
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Rab18-1 and Rab18-2 and shLaz or EGFP as the control group. 

Lipofectamine®  2000 (LF2000; Invitrogen) was used for transfection. 10 

hrs after transfection, cells were cultured in Opti-MEM (Invitrogen) with 

15 μg/ml puromycin (Sigma-Aldrich), 1% FBS and 1% PSG 14 hrs. After 

14 hrs, Cells were lysed by SDS lysis buffer (10% SDS, 60 mM Tris-HCl 

pH6.8). 

In luciferase assay, 1.2x105 P19 cells were cultured in 12-well plates. 

P19 cells were cultured in MEMα (Invitrogen) with 7.5% calf serum 

(HyClone), 2.5% fetal bovine serum (FBS; HyClone) and co-transfected 

0.05 µg of US2-renilla Luciferase, 0.5 µg of EGFP, EGFP-Rab18-2, 

Ctnnb1, NICD, Gli2 and 0.7 µg of wild type (WT) or mutated (MT) 

transcription factor binding site with Firefly Luciferase reporter 

constructs. After 10 hrs, medium was replaced to Opti-MEM with 1% 

FBS and PSG. 

 

Western blot analysis 

Protein concentration was determined using the Bio-Rad Protein Assay 

(Thermo). An equal amount of protein (20 µg) were separated by sodium 

dodecylsufate-poly-acrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting was carried out according to standard methods. Primary 

antibodies used for Western blot analysis were mouse anti-β-Tubulin 

(1:1000; Sigma-Aldrich), rabbit anti-Cyclin D1 (1:5000; Abcam), rabbit 

anti-GFP (1:1000; Invitrogen), rabbit anti-nucleolin (1:1000; Abcam) and 

HRP- conjugated goat anti-rabbit or goat anti-mouse secondary 

antibodies (1:20000; Jackson Immuno Research) and ECL kit (Thermo) 
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were used. Chemiluminescent was detected with the Luminescent image 

analyzer ImageQuant Las4000 to detect. Signal intensities of Western 

blot analysis were quantified by using Image J. The signal intensities of 

experimental groups were normalized to their controls at the same 

membrane. 

 

Luciferase reporter assay 

One day after transfection, P19cells were washed twice with PBS and 

lysed Dual-Luciferase Assay System (Promega) was used to measure the 

reporter activity. Renilla Luciferase activities were the internal control for 

transfection efficiency or cell survival. Firefly luciferase activities were 

normalized with the renilla Luciferase activities. 

 

Neurosphere (NS) culture 

In immunofluorescence, NSCs were derived from postnatal day 7 (P7) 

ICR mice SVZ. SVZ tissues were cut off from the coronal brain sections 

and dissociated with trypsin (Sigma-Aldrich). SVZ cells were cultured in 

24-well dish (1 mouse/well). The medium was Dulbecco’s modified 

Eagle's medium (DMEM/F12, Invitrogen) with 1% N2 (Invitrogen), 10 

ng/ml bFGF (Sigma-Aldrich), 20 ng/ml EGF (Sigma-Aldrich), 2 mg/ml 

Heparin (Sigma-Aldrich) and Penicillin-Streptomycin-Gluatmax (Sigma-

Aldrich). Cells were cultured at 37°C, 5% CO2 incubator for 7 days, each 

well with 2 ml of medium. Every other day, half of the medium was 

replaced. After 7 days, NSCs formed primary (1’) NSs. 1’ NSs were 

dissociated. 1x105 cells were cultured in 24-well dishes which coverslips 
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coated with poly-L-lysine (Sigma-Aldrich) and laminin (Invitrogen) and 

cultured in DMEM/F12 with 1% N2, 1% FBS without antibiotics 1 hr 

before transfection. EGFP-Rab18-1, EGFP-Rab18-2 and EGFP (0.7 

μg/μl for each) were transfected to NSCs by LF2000. The medium was 

replaced to 1% N2, 1% FBS with PSG 6 hrs after transfection. For cell 

proliferation, NSCs were cultured for 2 days and 5-Bromo-2-

deoxyuridine (BrdU: 5 μM in phosphate-buffered saline; PBS: Sigma-

Aldrich) was added for 2 hrs before fixation on day 2. For cell 

differentiation, NSCs were cultured for 3 days. 

