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Angelman syndrome (AS) is a neurodevelopmental disorder characterized by intellectual 

disability, motor dysfunction, absence of speech and seizures (Mabb et al., 2011; Wang et al., 2019; 

Williams et al., 2006) for which there is no current efficacious treatment. AS is caused by genetic 

alterations of the maternal allele that include the gene encoding for E3 ubiquitin-protein ligase 

(UBE3A) (Cooper et al., 2004; Kishino et al., 1997), which in neurons is subject to genomic 

imprinting (Kyllerman 2013; Bird 2014). Despite the genetic characterization, the mechanisms 

underlying AS symptoms and behavioural deficits remain to be understood. Hence, current research 

focuses on the understanding of this causality which could eventually be the key for finding potential 

novel treatments. The lack of UBE3A function results in dysregulations of several genes and proteins 

and is also accompanied by accumulation of some proteins such as the immediate early gene activity-

regulated cytoskeleton-associated protein  (Arc/Arg3.1)  (Pastuzyn and Shepherd, 2017), which lead 

to functional dysregulations of synapses (Sell and Margolis 2015; Scheiffele and Beg 2010). This 

protein accumulation implies that protein metabolism homeostasis (proteostasis) is compromised in 

AS. The mechanisms of impaired proteostasis in AS remain however largely unknown.  

In recent studies, Alberini and colleagues have demonstrated that protein degradation via 

autophagy (a major protein degradation pathway) coupled to de novo translation is induced by 

learning and required for long-term memory (Pandey et al. 2020). It was also found that an upstream 

mechanism of this coupling is the cation-independent mannose-6-phosphate/insulin-like growth 

factor 2 receptor (CIM6P/IGF-2R), a single transmembrane receptor known to regulate protein 
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trafficking and lysosomal functions, including cargos degradation (Yu et al. 2020; Wang et al., 2017; 

Hawkes and Kar, 2004).  Notably, two distinct ligands of IGF-2R, the polypeptide IGF-2 (or IGF-II) 

and the sugar mannose-6-phosphate (M6P), act as potent enhancers of memory and plasticity (Chen 

et al. 2011; Stern et al. 2014; Steinmetz et al. 2016; Steinmetz et al. 2018; Yu et al. 2020). 

Furthermore, both IGF-2 and M6P reverse several AS deficits in the UBE3A maternal-deficient (m-

/p+) AS mouse model, including impairments in cognitive functions and motor responses, as well as 

repetitive behaviours (Cruz et al. in review).  

Given these extensive behavioural data, my research experience in Alberini lab has been to 

focus on the molecular mechanisms underlying cognitive deficits associated with AS by using a 

murine model of the AS disease: UBE3A maternal-deficient (m-/p+) mice. Due to Covid-19 

emergency, during my first period, I focused my study on writing a review on the role of IGF-2 in 

memory, neurodevelopmental disorders and neurodegeneration, which is currently is in the final 

phase of revision by Dr. Alberini. In my second period, which started from 15th of June and in a 

limited manner, I focused my study on learning new techniques i.e. confocal microscopy and 

stereotaxic injection of Adeno-Associated Viral Vectors in mice and performed both molecular 

experiments (immunohistochemical analysis) and functional experiments (autophagy flux measure) 

in order to determine whether autophagy proteins and autophagic flux change in the hippocampus of 

AS mice compared to healthy controls, in both basal conditions and in response to learning.  

Methods 

Mouse model used: The studies were performed on adult (8 weeks of age) male and female ubiquitin 

protein ligase E3A (Ube3A) (m-/p+) mice on B6.129S7. Male mice carrying a paternally imprinted 

UBE3A knockout mutation (ordered from Jackson labs) were paired with C57 female mice. 

Subsequent female heterozygous mice were bred with male C57 mice; the progeny from this cross is 

heterozygous males (maternal transmission), heterozygous females (maternal transmission), wild 

type (WT) males, and wild type females. All animals were maintained on a 12hr light/dark cycle. 

