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ABSTRACT OF THE THESIS 
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Professor Gene D. Block, Co-Chair 

 

 

Mutations impacting the Biogenesis of Lysosome-related Organelles Complex-1 (BLOC-

1) represent potential genetic risk factors for intellectual and developmental disabilities (IDD).  

Sleep/wake disruption is a common symptom among IDD individuals although the underlying 

mechanisms are not known. To understand this relationship, this thesis explored the impact of 

the loss of BLOC-1 on the central circadian clock in the suprachiasmatic nucleus (SCN) using 

the Pallid mouse model. To determine whether the anatomical organization of the SCN was 

affected, we first examined gross morphology using Nissl staining. We then examined the 

protein expression of two key signaling molecules, arginine vasopressin and vasoactive intestinal 

polypeptide, within the SCN circuit. Finally, we examined a marker for the circadian gene 
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regulatory network by measuring the expression of Period2 during the day and night. Overall, 

our findings support the conclusion that BLOC-1 has a role in the central nervous system with 

specific consequences for circadian physiology.  
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Chapter 1. Introduction 

 

1.1  Trafficking in the Endosomal-Lysosomal System 

Biogenesis of Lysosome-related Organelles Complex-1 (BLOC-1) is a biochemically 

stable protein complex that is ubiquitously expressed in humans and murine animals (Falcon-

Perez et al., 2002; Moriyama and Bonifacino, 2002). The complex is associated with the 

biogenesis and trafficking of lysosome-related organelles (LROs), a class of organelles found in 

specialized cell types (Dell’Angelica, 2016; Hartwig et al., 2018). Mutations in BLOC-1 cause a 

group of extremely rare genetic disorders known as Hermansky-Pudlak syndrome (HPS), which 

is primarily characterized by oculocutaneous albinism and bleeding tendencies (Swank et al., 

1998). BLOC-1 works together with several other protein complexes in the machinery of LRO 

biogenesis, including the related BLOC-2 and BLOC-

3 (BLOC-2: Zhang et al., 2003; Di Pietro et al., 2004; 

Gautam et al., 2004; BLOC-3: Nazarian et al., 2003; 

Chiang et al., 2003; Martina et al., 2003). Mutations in 

the gene products of each BLOC complex cause 

specific but related clinical subtypes of HPS (Huizing et 

al., 2008). 

BLOC-1 is comprised of eight subunits (Fig. 1): 

Muted (Moriyama and Bonifacino, 2002), Pallidin (Falcon-Perez et al., 2002), Cappuccino 

(Ciciotte et al., 2003), Dysbindin (Li et al., 2003) Snapin, and BLOC-1 subunits 1-3 (BLOS1, 

BLOS2, and BLOS3) (Starcevic and Dell’Angelica, 2004). The subunit composition also 

includes two subcomplexes with six of the eight proteins, Pallidin/BLOS1/Cappuccino and 

Dysbindin/Snapin/BLOS2 (Lee et al., 2012). These subcomplexes assemble with Muted and 

Figure 1: BLOC-1. This ubiquitously 

expressed, stable protein complex 

contains eight subunits and is involved 

in the biogenesis of LROs in the 

endosomal-lysosomal system. 
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BLOS3 into a stable octameric unit. When perturbations to any of the individual subunits occur, 

the entire complex destabilizes and downregulates (Ghiani and Dell’Angelica, 2011). 

LROs are highly heterogenous organelles that have distinct functional and morphological 

features compared to conventional lysosomes (Raposo et al., 2007). The most well-characterized 

example is the melanosome, which synthesizes and stores pigment in melanocytes of the skin 

and epithelial cells of the eye’s retina and iris. Another example is the lytic granule, which 

imparts the destructive capability to the immune system’s cytotoxic T lymphocytes and natural 

killer cells (Wei and Li, 2013; Marks et al., 2013). The LROs are derived from the endosomal-

lysosomal membrane system. Their composition and function depends on the continuous 

trafficking of proteins and membranes (vesicles) between endosomal compartments – these are 

known as lysosomes, early endosomes, late endosomes, and recycling endosomes (Keller and 

Simons, 1997). The LROs are typically secreted extracellularly, but differ from classical 

secretory granules which primarily derive from the trans-Golgi network as opposed to the 

endosomal system (Raposo et al., 2007). A ubiquitous trafficking network as well as cell-specific 

machinery target the delivery of cargo between compartments (Huizing et al., 2008). The BLOCs 

are important chaperones in the endosomal network. They work together with other proteins as 

part of a rich connectome to direct trafficking along a highway of cytoskeletal tubules and 

filaments (Dell’Angelica, 2004; Hartwig et al., 2018). BLOC-1 specifically localizes to the early 

endosome compartment and is necessary for the maturation of intermediate vesicles between 

endosomes and LROs (Di Pietro et al., 2006; Salazar et al., 2006; Setty et al., 2007; Lee et al., 

2012; Delevoye et al., 2016; Dell’Angelica, 2016). 
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1.2 Hermansky-Pudlak Syndrome 

HPS is a group of extremely rare autosomal recessive conditions that is primarily 

characterized by oculocutaneous albinism and bleeding disorders (Hermansky and Pudlak, 1959; 

Swank et al., 1998; El-Chemaly and Young, 2016). This syndrome has a prevalence in the 

general population of 1:500,000 – 1:1,000,000 (orpha.net), but occurs very frequently in Puerto 

Rico, where it affects 1:1,800 (northwest Puerto Rico) and 1:16,000 (central Puerto Rico) 

(Santiago Borrero et al., 2006). There are 10 known clinical subtypes of HPS in humans (HPS-1 

to HPS-10) that present similar phenotypes (Huizing et al., 2008; Wei and Li, 2013; Ammann et 

al., 2016). They all share overlapping deficits in the LRO biogenesis pathway as a result of 

unique mutations in the individual subunits of the BLOCs and related protein complexes 

(Dell’Angelica, 2004). Mutations in BLOC-1 are the most rare. BLOC-2 mutations lead to a 

relatively mild phenotype and BLOC-3 the most severe (Huizing et al., 2008). The genetic 

vulnerability in Puerto Rico is specifically associated with BLOC-2 and BLOC-3 (Santiago 

Borrero et al., 2006). Despite the heterogeneous genetic origins of HPS, all mutations lead to 

dysfunction in LROs and the most striking effects occur in melanocyte and platelet cell types. 

Melanocytes depend on melanosome LROs for the storage and secretion of melanin pigments 

that are responsible for hair, skin, and eye color (Raposo et al., 2007). Platelet dense granule 

LROs found within circulating platelets contain clotting factors such as ADP and serotonin, and 

the absence of these granules leads to defective platelet aggregation – known as a storage pool 

deficiency (Huizing et al., 2000). While hypopigmentation and bleeding diathesis are HPS’ 

hallmark clinical features, a host of complications can occur owing to deficits in different LROs, 

ranging from immunodeficiency (lytic granules) to lung fibrosis (lamellar bodies) (Wei and Li, 

2013; El-Chemaly and Young, 2016). Restrictive pulmonary fibrosis is the most common fatal 
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complication that typically leads to death in the thirties to fifties (Pierson et al., 2006; Huizing et 

al., 2008; Gochuico et al., 2012). 