 To measure neurosphere (NS) formation, NSCs were derived from 

postnatal day 7 (P7) Rab18-/- mice SVZ. SVZ cells were cultured in 12-

well dish (1x105 cells/well). After 7 days, NSCs formed primary (1’) 

NSs. 1’ NSs were dissociated and 5x104 cells were cultured in 12-well 

dishes to form secondary (2’) NSs for 5 days. 

 

Immunofluorescence 

To measure NSC proliferation, 5 μm of BrdU was added into the medium 

2 hrs before fixation. NSCs were rinsed once with PBS (pH7.4). NSCs 

were fixed by 4% paraformaldehyde (PFA) for 15 mins. Cells were 

washed with PBT (1X PBS with 0.2% Triton X-100) and incubated in 2N 

HCl at 37 ℃ for 15 mins. Then cells were incubated in 0.1 M of sodium 

borate for 10 mins and wash with PBT at room temperature before 

blocking. Cells were incubated in goat serum blocking buffer for 1 hr. 

Then cells were incubated with rat anti-BrdU (1:500; Accurate) and 

rabbit anti-GFP (1:1000; Invitrogen) at 4℃ for 24 hrs. Cells were labeled 
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with DyLightTM 549-conjugated goat anti-rat IgG and 488-conjugated 

goat anti-rabbit IgG secondary antibody (1:1000; Abcam) for 2 hrs. Cells 

were wash by PBT for 2 times and incubated in DAPI (1:50000; 

Invitrogen) for 30 mins.  

 To measure NSC differentiation, NSCs were fixed in 4% PFA for 15 

min. After wash, cells were incubated in goat serum blocking buffer for 1 

hr. Then cells were incubated with mouse anti-Tuj1 (1:1000; Covance) or 

mouse anti-GFAP (1:1000; Millipore) and rabbit anti-GFP (1:1000; 

Invitrogen) at 4℃ for 24 hrs. Cells were labeled with DyLightTM-550 

goat anti-mouse and DyLightTM-488 goat anti-rabbit secondary antibody 

(1:1000; Abcam) for 2 hrs. Cells were wash by PBT for 2 times and 

incubated in DAPI (1:50000; Invitrogen) for 30 mins. 

 

Odor discrimination task 

Odor discrimination task with modifications was performed for checking 

whether mice could distinguish different chemical odors. Virgin mice 

were put in a novel cage for 15 mins and mineral oil (Sigma-Aldrich) 

added in gauze was put into this cage for 3 mins in the first trial. Carvone 

(+) (Sigma-Aldrich) added in gauze was put into cage after oil and 

repeated for four trials. The covered gauze by carvone (-) (Sigma-

Aldrich) was placed into the cage for 3 mins in the final trial. The 

concentration of stock: 6.4 M. The concentration of odor: 64 mM. Time 

virgin mice spent in sniffing at the covered gauze were recorded and all 

trials were 3 mins apart.  
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Statistical analysis 

Comparisons were analyzed by one-way followed by Tukey's post-hoc 

analysis. Statistical significance was indicated as *: p<0.05, **: p<0.01. 
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Results 

Rab18 promotes proliferation of NSCs from postnatal SVZ 

In the previous study, Rab18 is found to be necessary for proliferation of 

postnatal NSCs (Yang, 2019). Rab18 may also be sufficient for their 

proliferation. To test whether Rab18 promotes the proliferation of 

postnatal NSCs, we overexpressed Rab18 in postnatal NSCs (Fig.1). 