Animals were provided with ad libitum access to food and water. All protocols complied with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved 

by the New York University Animal Welfare Committee. 

Immunofluorescent staining: Mice were anesthetized with intraperitoneal injection of 750 mg/kg 

chloral hydrate and transcardially perfused with 4% paraformaldehyde (PFA) 1x phosphate-buffered 

saline (PBS). The brains were post-fixed in the same solution overnight at 4°C, followed by 30% 

sucrose in PBS for 72h. Brain sections (30 μm) were collected as cryosections for free-floating 

immunofluorescent staining. Immunostaining was performed with antigen retrieval, which consisted 

of boiling the brain sections in nanopure H2O for 2 min. The sections were then incubated with the 

blocking solution (1x PBS, pH 7.4 with 0.025% Triton X-100, 10% normal goat serum, 3% bovine 

serum albumin) for 2h at room temperature, followed by incubation with the primary antibodies in 

PBS overnight at 4°C. The following primary antibodies were used: rabbit anti- CIM6P/IGF-2R 

(1:5000, Abcam, ab124767), guinea pig anti-SQSTM1 antibody (1:1000, American Research 

Products, 03-GP62-C). Subsequently, the brain sections were given 3 washes, each of 15 min, with 

1x PBST (1x PBS, pH 7.4 containing 0.025% Triton X-100), and then incubated in secondary 

antibody for 2h at room temperature. Secondary antibodies used were goat anti-rabbit Alexa Fluor 

488 (1:1000, Thermo Fisher Scientific, A32731) or goat anti-guinea pig Alexa Fluor 488 (1:1000, 
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Invitrogen, A-11073). The sections were given 3 washes, each of 15 min, with 1x PBST, rinsed with 

1x PBS and then mounted with Prolong Diamond antifade mountant with DAPI (Invitrogen, P36962). 

Two sections between bregma −1.7 mm and −2.2 mm were used for each set of staining. As 

preliminary data 1 mouse per group was used. Four images per subregion (CA1 and DG) per side for 

each animal were captured as z-stacked series of images by a Leica TCS SP8 confocal microscope 

(Leica microsystems, Wetzlar, Germany) at 63X magnification with 2X zoom. Images were 

processed and quantified using the ImageJ software (US, National Institutes of Health). For intensity 

measurements, images were processed to remove background and outlier noise. All images in each 

experiment were processed using the same parameters. The z-stack image was processed to generate 

the maximum projection image and the intensity was measured using ImageJ. The intensity was 

normalized to DAPI counts and expressed as percentages of mean untrained values. 

For SQSTM1 puncta analysis Z-stack images were captured at 63X magnification with 2X zoom. For 

obtaining the preliminary data, one mouse per group was used. Four images per subregion (CA1 and 

DG) per side for each animal were quantified and averaged. A threshold was uniformly applied to the 

images to subtract the diffused/cytosolic immunostaining. Autophagosome size was chosen 

approximately 0.5–2 μm2 in size. These size parameters were used to identify the puncta of autophagy 

(Klionsky et al., 2014; Klionsky et al., 2016). Analyze particle plugin of ImageJ was used on the 

thresholded images to measure both number and size of puncta.  

AAV-mCherry-GFP-LC3 injections, tissue processing and analyses: For measuring autophagic 

flux, we employed the AAV-mCherry-GFP-LC3 virus generated with the plasmid described in 

Castillo et al. (2013). Mice were bilaterally injected into the dorsal hippocampi with AAV-mCherry-

GFP-LC3, 1μl per side, at a concentration of 5.79 x 1012 Vg/ml. The mice remained in their home 

cages for three weeks to allow efficient expression of the mCherry-GFP-LC3 (Pandey et al., 2020). 