Genetic underpinnings of HPS have been extensively characterized. Several mutant mice 

with spontaneous homozygous mutations in each of the BLOC complexes were identified in this 

process. These mutants led to the discovery of the 10 genes responsible for HPS (10 subtypes) in 

human patients. Mutations in the other BLOC complex subunits have not been found in patients 

but remain putative HPS genes (Wei and Li, 2013). The BLOC-1 mutant mouse “family” (Table 

1) exhibits mutations in five of the eight BLOC-1 subunits and were named for their unique coat 

colors: “Sandy” (Dtnbp1sdy) “Pallid” (Pldnpa), “Muted” (Mutedmu), “Cappuccino” (Cnocno), and 

“Reduced Pigmentation” (Bloc1s3rp) (Swank et al., 1991; Falcon-Perez et al., 2002; Moriyama 

and Bonifacino, 2002; Ciciotte et al., 2003). These mice – known as models of BLOC-1 

deficiency – share a characteristic loss of pigment in their fur coat and eyes, as well as extended 

bleeding times, recapitulating the HPS phenotype. Other animals that express BLOC genes have 

also been identified and suggest that the genes are highly conserved. Orthologues have been 

detected in fruit fly Drosophila melanogaster, worm Caenorhabditis elegans, and the cellular 

slime mold Dictyostelium discoideum. On the other hand, simple unicellular organisms such as 

baker’s yeast, Saccaromyces cerevisiae, lack BLOC homology (Cheli and Dell’Angelica, 2010). 

Work done in these models continues to advance the current understanding of the endosomal-

lysosomal system and the molecular pathogenesis of HPS (Dell’Angelica, 2004; Dell’Angelica, 

2016). 

Mutations in BLOC-1 subunits (as opposed to the other BLOC complexes) cause the 

rarest forms of HPS, known as HPS-7, -8, and -9. Individuals with these conditions carry 

mutations in DTNBP1, BLOC1S3, and BLOC1S6, respectively (Bryan et al., 2017). Only 13 



 

 5 

 

cases of HPS specifically linked to BLOC-1 deficiency have been reported (Li et al., 2003; 

Morgan et al., 2006; Cullinane et al. 2012, Lowe et al. 2013, Badolato et al., 2012; Yousaf et al., 

2016; Bryan et al., 2017; Okamura et al., 2018). These cases have expanded the subtyping of 

HPS, and their clinical profiles correspond with naturally occurring mutant mice. The remaining 

BLOC-1 subunits have yet to be identified in genetic screens in limited patient diagnoses, but 

they remain putative HPS genes. 

Table 1 | BLOC-1 mutant mouse “family” (adapted from Di Pietro and Dell’Angelica, 2005) 

 

 
Human Gene Human Disease Mouse Mutation BLOC-1 Subunit  

DTNBP1 HPS-7 Sandy Dysbindin 

BLOC1S3 HPS-8 Reduced pigmentation BLOS3 

BLOC1S6 HPS-9 Pallid Pallidin 

BLOC1S5 Unknown Muted Muted 

BLOC1S4 Unknown Cappuccino Cappuccino 

BLOC1S7 Unknown - Snapin 

BLOC1S1 Unknown - BLOS1 

BLOC1S2 Unknown - BLOS2 



 

 6 

 

1.3 BLOC-1 in the Central Nervous System 

The study of BLOC-1 has extended beyond its association with HPS to a focus on the 

central nervous system. This movement initially emerged in large part because of a wave of 

studies that reported a genetic association between a subunit of BLOC-1 (dysbindin/DTNBP1) 

and schizophrenia (Straub et al., 2002; Schwab et al., 2003; Williams et al., 2004; Kirov et al., 

2004; Gornick et al., 2005; Fanous et al., 2005; DeRosse et al., 2006; Burdick et al., 2007; Allen 

et al., 2008; Edwards et al., 2008; Shi et al., 2008; Voisey et al., 2010; Fatjo-Vilas et al., 2011; 

Xu et al., 2015; Wang et al., 2017). Importantly, these claims have been disproved in genome-

wide association (GWAS) studies (Mutsuddi et al., 2006; Sanders et al., 2008; Strohmaier et al., 

2010). Yet, the fervent search for neurobiological meaning in the dysbindin protein has 

continued to color the neuropsychiatric literature (Mullin et al., 2011). Other histopathology 

work in post mortem brains from schizophrenia patients found reduced dysbindin expression in 

hippocampus and prefrontal cortex (Talbot et al., 2004; Tang et al., 2009; Talbot et al., 2011). In 

parallel with these clinical findings, studies in BLOC-1 deficient mice have revealed intriguing 

electrophysiological and behavioral phenotypes in the various mutant lines (Ghiani and 

Dell’Angelica, 2011). A recent study in a mouse model of BLOC-1 deficiency has characterized 

a BLOC-1-sensitive proteome enriched in gene products associated with psychiatric disorders 

(Gokhale et al., 2016). So while the current consensus is that DTNBP1 polymorphisms do not 

increase schizophrenia risk (Farrell et al., 2015), compelling evidence has continued to connect 

BLOC-1 to psychiatric disease. Although the focus on the dysbindin subunit has frequently come 

at the expense of recognizing the family unit of BLOC-1 expressed in the brain (Ghiani et al., 

2010; Gokhale et al., 2012), the storied history of this protein still implicates the functional 

significance of BLOC-1 in the nervous system. 
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More recent work has emphasized the role that BLOC-1 might play during brain 

development (Ghiani et al., 2010). The complex showed a clear developmental pattern across the 

rodent lifespan with greater expression levels embryonically and perinatally than in young 

adulthood. This coincides with the critical period for synaptogenesis (Ghiani et al., 2010; Ito et 

al., 2010). Consistent with its developmental expression, BLOC-1 has an impact on neuronal 

outgrowth both in-vitro and in-vivo. SH-SY5Y neuron-like cells treated with siRNA to 

knockdown dysbindin showed deficits in neurite extension after the cells were differentiated in 

culture (Kubota et al., 2009). Primary culture of hippocampal neurons from Pallid mice also 

revealed a neurite outgrowth deficit (Ghiani et al., 2010) and the same phenotype was observed 

in primary cortical neurons from Sandy mice (Ma et al., 2011). Dysbindin knockdown in the rat 

hippocampus also affected dendritic spine morphology (Ito et al., 2010). Neurogenesis in the 

adult brain is known to selectively occur in the hippocampal dentate gyrus. Our lab recently 

found in-vivo deficits in the dendritic arborization of dentate pyramidal neurons in the Pallid 

mutant (Lee et al., 2018). These deficits are consistent with BLOC-1’s role in membrane 

trafficking in the endosomal system. Together with its SNARE binding partners, SNAP-25 and 

syntaxin-13, BLOC-1 may impact process elongation through the delivery of membranes to the 

cell surface (Ghiani et al., 2011). Beyond these morphological findings, other biochemical work 

has linked two proteins important in synaptogenesis – synapsin I and VAMP-7 – to BLOC-1. 