Postnatal NSCs from SVZ of postnatal day 7 mice were cultured in 

suspension condition supplied with mitogenic growth factors to form 1’ 

NSs. 1’ NSs were dissociated and transfected with EGFP, EGFP-Rab18-

1 (Rab18-1) or EGFP-Rab18-2 (Rab18-2). After transfection, NSCs were 

cultured in differentiation condition for 2 days when cells were still 

actively dividing. We added BrdU, the thymidine analog, to NSC cultures 

2 hrs before fixation. We found that there was an increase in BrdU-

positive cells in the Rab18-1, but not in Rab18-2 group (Ctrl: 8.474947 ± 

1.643993%, Rab18-1: 18.99409 ± 3.887747%, p=0.0446; Rab18-2: 

14.24627 ± 3.666519%, p=0.1847; Fig. 1D). This result suggests that 

Rab18 positively regulates proliferation in NSCs and neural progenitor 

cells.  

 

Rab18 has no effect on the differentiation of postnatal NSCs 

In the previous study, knockdown of Rab18 had no effect on the 

differentiation of postnatal NSCs (Yang, 2019). We hypothesized that 

overexpression Rab18 also had no effect on the differentiation of NSCs. 

To test this hypothesis, postnatal NSCs from SVZ of postnatal day 7 mice 

were cultured in suspension condition supplied with mitogenic growth 
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factors to form 1’ NSs. 1’ NSs were dissociated and transfected with 

EGFP, EGFP-Rab18-1 (Rab18-1) or EGFP-Rab18-2 (Rab18-2). After 

transfection, NSCs were cultured in differentiation condition for 3 days. 

Cells were labeled by antibody for neuron (Tuj1) or astrocytes (GFAP). 

We found that there was no difference in GFAP-positive cells (Ctrl: 

30.32769 ± 2.597713%; Rab18-1: 32.25731 ± 4.734796%, p=0.684; 

Rab18-2: 32.68074 ± 6.163507%, p=0.689; Fig.2) and Tuj1-positive cells 

(Ctrl: 10.5642 ± 1.55951%; Rab18-1: 9.80326 ± 2.2845%, p=0.753; 

Rab18-2: 8.13372 ± 4.12344%, p=0.537; Fig.3) in the Rab18-1, Rab18-2 

and ctrl group. These findings suggest that Rab18 does not regulate the 

differentiation of NSCs. 

 

Rab18 is necessary for proliferation of NSCs from postnatal SVZ 

Previously, we find that Rab18 regulates adult neurogenesis through cell 

non-autonomous effect, by inhibiting dopamine and increasing prolactin 

production (Huang, 2018; Hung, 2018). Since Rab18-/- mice are not SVZ-

specific, we cannot rule out whether Rab18 regulates adult neurogenesis 

cell-autonomously. Also, we find that Rab18 regulates cell proliferation 

in NSCs by knockdown of Rab18, but the efficiency for knockdown was 

lower than 40% (Yang, 2019). When Rab18 was 100% lost in NSCs, it 

may cause a more significant effect on NSCs. To test it, NSCs were taken 

from the SVZ of wild type and Rab18-/- mice and cultured for 7 days to 

form 1' NSs (Fig. 4A-B). There was no difference in sphere number in 

cultures from Rab18-/- mice (Ctrl: 310.167 ± 75.237, Rab18-/-: 235.833 ± 

59.564, p=0.4159; Fig. 4C). In sphere size, there was an increase of 
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smaller (≤50 µm and 50-100 µm in diameter) and decrease of larger 

(≥200 μm) spheres in cultures from Rab18-/- mice (≤50 µm in diameter: 

Ctrl: 3.17082 ± 0.46271%; Rab18-/-: 9.88038 ± 1.47578%, p=0.004; 50-

100 µm in diameter: Ctrl: 32.9493 ± 2.66195%; Rab18-/-: 41.9746 ± 

1.76926%, p=0.01; ≥200 µm in diameter: 16.5054 ± 2.74347%; Rab18-/-: 

7.09257 ± 1.03247%, p=0.006; Fig. 4D). These findings suggest that 

Rab18 is necessary for cell proliferation of postnatal NSCs. 