Mice were allowed to recover for at least one week after cannula implants before behavioural 

experiments. Mice were euthanized and perfused transcardially with 4% PFA prepared in 1X PBS, 

and their brains were post-fixed in the same solution overnight at 4 °C, followed by 1X PBS pH 7.4 

with 30% sucrose for 72 hours. 30 μm brain sections were prepared using cryotome and used for 

immunohistochemical analyses. Sections were mounted with Prolong Diamond antifade mountant 

with DAPI (Invitrogen, Waltham, MA). As preliminary data (not shown) 1 mouse per group was 

used. For each mouse, two sections of dorsal hippocampus at bregma −1.7 mm and −2.2 mm (8 

images, 4 per each side) were quantified and averaged. To measure red and yellow LC3-II puncta 

number and size, CA1 and DG images were captured as Z-stacked series of images by a Leica TCS 

SP8 confocal microscope (Leica, Wetzlar, Germany) at 63X magnification with 2X zoom. Z-stack 

sections at 1 μm step-size were captured to obtain better signals at high resolution (1024 × 1024 

pixels). All images in each experiment were processed using the same parameters. The quantification 

of the analysis it will be performed as described by Pandey et al., 2020. 

Preliminary results and Conclusion 

Contextual fear conditioning alters the level of SQSTM1 in the dHC of WT and AS mice 

  Autophagy is a degradation process that sequesters cytoplasmatic proteins, lipids, nucleic 

acids, polysaccharides and organelles, into double-membrane phagophores (autophagosomes) for 

subsequent lysosomal degradation. Autophagy plays a pivotal role in maintaining the development, 
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integrity and survival of neurons (Kulkarni et al., 2018; Boecker and Holzbaur, 2019). Alteration in 

autophagy are associated with disorders of aging, neurodegeneration and neural development 

(Rubinsztein, 2006; Nixon, 2013; Wong and Holzbaur, 2015). Furthermore, autophagy is induced by 

learning and required for long-term memory formation (Pandey et al. 2020). During autophagy, a 

cup-shaped structure, the pre-autophagosome, engulfs cytosolic components and closes, forming an 

autophagosome, which subsequently fuses with a lysosome, leading to the proteolytic degradation of 

internal components of the autophagosome by lysosomal lytic enzymes. Different proteins (Beclin 1 

[BECN1], Microtubule-associated proteins 1A/1B light chain 3B [LC3B], Sequestosome 1 [SQTM1 

or p62], Lysosomal-associated membrane glycoprotein 1 [LAMP1] are required during the formation 

of autophagosomes. BECN1 is required for nucleation of phagophore, LC3B is recruited to 

autophagosomal membranes, SQTM1 is required to shuttle ubiquitinated proteins to autophagosome 

and LAMP1 is a marker of the late endosomes and lysosomes. 

Here I obtained preliminary data on the levels of SQSTM1 in the dorsal hippocampus of Angelman 

syndrome mice and wild type controls in untrained conditions and at 1 hour after contextual fear 

conditioning learning.  

Specifically, I employed immunohistochemical analyses on sections of dorsal hippocampus 

(dHC), a region in the medial-temporal lobe of brain required for the formation of dependent 

associative memories. The dHC sections were obtained from WT or AS mice trained on contextual 

fear conditioning (CFC) and euthanized 1 h later, or untrained controls euthanized at matched 

timepoint. Quantification of total fluorescence intensity of SQSTM1 in CA1 hippocampal subregion, 

showed a trend toward a decrease in total intensity in untrained AS mice (AS) compared to WT mice 

(WT) (figure 1B). In contrast, DG subregion shows no difference between WT and AS mice (figure 

1C). Subsequently, we evaluated whether the CFC training, which produces a long-term contextual 

aversive memory after a single training trial, was able to induce an increase in total fluorescence 

intensity of SQTM1. Data showed that there is a trend towards increasing total fluorescence intensity 

of SQTM1 in both CA1 and DG subregions of the WT trained mice (WTT) compared to WT 

untrained mice (WTU). In contrast, CFC training was unable to induce this increase in SQSTM1 in 

either CA1 or DG subregions of AS mice.  