Reduced levels of synapsin I (Numakawa et al., 2006; Fei et al., 2010) and VAMP-7 (Salazar et 

al., 2006; Newell-Litwa et al., 2010) were found in cell lines with a dysbindin knockdown and in 

murine BLOC-1 mutants. Finally, Gokhale et al., (2016) reported the BLOC-1 sensitive 

proteome is enriched in gene products associated with the developing brain. 
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BLOC-1 is expected to have an impact on synaptic vesicles due to their similarity to 

LROs. This has important implications for mechanisms of synaptic transmission, specifically 

vesicle release at the presynaptic terminal. BLOC-1 works together with another protein 

complex, Adaptor Protein-3 (AP-3), to facilitate these events. The family of BLOC-1 mutants 

characteristically have deficits in the endosomal biogenesis of synaptic vesicles (Newell-Litwa et 

al., 2009; Newell-Litwa et al., 2010) which affects the homeostasis of synaptic signaling activity 

(Dickman and Davis, 2009). The brain-region specific properties of vesicle size, composition, 

and morphology are also dependent on BLOC-1. Additionally, the complex targets the delivery 

of neurotransmitter receptors and synaptic vesicles from the cell body to distal axons and 

dendrites along the cytoskeleton (Larimore et al., 2011). Both in the presynaptic and postsynaptic 

compartment, BLOC-1 regulates synapse morphology and plasticity by modulating actin 

polymerization. Importantly, this molecular pathway has been implicated in neurodevelopmental 

disorder risk (Gokhale et al., 2016). Deficits in both dopaminergic and glutamatergic 

neurotransmitter pathways have been linked with BLOC-1 deficiency. Disrupted postsynaptic 

trafficking of the D2 receptor subunit impacted dopamine signaling (Iizuka et al., 2007; Ji et al., 

2009; Shao et al., 2011). Similarly, glutamatergic signaling (Jentsch et al., 2009; Shao et al., 

2011; Nihonmatsu-Kikuchi et al., 2011; Saggu et al., 2013) was affected through both AMPA 

(Orozco et al., 2014) and NMDA receptors (Karslgotdt et al., 2011). Our lab has also found 

metabolomic evidence for an early postnatal impact of BLOC-1 deficiency on precursors of 

dopamine, glutamate, and serotonin – this likely interferes with neuronal homeostasis and 

contributes to cognitive and other behavioral deficits in the adult (van Liempd et al., 2017). 

At the presynaptic level, BLOC-1 is associated with the regulation of neurotransmitter 

secretion (Dickman et al., 2012) and recruitment of low-release probability vesicles (Wentzel et 
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al., 2018). Work done in cell culture has found deficits in synaptic vesicle release in a model of 

BLOC-1 deficiency using siRNA treatment to knockdown dysbindin. This effect was reported 

for glutamate secretion in rat cortical neurons (Numakawa et al., 2004) and evoked dopamine 

release in the PC12 neuronal cell line (Kumamoto et al., 2006). Two presynaptic proteins 

important in synaptic vesicle events, SNAP-25 and synapsin I, have been tied to the expression 

of BLOC-1. SNAP-25 regulates vesicle docking and membrane fusion and is a known binding 

partner of BLOC-1 (Ghiani et al., 2010) with mixed reported effects after dysbindin knockdown 

(Numakawa et al., 2004; Kumamoto et al., 2006) and normal levels detected in Sandy mutant 

mice (Chen et al., 2008; Feng et al., 2008). Synapsin I regulates the mobilization of vesicles from 

the reserve pool to the ready-release pool. This protein was reduced after dysbindin knockdown 

in rat cortical neurons (Numakawa et al., 2004) as well as in the N2a neuronal cell line and 

Sandy mutants (Fei et al., 2010). At the postsynaptic density, BLOC-1 modulates dendritic spine 

dynamics and the recycling of neurotransmitter receptors through the endocytic pathway. This is 

similar to the trafficking of integral membrane proteins for degradation in melanocytes and 

fibroblasts. In BLOC-1-deficient cells, there is increased transport from endosomes back to the 

plasma membrane within the recycling pathway, thus increasing the postsynaptic concentration 

of membrane proteins (Jia et al., 2014). This has important implications for the postsynaptic 

membrane response. 

Extensive work has been done to characterize behavioral phenotypes in the BLOC-1 

mutant family, especially in the Sandy line (Ghiani and Dell’Angelica, 2011). These mice exhibit 

a range of behavioral abnormalities in the domains of cognition, memory, anxiety, and locomotor 

activity. Behavioral deficits in adult mice have been broadly associated with symptom profiles of 

human psychiatric disorders (Bhardwaj et al., 2009; Cox et al., 2009; Talbot, 2009; Papaleo et 
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al., 2012; Carr et al., 2013; Glen et al., 2014; Papaleo et al., 2014; Larimore et al., 2014; Spiegel 

et al. 2015; Petit et al., 2017; Chang et al., 2018). These deficits in the adult animal parallel the 

proposed role for BLOC-1 in neurodevelopment and synaptic transmission. Abnormal cortical 

function has been tied to both dopaminergic (Papaleo et al., 2012) and glutamatergic (Jentsch et 

al., 2009) signaling. From a clinical standpoint, complementary evidence in patients with 

dysbindin polymorphisms has also linked BLOC-1 with altered cognition (Burdick et al., 2006; 

Zhang et al., 2010) and emotional working memory (Wolf et al., 2011). 

The biochemical and genetic interactome of BLOC-1 represents a putative model for 

neurodevelopmental disorder vulnerability (Hartwig et al., 2018). BLOC-1 likely contributes to a 

genetic predisposition in concert with other risk genes in the presence of environmental insults 

(Ghiani and Faundez, 2017). Though patient diagnoses of BLOC-1 mutations are extremely rare, 

two of the recent case studies notably reported neurological abnormalities in addition to classical 

HPS symptoms. A pediatric patient (DTNBP1) exhibited delays in speech and motor 

development (Bryan et al., 2017) and an adult (BLOC1S6) presented with co-morbid 

schizophrenia (Okamura et al., 2018). These reports underscore the significance of BLOC-1 in 

the nervous system and future work in BLOC-1 preclinical models will need to further determine 

its role in neurological pathology. 
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1.4 Sleep/Wake Cycle Dysfunction in a Mouse Model of BLOC-1 

Deficiency 
 

The emerging hypothesis linking BLOC-1 deficiency with risk for neurodevelopmental 

disorders has continued to gain traction (Ghiani et al., 2010; Mullin et al., 2013; Hartwig et al., 

2018). Genetic mutations in BLOC-1 subunits lead to a range of behavioral and 

electrophysiological phenotypes that collectively support a role for this protein complex in the 

central nervous system. The family of spontaneous BLOC-1 mutants were originally studied as 

models of Hermansky-Pudlak syndromes (HPS) both to characterize the biological function of 

BLOC-1 and to understand the molecular pathogenesis of this monogenic disorder. Models such 

as the Pallid mutant (Pldnpa) have recently presented the opportunity to investigate the function 

of BLOC-1 in mechanisms of neurodevelopment and behavior. 

Sleep/wake disruption is a common reported symptom among individuals with 

intellectual and developmental disabilities (IDD). These complaints reflect highly diverse sleep 

disturbances that range from nighttime awakenings to sleep walking and night terrors. Deficits in 

the timing of sleep behavior, such as delayed sleep onset, are part of a class of disorders known 

as dyssomnias that specifically implicate a dysregulated circadian system (Couturier et al., 2005; 

Johnson et al., 2009; Sivertsen et al., 2012; Robinson-Shelton and Malow, 2016). Sleep 

disturbances have been proposed to worsen the core behavioral patterns of IDD, including poor 

social interaction, repetitive behavior, mood disorders, and inattention or hyperactivity. The 

impact of a disrupted sleep/wake cycle also lends significant burden on family and caretakers 

(Schreck et al., 2004; Gabriels et al., 2005; Goldman et al., 2009). The evidence for these 

symptoms is robust, but the underlying mechanisms are not well understood. The molecular 

clockwork driving circadian rhythms in behavior and physiology are maintained by the master 
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pacemaker in the hypothalamus, the suprachiasmatic nucleus (SCN) (Colwell, 2011). Disrupted 

output signaling at the level of the SCN can impact symptoms of IDD through downstream 

neurological targets. However, it is unknown if a disrupted circadian system also plays a causal 

role in the etiology of IDD (Karatsoreos, 2014). While searching for pathophysiology in the 

central clock presents practical challenges in the clinic, these ideas can be addressed 

experimentally with animal models. 