 

Rab18 is necessary for self-renewal of NSCs from postnatal SVZ 

NSCs also have a cardinal feature which is self-renewal to maintain the 

NSC number (Gage et al., 1995; Weiss et al., 1996). To examine whether 

Rab18 is also necessary for self-renewal of postnatal NSCs, NSCs were 

taken from the SVZ of wild type and Rab18-/- mice and cultured for 7 

days to form 1' NSs. After 1’ NSs were dissociated, they were cultured 

for 5 days to form 2' NSs (Fig. 5A, B). There was a decrease in sphere 

number in cultures from Rab18-/- mice (Ctrl: 1433.75 ± 168.2256; Rab18-

/-: 623 ± 344.6539, p=0.028975; Fig. 5C). In sphere size, there was also 

an increase of smaller (50-100 μm) and a decrease of larger (100-150 μm) 

spheres in 2' NS cultures from Rab18-/- mice (50-100 µm in diameter: 

Ctrl: 34.73957 ± 0.976288%; Rab18-/-: 47.87081 ± 1.474941%, p=0.043; 

100-150 µm in diameter: Ctrl: 41.2756 ± 1.279304%; Rab18-/-: 33.59848 

± 2.257737%, p=0.021; Fig.5D). These findings suggest that Rab18 is 

necessary for self-renewal of NSCs. 
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Rab18 regulates the expression of Cyclin D1 in P19 cell line 

To study the molecular mechanisms how Rab18 regulates NSC 

proliferation and self-renewal, we hypothesized that the change of cell 

proliferation might be through cell cycle proteins. To test this hypothesis, 

Rab18 was knocked-down or overexpressed in the P19 cell line, which is 

an embryonal carcinoma cell line. P19 cells can undergo neuronal 

differentiation by retinoic acid (McBurney et al., 1982). Cyclin D1 is a 

protein required for the progression from G1 phase to S phase in the cell 

cycle (Baldin et al., 1993). There was a significantly decreased in the 

expression of Cyclin D1 in the shRab18 5-1, but not in shRab18 1-1group 

(Ctrl: 100 ± 0%, shRab18 1-1: 73.7 ± 3.4%, p=0.067; shRab18 5-1: 52.2 

± 11.5, p=0.000; Fig. 6B). Overexpression of Rab18 significantly 

increased the expression of Cyclin D1 (Ctrl: 100 ± 0%, Rab18-1: 

160.0351 ± 22.34892%, p=0.035; Rab18-2: 182.8876 ± 36.05375, 

p=0.005; Fig. 6E). This result suggests that Rab18 is necessary and 

sufficient for the expression of Cyclin D1. 

 

Rab18 activates the Wnt, Notch and Shh signaling pathways 

To study the molecular mechanisms how Rab18 regulates the expression 

of Cyclin D1, we hypothesized that Rab18 might regulates the expression 

of Cyclin D1 through signaling pathways related with NSC regulation. In 

the previous study, Cyclin D1 is regulated by many pathways: Wnt, 

Notch or Shh pathway (Pelullo et al., 2019).  

Wnt/β-catenin pathway is important for stem cell proliferation in the 

intestine, skin, hematopoietic and nervous system (Kumar and Devaraj, 

2012). When Wnt pathway is activated, β-catenin enters into the nucleus 
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to bind with the transcription factor TCF (Behrens et al., 1996). β-

catenin/TCF complex has many target gene, and one of them is Cyclin 

D1 (Shtutman et al., 1999). We tested whether Rab18 regulated Wnt 

activity by Luciferase reporter assay in P19 cell line (Fig.7A). Luciferase 

reporter constructs containing wildtype (WT) or mutant (MT) β-

catenin/TCF binding sites (TOP or FOP) and positive control (β-catenin) 

had been co-transfected into P19 cells. There was an significantly 

increase in the Wnt reporter after Rab18 overexpression (TOP: Ctrl: 100 

± 0%; Rab18: 555.167 ± 135.663%, p=0.01927; β-catenin: 6279.91 ± 

1753.72%, p=0.01696; Fig.7B). 