Since punctate fluorescence of autophagy markers and substrates like SQTM1 is considered 

representative of autophagic structures (Yoshii and Mizushima, 2017; Pandey et al., 2020), the 

number and the size of puncta were quantified. Both CA1 and DG hippocampal subregion showed a 

trend of reduction in the puncta number and average size of SQTM1 in WTT mice compared to WTU. 

CA1 subregion of AST showed a reduction in puncta number and average size of SQTM1 compared 

to the ASU mice. DG subregions of AST showed a trend of increase in the puncta number, but not in 

the average size, of SQTM1 when compared to ASU mice.  

IGF-2 exerts its memory enhancing effect through autophagy in AS mice 

In order to understand the molecular mechanisms underlying the memory-enhancing effect with IGF-

2 in AS mice (Cruz et al., in review), we analysed it effect on autophagy. Quantification of total 

fluorescence intensity, number and size of puncta of SQSTM1 were analysed (figure 1). Single 

intraperitoneal injection of IGF-2 in WTU (WTU-IGF2) increased the total fluorescence intensity of 

SQSTM1 in both CA1 and DG hippocampal subregions, compared to vehicle-injected controls 
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(WTU-Veh). CA1 of WTU-IGF2 showed a decrease in the number of puncta and the average size of 

SQTM1 compared to WTU-Veh mice. Whereas, DG hippocampal subregion showed an increase in 

number of puncta, but not in the average size of SQTM1 in WTU-IGF2 mice compared to WTU-Veh 

mice. Next, I asked, how IGF-2 regulates CFC training-induced autophagy in AS mice and WT 

controls. Both CA1 and DG showed an increase in the total fluorescence intensity of SQSTM1 in 

IGF-2 injected WTT mice (WTT-IGF2) when compared to the vehicle-injected WTT mice (WTT-

Veh). IGF-2 injection did not change the number of puncta and the average size of SQTM1 in CA1 

of WTT mice. DG of WTT-IGF2 showed an increase in the number of puncta, but not in the average 

size of SQTM1 compared to WTT-Veh mice. ASU injected with IGF-2 (ASU-IGF2), did not show 

any difference in total fluorescence intensity compared to ASU injected with vehicle, in either CA1 

or DG. CA1, but not DG, of the ASU-IGF-2 showed a decrease in the number of puncta and in the 

average size of SQTM1 compared with the ASU-Veh mice. Notably, in both CA1 and DG 

hippocampal subregions, AST-IGF2 mice showed a trend in increase of the total fluorescence 

intensity when compared with the AST-Veh mice (figure 1B-1C). IGF-2 injection in CFC trained 

mice induced an increase in the number of SQSTM1 puncta, but not in the average size in either CA1 

or DG subregions. Collectively the data shows that CFC training increases autophagy in the dHC of 

WT mice but not in AS mice. IGF-2, which I shown to enhance memory in both WT and AS mice, 

alters the level of autophagy marker, SQSTM1. 
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Expression of CIM6P/IGF-2R in dHC of AS mice 

CIM6P/IGF-2R has a single transmembrane domain and is primarily involved in the clearance and 

degradation of IGF-2, although it may also elicit some distinct signalling (Hawkes and Kar, 2003). 

CIM6P/IGF-2R is also known as the cation-independent mannose 6 phosphate receptor (CIM6PR), 

which targets mannosylated enzymes to lysosomes. Although 90% of the CIM6P/IGF-2R is found 

within the cell on the trans-Golgi surface, the other 10% lies on the cell surface. CIM6P/IGF-2R 

traffics lysosomal enzymes between the trans-Golgi network, endosomes, and lysosomes, as well as 

extracellular compartments (Körner et al. 1995). IGF-2 modulates the lysosomal enzymes cathepsin 

D (Faridi et al. 2004), cathepsins B and L (De Ceuninck et al. 1995), and β-galactosidase (Kiess et al. 