Prior work in the Sandy mutant (Dtnbp1sdy) found evidence for a weakened circadian 

system that was vulnerable to disruption by constant light. Though this model had mainly normal 

rhythms in LD and DD, abnormal light-dark conditions intensified other neurobehavioral deficits 

and demonstrated a clear impact of BLOC-1 deficiency on the sleep/wake cycle (Bhardwaj et al., 

2015). Our lab has recently identified disrupted rhythms in the Pallid model that are consistent 

with this hypothesis. Pallid mice sleep significantly less during their rest phase and show 

fragmented locomotor activity rhythms (Lee et al., 2018). To further probe this behavioral 

phenotype, the present study sought to investigate the integrity of the BLOC-1 deficient SCN at 

the cellular and molecular levels. To determine whether the anatomical organization of the SCN 

was affected, we first examined gross morphology using Nissl staining. Subtle changes in the 

morphometry of the Pallid SCN implicated possible functional pathology in SCN neurons. We 

then examined the protein expression of two key signaling molecules, AVP and VIP, that 

mediate communication internally, within the SCN network, and externally, to downstream 

regions. These neuropeptides facilitate tissue-level synchrony of the electrical and molecular 

activity in the SCN. Finally, we examined a marker for the mammalian clock gene regulatory 

network by measuring the protein product of Per2 during the day and night. Our findings indicate 

that BLOC-1 deficiency does alter critical molecular elements of the central clock that could 
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explain the behavioral deficits in sleep and activity rhythms. This work supports the evidence 

that BLOC-1 has a role in the central nervous system with specific consequences for circadian 

physiology. 
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Chapter 2. Materials & Methods 
 

Animals 

All experimental protocols used in this study were approved by the UCLA Animal 

Research Committee. UCLA Division of Laboratory animal recommendations for animal use 

and welfare, as well as National Institutes of Health guidelines were followed. Adult (4-6 month 

old) male BLOC-1-deficient pallid (B6.Cg-Bloc1s6pa/J; https://www.jax.org/strain/000024) and 

wild-type (WT) control mice (C57BL/6J, https://www.jax.org/strain/000664) were maintained in 

our breeding colony at the University of California, Los Angeles (UCLA). The pallid strain 

carries a nonsense mutation in the Blos1s6/Pldn gene encoding pallidin (Huang et al., 1999), an 

essential component of BLOC-1 (Falcon-Perez et al., 2002; Moriyama and Bonifacino, 2002). 

The mice were housed in a 12:12-hr lighting (LD) cycle with ad libitum access to food and 

water. Mice were first entrained to a 12:12 LD cycle for a minimum of 2 weeks prior to anatomy 

and biochemistry. The animals were housed in groups of 3-4 mice per cage. 

 

Histochemistry & Immunohistochemistry 

WT and pallid mice were anesthetized with isoflurane at a specific time during 

the day or night (ZT8 and ZT14, respectively) and transcardially perfused with phosphate 

buffered saline (PBS, 0.1 M, pH 7.4) containing 4% (w/v) paraformaldehyde (PFA, Electron 

Microscopy Sciences, Hatfield, PA). The brains were rapidly dissected out, post-fixed overnight 

in 4% PFA at 4°C, and cryoprotected in 15% sucrose. Serial coronal brain sections (50 μm) 

containing the suprachiasmatic nucleus (SCN) were collected using a cryostat or vibratome 

(Leica, Buffalo Grove, IL), and then processed with cresyl violet (Sigma) or 

immunofluorescence. 
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Nissl Staining 

Coronal brain sections containing the full-length SCN were collected on a cryostat using 

direct slide-mounting and stained with 1% cresyl violet solution (Sigma). Images were acquired 

with a 10x objective on a Zeiss Axioskop microscope and color Axiocam using AxioVision 

software (Zeiss, Pleasanton, CA). The images were used to estimate the area, height and width of 

both left and right SCN. Measurements (in μm) were performed using AxioVision software 

(Zeiss, Pleasanton, CA). Because the borders of the Nissl-defined SCN are somewhat arbitrary, 

measurements were taken by two observers masked to the genotype of the animals. To estimate 

gross SCN morphology, the measurements were summed from consecutive sections of the 

middle SCN where the nuclei are largest: the 2 most central (largest area), plus the 2 sections 

immediately anterior and 3 sections immediately posterior (7 total). To examine the rostral-

caudal distribution of gross morphology, we also assessed the measurements in 12 consecutive 

sections along the full length of the SCN. No significant differences between the left and right 

SCN were found, thus the values were averaged. Data are shown as the mean ± SEM of 4 

animals/genotype [Day, ZT 8]. 

 

AVP and VIP Immunostaining 

Coronal brain sections containing the full-length SCN were collected on a cryostat in 24-

well plates. AVP and VIP co-immunostaining was performed on free-floating slices. Briefly, the 

sections were first blocked for 1-hour at room temperature (RT) in carrier solution (1% Bovine 

Serum Albumin + 0.3% Triton in 1x PBS) plus 10% normal donkey serum with gentle shaking. 

Then, the sections were incubated with primary antibodies against AVP and VIP (Table 2) 
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diluted in carrier solution plus 5% normal donkey serum for 2-hours at 37˚C with gentle shaking. 

After washing, the sections were incubated with appropriate secondary antibodies (Table 2) 

diluted in carrier solution plus 5% normal donkey serum for 30 minutes at RT with gentle 

shaking. The sections were mounted and coverslipped using Vectashield with 4’-6-diamidino-2-

phenylinodole (DAPI, Vector Laboratories, Burlingame, CA). Images were acquired on a Zeiss 

AxioImager M2 microscope equipped with an AxioCam MRm and the ApoTome imaging 

system using ZEN digital imaging software (Zeiss, Pleasanton, CA). Z-Stack images were 

projected in three dimensions (3D) using Imaris analysis software (Bitplane, South Windsor, 

Conneticut) [Day, ZT 8]. 

 

AVP & VIP Stereological Cell Counting Analysis 

AVP- and VIP-positive cells were counted by a single observer on an AxioImager M2 

microscope (Zeiss, Pleasanton, CA, USA) equipped with a motorized stage controlled by 

StereoInvestigator software (MicroBrightField Biosciences, Williston, VT) as previously 

reported (Li et al., 2015). Due to the SCN’s small area and the low number of AVP+ and VIP+ 

neurons, stereological parameters were designed to cover the full volume of the SCN. The 

nucleus was identified using a 10x objective based on its proximity to the optic chiasm in the 

ventral hypothalamus. The borders were outlined based on cell density using a DAPI 

counterstain. All immunopositive cell bodies were counted directly using a 40x objective in 

serial slices. Positively-stained cells varied in brightness, so a range of intensities were included 

in the analysis. VIP+ cells that extended into the optic chiasm region ventral to the SCN 

boundary were included because of their proximity to retinal inputs. AVP+ cells just outside the 

dorsal SCN boundary were included because of the ambiguity of the perimeter based on cell 
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density. The total number of immunopositive cells was assessed by summing the values in 12 

consecutive sections that cover the full length of the SCN. We also examined the rostral-caudal 

distribution of the cells. Data are shown as the mean ± SEM of total cells/animal/genotype (n = 

5-6 animals/genotype). 