In the Notch signaling pathway, it has been reported that Notch 

signaling inhibits neuronal differentiation and maintains stemness in 

NSCs (Koch et al., 2013). Notch is a single transmembrane protein and 

its ligands are Jagged and Delta (Lissemore and Starmer, 1999; Kovall et 

al., 2017). When Notch binds to its ligands, Notch intracellular domain 

(NICD) is cleavaged by γ-secretase (Kovall, 2007; Kopan and Ilagan, 

2009). NICD translocate into the nucleus and binds with mastermind-like 

protein and CBF1 to activate target gene expression (Ables et al., 2011). 

Cyclin D1 is a direct target gene for the Notch signaling pathway (Cohen 

et al., 2009). We tested whether Rab18 regulated Notch activity by 

Luciferase reporter assay in P19 cell line (Fig.7A). Luciferase reporter 

constructs containing wildtype (WT) or mutant (MT) CBF binding sites 

(WT-CBF1 or MT-CBF1) and positive control (NICD) had been co-

transfected into P19 cells. There was an significantly increase in the 

Notch reporter after Rab18 overexpression (WT-CBF1: Ctrl: 100 ± 0%; 
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Rab18: 3660.85 ± 1292.73%, p=0.03694; NICD: 70569.8 ± 33389.7%, 

p=0.07769; Fig.7C) after transfection Rab18. 

The Shh pathway is activate by Shh binding to the Ptc mediated 

Smoothened (Smo) (Ptc-smo) receptor complex (Choudhry et al., 2014). 

Smo regulates Gli processing and activation. When the Shh pathway is 

activated, Gli translocates to the nucleus and starts the transcription of 

target genes, such as Ptch1 and Gli1 (Robbins et al., 2012; Blotta et al., 

2012). Also, Shh regulates NSCs proliferation in the neural groove 

though Cyclin D1 (Lobjois et al., 2004). We tested whether Rab18 

regulated Shh activity by Luciferase reporter assay in P19 cell line 

(Fig.7A). Luciferase reporter constructs containing wildtype (WT) or 

mutant (MT) Gli2 binding sites (Gli or mGil) and positive control (Gli2) 

had been co-transfected into P19 cells. We found that overexpression 

Rab18 significantly activated the Shh signaling pathway (Gli: Ctrl: 100 ± 

0%; Rab18: 285.408 ± 30.55%, p=0.0172; Gli2: 3791.17 ± 549.9%, 

p=0.0145; Fig. 7D).  

Our data suggest that Rab18 promotes the Wnt, Notch and Shh 

signaling pathway. 

 

Rab18 is required for general odor memory in virgin mice 

In a previous study, researchers found that a chronic loss of adult 

neurogenesis affects both OB structure and olfactory behavior (Valley et 

al., 2009). Adult neurogenesis required for olfaction-dependent behaviors 

(Kageyama et al., 2012). In the previous research, it has been shown that 

Rab18 required for pheromone odor discrimination in postpartum mice 
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(Huang, 2018). Therefore, we assumed that Rab18 also regulated general 