1989), often via IGF-2R internalization from the cell surface and targeting to lysosomes. Therefore, 

IGF-2 via its high affinity receptor CIM6P/IGF-2R regulates endosomal and lysosomal functions. 

F 

G H I 

DG SQSTM1 

Figure 1. Altered SQSTM1 regulation in AS mice. A-F Representative Immuno-fluorescence staining images of CA1 and DG 

hippocampal subregions of SQSTM1. A. Upper panels CA1 (scale bar: 20 µm) hippocampal subregion of WT veh and WT-

IGF2 mice. Bottom panels CA1 (scale bar: 20 µm) hippocampal subregion of AS vehicle mice and AS-IGF2 mice. Number of 

animal=1/per group. F. Upper panels DG (scale bar: 20 µm) hippocampal subregion of WT veh and WT-IGF2 mice. Bottom 

panels DG (scale bar: 20 µm) hippocampal subregion of AS veh mice and AS-IGF2 mice. Number of animal=1/per group. B 

Experimental schema. C-G. Bar graphs represent relative quantifications of total immunofluorescence intensity of SQSTM1 in 

CA1 and DG. D-E-H-I. Bar graphs represent quantifications of number and average size of puncta of SQSTM1 in CA1 and DG. 
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Moreover, IGF-2 significantly ameliorate several core deficits in AS mice including cognitive, motor, 

and repetitive behaviours (Cruz et al. in review). In order to understand the role of CIM6P/IGF-2R in 

the hippocampus of AS mice and how IGF-2 treatment could affect its expression, an 

immunohistochemical analysis was performed to determine the expression of CIM6P/IGF-2R in the 

hippocampus of AS mice.  

I obtained preliminary data using immunohistochemical analyses on the sections of dorsal 

hippocampus (dHC). The dHC sections were obtained from WT or AS mice trained on CFC and 

euthanized 1 h later, or untrained controls euthanized at matched timepoint. A co-immunostained 

coronal brain section with a specific antibody for CIM6P/IGF-2R was used. The antibody was 

previously validated in the Alberini lab (Yu et al., 2020). Quantification of total fluorescence intensity 

of CIM6P/IGF-2R in CA1 and DG hippocampal subregions, showed no difference between WT and 

AS mice (figure 2B-2D). Subsequently, the effect of CFC training in WT and AS mice was analysed. 

1h after training the levels of CIM6P/IGF-2R in CA1 and DG subregions, did not change when the 

untrained group (WTU and ASU) is compared with the trained group (WTT and AST) (figure 2B-

2D). 

Treatment with IGF-2 induced a reduction in total intensity of CIM6P/IGF-2R, in both CA1 and DG 

hippocampal subregions, in both WTU-IGF2 and ASU-IGF2 mice when compared with WTU and 

ASU-veh mice. Interestingly, IGF-2 also induces a reduction in the intensity of CIM6P/IGF-2R in 

the trained group (WTT-IGF2 and AST-IGF2 mice) when compared with the vehicle group (WTT 

and AST mice). Moreover, only in CA1 of WTT-IGF2 mice there is an increase in expression of 

CIM6P/IGF-2R, when compared with WTU-IGF2. 

Although the results are preliminary, because the number of samples per group is still small, they 

suggest that IGF-2 treatment may increase degradation of CIM6P/IGF-2R both in WT and AS mice. 
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In conclusion with these preliminary data we showed that, in vehicle groups (WTU, WTT, ASU and 

AST mice), there is no difference between WT and AS mice in the expression of CIM6P/IGF-2R, but 

in presence of IGF-2, CIM6P/IGF-2R levels decrease significatively. This reduction could be 

correlate to an increase in the degradation of CIM6P/IGF-2R in endosomal vesicle (Wang et al., 2017; 

Hawkes and Kar, 2004).  

A more in-depth analysis will be performed for the autophagic markers in AS mice, but from these 

preliminary data there appears to be an alteration of autophagy. 
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