 

AVP & VIP Single-Cell Intensity Analysis 

The relative fluorescence intensity (mean gray value) of AVP or VIP expression in 

individual positive cells was quantified by scanning densitometry using the NIH Image Software 

(ImageJ, http://rsb.info.nih.gov/ij/). Images were acquired with a 10x objective on a Zeiss 

AxioImager M2 microscope equipped with an AxioCam MRm and the ApoTome system using 

ZEN digital imaging software (Zeiss, Pleasanton, CA). Positive cells from the two most central 

sections (largest area) were measured in the raw 10x images using the oval selection tool, and the 

area of the cell outline was kept constant within single sections. These measurements were 

collected by two investigators masked to animal genotype. Data are shown as the mean ± SEM 

of AVP+ (35-69 total cells/slice) and VIP+ (14-38 total cells/slice) cells in 2 

slices/animal/genotype (n = 5-6 animals/genotype). 

 

PER2 Immunostaining 

Coronal brain sections containing the full-length SCN were collected on a vibratome in 

24-well plates. PER2 immunostaining was performed on free-floating slices. Briefly, the sections 

were blocked for 1-hour at RT in carrier solution (1% BSA + 0.3% Triton in 1x PBS) plus 10% 

normal donkey serum with gentle shaking. Then, the sections were incubated with primary 

antibody against PER2 (Table 2) diluted in carrier solution plus 5% normal donkey serum 
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overnight at RT with gentle shaking. After washing, the sections were incubated with secondary 

antibody (Table 2) diluted in carrier solution plus 5% normal donkey serum for 30 min at RT 

with gentle shaking. The sections were mounted and coverslipped using Vectashield with DAPI 

(Vector Laboratories, Burlingame, CA). Images were acquired on a Zeiss AxioImager M2 

microscope equipped with an AxioCam MRm and the ApoTome imaging system using ZEN 

digital imaging software (Zeiss, Pleasanton, CA). The Tile feature was used with a 20x objective 

to include both the left and right SCN. 

 

PER2 Cell Counting Analysis 

A representative SCN was identified and outlined in ImageJ, and the resulting 

symmetrical, left-sided and right-sided shapes were saved as regions of interest (ROI). Each side 

of the SCN was approximately 156,000 μm2 and the template ROIs were applied together to 

cover both lobes of the SCN for analysis [Day – ZT 8 & Night – ZT 14]. PER2+ cells in the 

SCN were automatically counted using the “Analyze Particles” feature of ImageJ. Cells were 

included based on a size parameter of 25 μm2 or higher with no restriction on circularity. The 

images were first converted to binary using the “Default” intensity threshold. Cell counts from 

the left- and right-sided ROIs were summed for a total value per SCN section. In each animal, 

cell counts were averaged in 2 consecutive slices. Data are shown as the mean ± SEM of PER2+ 

cells in 2 slices/animal/genotype (n = 4-9 animals/genotype). 
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Table 2 | Antibodies used for immunohistochemistry experiments. 

 

 

Statistical Analysis 

Statistical analysis was performed using Prism 7.0 software (GraphPad, La Jolla, CA). 

Data sets were analyzed for normality (Shapiro-Wilk test) and equal variance. To determine the 

effects of genotype and SCN section on Nissl staining and AVP-VIP neuropeptide expression, 

we used a two-way analysis of variance (ANOVA) test. The effects of genotype and time of day 

on PER2 protein expression were determined using two-way ANOVA. Student’s t-tests were 

applied for comparisons between genotypes and timepoints. In cases of unequal variance, the 

Mann-Whitney rank sum was applied. Values in the text, line graphs, and bar graphs are reported 

as mean ± standard error mean (SEM). Differences with p < 0.05 were deemed significant in all 

analyses.  

Antibody Target Species Dilution Cat. Number Company 

1° AVP Guinea Pig 1:500 T-5048 
Peninsula Labs Int Inc. 

San Carlos, CA 

1° PER2 Rabbit 1:500 PER21-A 
Alpha Diagnostic Int 

San Antonio, TX 

1° VIP Rabbit 1:1000 20077 
ImmunoStar 

St. Croix, WI 

2° (Cy3) 
IgG, 

Guinea Pig 
Donkey 1:300 706-165-148 

Jackson ImmunoResearch 

West Grove, PA 

2° (488) 
IgG, 

Rabbit 
Donkey 1:200 711-545-152 

Jackson ImmunoResearch 

West Grove, PA 
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Chapter 3. Results 
 

SCN Gross Morphology 

The sleep and activity rhythm disruption that our lab has characterized in the Pallid 

model led us to investigate the possibility that loss of BLOC-1 disrupts the anatomical 

organization of the SCN. As a first step, we examined Nissl stained tissue from Pallid mice and 

WT controls for gross morphology (Fig. 2A). We found that the size of the Pallid SCN was 

significantly larger compared to WT, with an average 10% increase in area (Fig. 2B; p = 0.0292). 

The mutant SCN exhibited a slight morphometric increase in height with no changes in width 

(Fig. 2C). These changes were assessed in representative sections from the middle SCN where 

the overall size is largest. We then further examined these changes along the whole length of the 

z-axis since WT SCN does exhibit characteristic rostral to caudal properties in size and shape 

(Fig. 3A). From the first slice in the anterior, the SCN gradually increases until reaching a peak 

of approximately 80-90,000 μm2, and then declines until the endpoint of the nuclei. The area of 

the SCN varied with both section/slice (F(11, 72) = 42.72, p < 0.0001) and genotype (F(1,72) = 

5.965, p = 0.0171). Height closely parallels area and the SCN reaches its “tallest” height where 

the area is largest. The height of the SCN varied with both section/slice (F(11, 72) = 42.15, p < 

0.0001) and genotype (F(1, 72) = 4.673, p =0.0340). The width is largest in the anterior-middle 

SCN but then declines in the posterior. The width of the SCN varied with SCN section/slice (F(11, 

72) = 39.18, p < 0.0001) but not genotype (F(1, 72) = 0.008781, p = 0.9256). Consistent with our 

results in Fig. 2, the Pallid SCN was larger than WT in the middle and posterior regions with a 

significant increase in the most central slice (p = 0.0158; Fig. 3B). The height of the Pallid SCN 

was slightly increased in the same sections (Fig. 3C) but width was unchanged (Fig. 3D). These 

cell-density based estimates suggest that Pallid mice have subtle morphological anomalies 
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specific to the middle and posterior SCN. This finding could implicate disrupted functionality of 

SCN neurons with BLOC-1 deficiency. 