odor discrimination. To examine this behavior, an odor discrimination 

task was performed (Fig.8A). First, the mice were put in a cage with 

mineral oil. The mineral oil was replaced by Carvone (+) in trial 1 (T1) to 

T4. There was a significant difference in sniffing time from T1 to T4 in 

virgin WT (F=11.295; p=0.000). It suggests that WT mice remember the 

odor in the test. Moreover, there was no difference of sniffing time from 

T1 to T4 in Rab18-/- mice (F=0.54; p=0.658; Fig 8B). Also, there was a 

significant difference in sniffing time between WT and Rab18-/- mice 

(F=3.087; p=0.002). Our data suggest that Rab18 is important for odor 

memory. After T4, Carvone (+) was replaced by a novel odor, Carvone 

(-) (N). There was no difference of sniffing time in T4 to N both in WT 

(F=1.125; p=0.305) and Rab18-/- mice (F=0.265; p=0.613). Rab18 may 

not be required for general odor discrimination. 
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Discussion 

In this work, we found that Rab18 was sufficient and necessary for 

proliferation of NSCs from the postnatal SVZ (Fig. 1, 4 and 5). Also, we 

found that Rab18 is necessary for self-renewal in NSCs (Fig. 5). In P19 

cell line, we found that Rab18 was necessary and sufficient for the protein 

expression of Cyclin D1 (Fig. 6). Also, Rab18 regulates the activity of the 

Wnt, Notch and Shh pathway (Fig. 7). In addition, Rab18 was required 

for the chemical odor memory (Fig. 8). 

 

Rab18 may regulate NSC proliferation through Cyclin D1 

In the present study, we found that Rab18 was sufficient and required for 

NSCs proliferation (Fig. 1, 4 and 5). Rab18 also regulated the protein 

expression of Cyclin D1 (Fig. 6). Cyclin D1 is an activator of cell cycle 

progression to regulate the mitosis (Baldin et al., 1993). Cell cycle is one 

of the keys to regulate the self-renewal in NSCs. In a previous study, 

researchers find that Cyclin D1 is necessary for the proliferation of NSCs 

(Ma et al., 2010). We suspect that Rab18 regulates NSCs cell 

proliferation through Cyclin D1. We can test this by overexpression of 

Cyclin D1 in NSCs derived from 1’ NSs of Rab18-/- or WT mice and 

cultured them in the differentiation condition. If Rab18 regulates NSC 

proliferation through Cyclin D1, overexpression of Cyclin D1 may 

increase BrdU-positive cells in the Rab18-/- group. 
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Rab18 may promote the Wnt, Notch or Shh pathway to regulate 

NSCs proliferation 

In our study, we found that Rab18 promoted the Wnt, Notch and Shh 

pathway in Luciferase reporter assay (Fig.7). In previous study, 

researchers discover that Wnt, Notch and Shh also regulate NSC 

proliferation and activating Cyclin D1 (Kumar and Devaraj, 2012; 

Shtutman et al., 1999; Koch et al., 2013; Cohen et al., 2009; Lobjois et 

al., 2004). We propose that Rab18 may regulate NSC proliferation 

through the Wnt, Notch or Shh pathway. To test this hypothesis, we can 

overexpression the Wnt, Notch or Shh effector (β-catenin, NICD or 

Gli1/2) in 1’ NSs from SVZ of postnatal day7 Rab18-/- mice. If Rab18 

regulates NSCs proliferation through the Wnt, Notch or Shh pathway, the 

NS size in β-catenin, NICD or Gli1/2 overexpression group will be bigger 

than that in the Rab18-/- only group. 

 

Rab18 may regulate the releases of Wnt or Shh to promote the Shh 

pathway 

In the present study, we find that Rab18 promotes the Wnt, Notch and 

Shh pathway in P19 cells (Fig. 7). Rab protein is a mediators of protein 

trafficking (Gopal Krishnan et al., 2020). We propose that Rab18 may 

regulate Wnt or Shh to secrete into the extracellular matrix. To test this 

hypothesis, we can use NSCs derived from 2’ NSs of Rab18-/- or WT 

mice and analyze the protein concentration for Wnt or Shh in the medium 

by the enzyme-linked immunosorbent assay (ELISA). If Rab18 regulates 
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Wnt or Shh secretion, the protein concentration for Wnt or Shh will be 

decreased in the Rab18-/- group. 

 

How to improve the experimental design of odor discrimination? 

In odor discrimination task, we used two general odors, carvone (+) and 

carvone (-), which are the enantiomer. Their odors are similar. In WT 

group, there was no difference of sniffing time between T4 to N. We 

propose that the general odor molecules are too similar to discriminate in 

WT virgin female mice. To test this hypothesis, we can use an odor 

which have difference chemical structure, such as eugenol, to replace 

carvone (-). If WT virgin female mice can discriminate carvone (+) and 

the new odor, the sniffing time will be increase from T4 to N. 

In conclusion, Rab18 is sufficient and necessary for proliferation and 

necessary for self-renewal of NSCs, which might be through the Wnt, 

Notch or Shh pathway. Also, Rab18 is necessary for odor memory. 
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Figures 

 

Figure 1. Rab18 promotes the proliferation of postnatal NSCs 

SVZ P7 NSCs were cultured for 7 days to form 1’ NSs. 1’ NSs were 

dissociated and transfected with EGFP (Ctrl), EGFP-Rab18-1(Rab18-1) 

or EGFP-Rab18-2 (Rab18-2) with GFP plasmids and cultured in 

differentiation condition for two days to test whether Rab18 regulated 

NSC proliferation. BrdU was added 2 hrs before fixation. Cells were 

labeled with GFP (green) and BrdU (red) antibodies. Nuclei were stained 
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by DAPI (blue). Arrows represent GFP and BrdU double-positive cells 

(A-C). After overexpression of Rab18, an increase was found in 

proliferating cell number in postnatal NSCs. Quantification of A, B, and 

C (D). Scale bar: 40 µm. *: p < 0.05 compared to the control group. One-

way ANOVA with post hoc Tukey. Ctrl, Rab18-1: n=4. Rab18-2: n=5. 
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Figure 2. Rab18 has no effect on the astrocyte differentiation of 

postnatal NSCs 

SVZ P7 NSCs were cultured for 7 days to form 1’ NSs. 1’ NSs were 

dissociated and transfected with EGFP (Ctrl), EGFP-Rab18-1(Rab18-1) 

or EGFP-Rab18-2 (Rab18-2) with GFP plasmids and cultured in 

differentiation condition for three days to test whether Rab18 regulated 

NSCs to differentiate into astrocyte. Cells were labeled with GFP (green) 

and GFAP (red) antibodies. Nuclei were stained by DAPI (blue). Arrows 

represent GFP and GFAP double-positive cells (A-C). After 
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overexpression of Rab18, there was no difference in astrocyte cell 

number in postnatal NSCs. Quantification of A, B, and C (D). Scale bar: 

40 µm. One-way ANOVA with post hoc Tukey. n=3. 

  



26 
 

Figure 3. Rab18 has no effect on neuronal differentiation of postnatal 

NSCs 

SVZ P7 NSCs were cultured for 7 days to form 1’ NSs. 1’ NSs were 

dissociated and transfected with EGFP (Ctrl), EGFP-Rab18-1(Rab18-1) 

or EGFP-Rab18-2 (Rab18-2) with GFP plasmids and cultured in 

differentiation condition for three days to test whether Rab18 regulated 

NSCs to differentiate into neurons. Cells were labeled with GFP (green) 

and Tuj1 (red) antibodies. Nuclei were stained by DAPI (blue). Arrows 

represent GFP and Tuj1 double-positive cells (A-C). After 
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overexpression of Rab18, there was no difference in neuron cell number 

in postnatal NSCs. Quantification of A, B, and C (D). Scale bar: 40 µm. 

One-way ANOVA with post hoc Tukey. n=3. 
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Figure 4. Rab18 is necessary for proliferation of postnatal NSCs 

NSCs were isolated from SVZ of postnatal day7 wild type (WT) and 

Rab18-/- mice and cultured to form 1'NSs (A-B). In Rab18-/- group, there 

was a decrease in the NS size, but not the NS number (C-D). 