 

AVP Neuropeptide Expression & Distribution 

To further investigate the functional integrity of the SCN, we used 

immunohistochemistry to examine the protein expression of a neuropeptide critical for driving 

cellular rhythms within the SCN network, AVP (Fig. 4A). AVP-positive cell bodies are densely 

packed in the medial and lateral shell regions of the SCN (Fig. 4B). This peptide also exhibits a 

distinct expression pattern along the anterior-posterior axis of the SCN (Fig. 5A). AVP 

expression displays a bimodal distribution with the greatest density in the anterior and posterior, 

and a trough in the mid-SCN straddled by two peaks (Fig. 5B). There was a significant main 

effect of SCN section/slice (F(11, 108) = 4.017, p < 0.0001) but not genotype (F(1, 108) = 1.967, p = 

0.1636) on the density of cells. While no genotypic differences were observed in the total 

number of positive cells (Fig. 4C) or in average single-cell fluorescence intensity (Fig. 4D), we 

found that the distribution pattern revealed greater insight in the genotypic comparison. The 

Pallid SCN exhibited the characteristic trough in AVP expression but the surrounding peaks 

were slightly, but not significantly, increased compared to WT (Fig. 5C). 

 

VIP Neuropeptide Expression & Distribution 

Next we examined the expression of VIP, another key neuropeptide in the SCN network 

(Fig. 6A). VIP-positive cell bodies are densely packed in the core region of the SCN with 

extensive axonal fiber projections reaching toward the dorsal SCN and external targets (Fig. 6B). 

Like AVP, VIP also exhibits a specific expression pattern along the z-axis (Fig. 7A). VIP is 
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unimodally distributed with a prominent peak in the middle SCN (Fig. 7B). There was a 

significant main effect of both SCN section/slice (F(11, 120) = 22.75, p < 0.0001) and genotype 

(F(1, 120) = 6.612, p = 0.0113) on the density of cells. While no genotypic differences were 

observed in the total number of positive cells (Fig. 6C) or in average single-cell fluorescence 

intensity (Fig. 6D), the distribution pattern revealed a striking effect. The peak of VIP expression 

was significantly reduced in the middle sections of the Pallid SCN (p = 0.0377; Fig. 7C). This 

reduction in VIP raises the possibility for an impact of BLOC-1 deficiency on the encoding of 

light input or SCN network coupling. 

 

PER2 Protein Expression 

The timing of the circadian system is driven by a molecular feedback loop that is 

expressed in many tissues. PER2 is the protein product of one of the clock genes and its rhythmic 

expression reflects the period of the core oscillation. This tightly regulated cycle revolves around 

the 24-hr light-dark cycle. Around dusk, PER-CRY dimers translocate into the nucleus just when 

their levels peak late in the light phase. They then repress their own transcription by inhibiting 

CLOCK-BMAL1 (Colwell, 2011; LeSauter et al., 2012). We used immunohistochemistry to 

measure PER2 expression in the SCN during the day (ZT 8) (Fig. 8A) and night (ZT 14) (Fig. 

8B). To count the immunopositive cell bodies, the images were first converted to binary in 

ImageJ (Fig. 8C) and then the cells were auto-detected based on their size and shape (Fig. 8D). 

There was a significant main effect of time (F(1, 20) = 11.42, p =0.0030) but not genotype (F(1, 20) 

= 1.438, p = 0.2445) on the number of immunopositive cells. As expected, the WT SCN 

exhibited slightly stronger PER2 expression during the night (ZT 14) compared to the day (ZT 

8). This difference was not significant, but a nominal increase in expression is congruent with the 
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6-hr phase separation between the sampled timepoints. During the night, PER2 expression was 

significantly stronger in the Pallid SCN compared to WT (p = 0.0188). This also resulted in a 

significant difference between the timepoints (p = 0.0016) (Fig. 8E). These findings suggest that 

the loss of BLOC-1 did not stop the molecular clockwork driving circadian rhythms but did alter 

the levels of PER2 expression. This could reflect an impact on the rhythm’s amplitude. 
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Figure 2: Gross morphology is altered in the Pallid SCN. Adult WT and Pallid mice were 

sacrificed for tissue collection during the day (ZT 8). The animals’ brains were perfused and 

processed with cresyl violet for Nissl staining to examine gross anatomical features based on cell 

density. (A) Representative images showing the WT (left) and Pallid (right) SCN outlined in the 

anterior hypothalamus dorsal to the optic chiasm where the retinal inputs converge; scale bar = 

100 microns. The area, height, and width of the left and right SCN were measured and averaged 

in 7 serial coronal sections from the middle SCN. These measurements revealed a (B) 

significantly larger SCN area in the Pallid hypothalamus compared to WT. This change was due 

to a (C) slight morphometric increase in SCN height with no changes in SCN width. Bar graphs 

show the mean ± SEM of 4 animals/genotype and individual data points are represented as 

circles. Student’s t-test was used for comparisons between genotypes, *p < 0.05. 3V: third 

ventricle; OC: optic chiasm. 
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Figure 3: Distribution of gross morphology is altered in the Pallid SCN. Adult WT and Pallid 

mice were sacrificed for tissue collection during the day (ZT 8). The animals’ brains were 

perfused and processed with cresyl violet for Nissl staining to examine gross anatomical features 

based on cell density. (A) Representative images showing the change in size and shape of the 

WT SCN from anterior to posterior. The morphology of the SCN rises and falls along the axis; 

scale bar = 100 microns. (B) The area of the SCN varied with both section/slice (F(11, 72) = 42.72, 

p < 0.0001) and genotype (F(1,72) = 5.965, p = 0.0171). The Pallid SCN was larger than WT in the 

middle and posterior regions with a significant increase in the most central slice (p = 0.0158). 

(C) Height closely parallels area and the SCN reaches its “tallest” height where the area is 

largest. The height of the SCN varied with both section/slice (F(11, 72) = 42.15, p < 0.0001) and 

genotype (F(1, 72) = 4.673, p =0.0340). The height of the Pallid SCN was also slightly increased in 

the middle-posterior sections. (D) The width is largest in the anterior-middle SCN but then 

declines in the posterior. The width of the SCN varied with SCN section/slice (F(11, 72) = 39.18, p 

< 0.0001) but not genotype (F(1, 72) = 0.008781, p = 0.9256). Line and bar graphs show the mean 

± SEM of 4 animals/genotype and individual data points are represented as circles. The effects of 

genotype and SCN section/slice on morphology were determined using two-way ANOVA. 

Student’s t-test was applied for comparisons between genotypes and sections/slices, *p < 0.05. 
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Figure 4: Total expression of key circadian neuropeptide, AVP, is intact in the Pallid SCN. 

Adult WT and Pallid mice were perfused for tissue collection during the day (ZT 8). The 

animals’ brains were stained with antibody against the neuropeptide AVP in 12 serial coronal 

sections of the SCN. (A) Representative images showing AVP staining in the WT (left) and 

Pallid (right) SCN; scale bar = 100 microns. (B) Higher magnification images showing densely 

packed AVP+ cell bodies in the medial and lateral shell region of the SCN; scale bar = 50 

microns. Immunopositive cell bodies were counted directly in serial coronal sections from the 

full-length SCN using stereological microscope software. The relative fluorescence intensity 

(mean gray value) of AVP expression in individual positive cells (35-69 total cells/slice) was 

quantified by scanning densitometry. Positive cells were selected and measured in the two most 

central sections (largest area). (C) AVP expression showed no genotypic differences in the (C) 

total number of positive cells or in (D) average fluorescence intensity. Bar graphs show the mean 

± SEM of 5-6 animals/genotype and individual data points are represented as circles. Student’s t-

test was used for comparisons between genotypes. 3V: third ventricle; OC: optic chiasm. 

 



 

 27 

 

 
Figure 5: Distribution of AVP is altered in the Pallid SCN. Immunopositive cell bodies were 

counted directly in serial coronal sections from the full-length SCN using stereological 

microscope software. (A) Representative 3D projection of z-stack images showing a distinct 

expression pattern of AVP labelling in the shell region along the anterior-posterior axis of the 

SCN; scale bar = 100 microns. (B) AVP expression displays a bimodal distribution with the 

greatest density in the anterior and posterior, and a trough in the mid-SCN straddled by two 

peaks. There was a significant main effect of SCN section/slice (F(11, 108) = 4.017, p < 0.0001) but 

not genotype (F(1, 108) = 1.967, p = 0.1636) on the density of cells. (C) The Pallid SCN exhibited 

the characteristic trough in AVP expression but the surrounding peaks were slightly, but not 

significantly, increased compared to WT. The effects of genotype and SCN section/slice on AVP 

expression were determined using two-way ANOVA. Student’s t-test was applied for 

comparisons between genotypes. 
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Figure 6: Total expression of key circadian neuropeptide, VIP, is intact in the Pallid SCN. 

Adult WT and Pallid mice were perfused for tissue collection during the day (ZT 8). The 

animals’ brains were stained with antibody against the neuropeptide VIP in 12 serial coronal 

sections of the SCN. (A) Representative images showing VIP staining in the WT (left) and Pallid 

(right) SCN; scale bar = 100 microns. (B) Higher magnification images showing densely packed 

VIP+ cell bodies in the core region of the SCN with extensive axonal fiber projections reaching 

toward the dorsal SCN; scale bar = 50 microns. Immunopositive cell bodies were counted 

directly in serial coronal sections from the full-length SCN using stereological microscope 

software. The relative fluorescence intensity (mean gray value) of VIP expression in individual 

positive cells (14-38 total cells/slice) was quantified by scanning densitometry. Positive cells 

were selected and measured in the two most central sections (largest area). VIP expression 

showed no genotypic differences in the (C) total number of positive cells or in (D) average 

fluorescence intensity. Bar graphs show the mean ± SEM of 5-6 animals/genotype and individual 

data points are represented as circles. Student’s t-test was used for comparisons between 

genotypes. 3V: third ventricle; OC: optic chiasm. 
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Figure 7: Distribution of VIP is altered in the Pallid SCN. Immunopositive cell bodies were 

counted directly in serial coronal sections from the full-length SCN using stereological 

microscope software. (A) Representative 3D projection of z-stack images showing a distinct 

expression pattern of VIP labelling in the shell and core regions, respectively, along the anterior-

posterior axis of the SCN; scale bar = 100 microns. (B) VIP is unimodally distributed with a 

prominent peak in the middle SCN. There was a significant main effect of both SCN 

section/slice (F(11, 120) = 22.75, p < 0.0001) and genotype (F(1, 120) = 6.612, p = 0.0113) on the 

density of cells. (C) The peak of VIP expression was significantly reduced in the middle sections 

of the Pallid SCN (p = 0.0377). Line and bar graphs show the mean ± SEM of 5-6 

animals/genotype and individual data points are represented as circles. The effects of genotype 

and SCN section/slice on VIP expression were determined using two-way ANOVA. Student’s t-

test was applied for comparisons between genotypes, *p < 0.05. 
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Figure 8: PER2 protein expression is increased in the Pallid SCN at night. Adult WT and 

Pallid mice were perfused for tissue collection during the day (ZT 8) and night (ZT 14). The 

animals’ brains were stained with antibody against PER2 in the middle SCN. Representative 

images showing PER2 staining at (A) ZT 8 and (B) ZT 14 in the WT (left) and Pallid (right) 

SCN; scale bar = 100 microns. To count the immunopositive cell bodies, the images were first 

(C) converted to binary in ImageJ and then the cells were (D) auto-detected based on their size 

and shape. There was a significant main effect of time (F(1, 20) = 11.42, p =0.0030) but not 

genotype (F(1, 20) = 1.438, p = 0.2445) on the number of immunopositive cells. (E) As expected, 

the WT SCN exhibited slightly stronger PER2 expression during the night (ZT 14) compared to 

the day (ZT 8). This difference was not significant, but a nominal increase in expression is 

congruent with the 6-hr phase separation between the sampled timepoints. During the night, 

PER2 expression was significantly stronger in the Pallid SCN compared to WT (p = 0.0188). 

This also resulted in a significant difference between the timepoints (p = 0.0016). Bar graphs 

show the mean ± SEM of 4-9 animals/genotype and individual data points are represented as 

circles. The effects of genotype and time of day on PER2 expression were determined using two-

way ANOVA. Student’s t-test was applied for comparisons between genotypes; Mann-Whitney 

rank sum was applied for comparisons between timepoints,  *p < 0.05. 3V: third ventricle; OC: 

optic chiasm. 

 

 

 

  



 

 32 

 

Chapter 4. Discussion 
 

To investigate the function of BLOC-1 in the central nervous system, we sought to 

determine how the loss of this protein complex leads to the dysfunction in sleep and activity 

rhythms that our lab has characterized in the Pallid model (Pldnpa). This mutant carries a 

nonsense mutation in the pallidin subunit that renders the whole BLOC-1 complex unstable and 

non-functional. The loss of BLOC-1 was associated with altered temporal patterning of sleep 

behavior, reduced sleep amount, and fragmented locomotor activity rhythms. Both diurnal and 

circadian rhythms were impacted in LD and DD conditions, respectively. The Pldn mutation and 

loss of BLOC-1 resulted in high animal to animal variability in sleep/wake cycle behavior, 

ranging from mild to severe disruption (Lee et al., 2018). Other models of neurodevelopmental 

disorders similarly show a disrupted circadian rhythm, including Fragile X (Zhang et al., 2008), 

Rett (Li et al., 2015), 2q23.1 deletion (Mullegama et al., 2015), and Angelman (Shi et al., 2015) 

syndromes. To pinpoint the underlying mechanisms for this behavioral phenotype, we focused 

on the central clock in the anterior hypothalamus as the anatomical locus for the circadian timing 

system (Colwell, 2011). BLOC-1 is expressed in SCN neurons (Lein et al., 2007), and we found 

an altered gross morphology in the Pallid SCN that indicated there could be functional deficits in 

SCN physiology (Fig. 2,3). We predicted that the Pldn mutation in BLOC-1 could impact protein 

trafficking and synaptic transmission in the SCN network. 

BLOC-1 has only been explored in the context of circadian rhythms in one previous 

study. The Sandy mutant (Dtnbp1sdy) has mainly normal locomotor activity in LD and DD, but 

its rhythms were more vulnerable to environmental disruption by constant light compared to WT. 

Bhardwaj et al. (2015) proposed that the LL conditions reveal a deficit in neuronal 

communication and they speculated the loss of BLOC-1 may drive a dysfunction in peptide 
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signaling or SNARE-mediated neurotransmitter release in the SCN. The SNARE family proteins 

regulate vesicle membrane fusion and are known binding partners of BLOC-1 (Ghiani et al., 

2010). Though the authors did not report if Sandy exhibits heterogeneity in its rhythms, the 

representative actogram more closely resembles a less impacted Pallid mouse. Given their 

common BLOC-1 deficiency, we expected the two models to share circadian phenotypes. 

However, this divergence in their behavior is not inconsistent with prior evidence for discrete 

functional properties of the individual BLOC-1 subunits and unique behavioral characterizations 

among the mutant family lines (Larimore et al., 2014; Mullin et al., 2015; Chen et al., 2017). 