Quantification of the 1’ NS number. t-test (C). Quantification of the 1’ 

NS diameter. **: p < 0.01. Mann-Whitney U test (D). Scale bar:100 mm. 

n=6. 
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Figure 5. Rab18 is necessary for proliferation and self-renewal of 

NSCs 

NSCs were isolated from SVZ of postnatal day7 wild type (WT) and 

Rab18-/- mice and cultured to form 2’ NSs (A-B). In Rab18-/- group, there 

was a decrease in the NS number and size (C-D). Quantification of the 2’ 

NS number. t-test (C). Quantification of the 2’ NS diameter. *: p < 0.05. 

Mann-Whitney U test (D). Scale bar=100 mm. n=4. 
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Figure 6. Rab18 is necessary and sufficient for the expression of 

Cyclin D1 protein 

P19 cells were lysed after transfection with shRab18 1-1, shRab18 5-1, or 

control (Ctrl) (A). Proteins were subjected to Western blot analysis for 

Cyclin D1. β-tubulin was used as a loading control. Quantitation of 

Cyclin D1 expression (B). The intensity of Cyclin D1 was normalized to 

that of β-tubulin and results were shown as relative intensity to the 

control. shRab18 1-1 significantly decreased the expression of Cyclin D1. 
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n=8. P19 cells were transfected with Rab18-1, Rab18-2 or control (Ctrl). 

Rab18-1 and Rab18-2 were fusion protein with GFP (C, D). Proteins 

were subjected to Western blot analysis for GFP (C). The protein size of 

GFP, Rab18 and GFP-Rab18 is 27 kDa, 23 kDa and 50 kDa, respectively. 

Proteins were subjected to Western blot analysis for Cyclin D1 (D). 

Quantification of Cyclin D1 expression. The intensity of Cyclin D1 was 

normalized to that of nucleolin and results were shown as relative 

intensity to the control (E). Rab18-1 and Rab18-2 significantly increased 

the expression of Cyclin D1. Indicated as means ± S.E. *: p < 0.05; **: p 

< 0.01. One-way ANOVA followed by Tukey's post-hoc analysis. n=7. 
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Figure 7. Rab18 activates the Wnt, Notch and Shh signaling pathway 

P19 cells were transfected with control or Rab18 along with firefly 

Luciferase reporter constructs with WT/mutant (MT) transfection factor 

binding sites for each pathway. WT transfection factor binding sites are 

TOP (Wnt), WT-CBF1 (Notch) and Gli (Shh). MT transfection factor 

binding sites are FOP (Wnt), MT-CBF1 (Notch) and mGli (Shh). The 

timeline and plastids for Luciferase reporter assay (A). Cells were lysed 

one day after transfection (B, C, D). Rab18 increased the transcription 

activity of Wnt, Notch and Shh pathway. *: p < 0.05. t-test. Wnt: n=5, 

Notch: n=5, Shh: n=3. 
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Figure 8. Rab18 is required for general odor memory in virgin mice  

Odor discrimination task was used to examine olfactory behaviors in 

virgin mice. Mice were put into a new cage with mineral oil for 3 mins. 

The oil was replaced by the Carvone (+) for trial 1 to 4. At the last trail, 

the odor was changed to Carvone (-) (A). There was a significant 

decrease in sniffing time in WT mice from T1 to T4 (B). On the contrary, 

there was no difference in sniffing time in Rab18-/- mice from T1 to T4 

and in novel odor (N) both in WT and Rab18-/- mice. Indicated as means 

± S.E. **: p<0.01, compared with the WT group T1 to T4. ##: p<0.01, 
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compared with the WT and MU group. One-way ANOVA followed by 

Tukey’s post-hoc analysis. WT: n=9, Rab18-/-: n=10. 
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