We observed abnormal expression of two major circadian regulatory neuropeptides, AVP 

and VIP, in the Pallid SCN. Prior work suggests that AVP, VIP, and gastrin-releasing peptide 

(GRP) maintain a hierarchical signaling system that drives the tissue-level oscillation in the 

SCN. As paracrine coordinators of intracellular SCN coupling, VIP/VPAC2 has a dominant 

influence, followed by AVP/V1a & V1b and finally, GRP/BB2R. Through G-protein coupled 

receptors, these neuropeptides modulate cAMP and Ca2+ second messenger pathways that 

regulate clock gene expression and determine cellular circadian phase. Without coupling, SCN 

neurons display a range of circadian periods (Maywood et al., 2011; Freeman and Herzog, 2011). 

The classical topology of the SCN divides the nucleus into ventral core and dorsal shell, with 

VIP cells in the former and AVP and GRP cells in the latter (van den Pol et al., 1985; 

Abrahamson and Moore, 2001; Antle and Silver, 2005). 

VIP/VPAC2 signaling functions in both synchronization of SCN cellular oscillations and 

entrainment to the light-dark cycle. The peptide is required for electrical activity rhythms which 

sustain rhythmic clock gene expression by the core molecular feedback loop (Harmar et al., 

2002; Colwell et al., 2003; Aton et al., 2005). Loss of VIP leads to reduced electrical activity, 
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which dramatically impairs photic entrainment and encoding of seasonal information. VIP is 

important for long-term changes in the SCN circuit but not the acute light response (Vosko et al., 

2015). The distribution of VIP content typically shows a unimodal pattern with a prominent peak 

in the middle SCN. The Pallid SCN showed a significant loss of VIP expression with a 

dampened peak compared to WT (Fig. 7). While we cannot rule out whether this finding reflects 

apoptosis of VIP neurons, we favor the hypothesis that a disruption in intracellular protein 

trafficking is responsible for reduced levels of the VIP peptide. This result is congruent with the 

loss of VIP in the MeCP2 KO model of the Autism Spectrum Disorder (ASD), Rett Syndrome, 

supporting a common role for the SCN in their abnormal circadian phenotypes (Li et al., 2015). 

The epigenetic transcriptional regulator MeCP2 has also been linked with the expression of 

genes in the BLOC-1 protein interactome, which further supports convergence between these 

two models. Together, these findings suggest that the VIP phenotype must occur downstream of 

BLOC-1. The synaptic and connectivity deficits characteristic of MeCP2 mutations and common 

across ASD, have been proposed to occur as a result of BLOC-1 dysfunction, specifically in the 

hippocampus (Larimore et al., 2013). Prior work has also linked the VIP signaling pathway to 

risk for ASD and schizophrenia in genetic studies that found microduplications of the 

chromosome segment containing VPAC2 (VIPR2). Pharmacological overactivation of VPAC2 

signaling in mice during early postnatal development – mimicking increased receptor expression 

in patients – was associated with altered cortical synaptogenesis that had lasting effects on 

behavior in the adult mouse (Ago et al., 2015). Considering reduced VIP expression as a marker 

for pathology in the SCN, we predict that the central clock is another brain area where the 

absence of BLOC-1 likely has an impact at the synapse. Together with the loss of the primary 

synchronizer, VIP, this could disrupt network communication and destabilize the pacemaker’s 
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rhythm. The Pallid model’s broken activity rhythm in DD may reflect network disarray of the 

endogenous clock. 

AVP/V1a & V1b signaling is also important for local intracellular coupling within the 

SCN network as well as output to other brain regions (Maywood et al., 2011; Mieda et al., 2015; 

Ono et al., 2016). Unlike VIP, AVP does not mediate resetting of the network rhythm by light 

(Maywood et al., 2011; Freeman and Herzog, 2011), though the innervation of AVP neurons by 

ipRGCs suggests they may contribute. While the SCN core is the primary retinorecipient region 

via retinohypothalamic tract inputs, they also project to AVP as well as GRP neurons in the SCN 

shell (Fernandez et al., 2016). The distribution of AVP content in the SCN typically shows a 

bimodal pattern with a trough in the mid-SCN straddled by two peaks. The Pallid SCN showed 

increased levels of AVP throughout the anterior and middle with the two peaks more prominent 

compared to WT (Fig. 5). The upregulation of AVP expression could impact the network rhythm 

as well as communication with downstream targets like the subparaventricular zone and dorsal 

medial hypothalamus. Oscillation of AVP neurons may be important for high-amplitude output 

from the SCN (Mieda et al., 2015). While we cannot draw any conclusions about the integrity of 

their rhythm from a single timepoint, it is possible these cells exhibit a phase-shift owing to 

weakened network coupling as a result of the loss of VIP. This could explain why the BLOC-1 

mutant sleeps less at the beginning of the rest phase (Lee et al., 2018). The AVP phenotype could 

be similar to that found in a related mouse model known as blind-drunk, a SNAP-25 mutant 

which displays schizophrenia endophenotypes and disrupted activity rhythms. Blind-drunk mice 

show a phase advance of AVP expression in the SCN (Oliver et al., 2012). The SNARE family 

protein, SNAP-25, is a binding-partner of BLOC-1 and these models may share overlapping 

circadian deficits as part of a converging genetic interactome (Ghiani et al., 2010). 
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AVP and VIP have differential but redundant roles in synchronizing cellular rhythms in 

the SCN. Though AVP’s role locally is secondary to VIP in the hierarchical model, it also has 

compensatory capability as shown when VIP or its receptor, VPAC2, are genetically deleted 

(Maywood et al., 2011; Ono et al., 2016). Our observations in the Pallid SCN show a parallel 

increase in AVP and decrease in VIP in corresponding anterior-middle regions, with normal 

peptide levels in the posterior. We speculate that in the absence of BLOC-1, this may represent a 

compensatory upregulation of AVP in response to the loss of VIP. If protein trafficking reduces 

VIP expression, then the circuit between the core and shell may lead to increased AVP secretion 

as a mechanism to perpetuate output signals. VIP cells have distinctly elongated processes that 

reach dorsally through the SCN, and BLOC-1’s function in membrane extension could also 

affect their axonal projections (Ghiani et al., 2010). 

To investigate a role for the core molecular feedback loop mediating the behavioral and 

neuropeptide phenotypes, we examined PER2 expression levels in the day and night. As a 

marker of the core oscillation, Per2 expression typically peaks late in the light phase. Around 

dusk, PER-CRY dimers translocate into the nucleus to repress their own transcription by 

inhibiting CLOCK-BMAL1 (Colwell, 2011; LeSauter et al., 2012). We observed increased 

PER2 levels in the night in the Pallid SCN (Fig. 8). This persistent PER2 expression corresponds 

with a slightly lengthened free-running period of the circadian clock (Lee et al., 2018). Without a 

time-series of measurements, we cannot determine the full impact of the absence of BLOC-1 on 

the core oscillation. Nonetheless, our lab’s 24-hr neural activity recordings in the Pallid SCN 

showed normal spontaneous firing rates (Lee et al., 2018) that would be congruent with an intact 

molecular clock (Colwell, 2011). Still, the greater PER2 levels at night could be evidence of a 

phase shift in gene expression that is downstream of the electrical rhythm. These results 
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complement our lab’s measurements of PER2 in the Pallid hippocampus. We found elevated 

daytime levels of hippocampal PER2 by western blot that likely correspond with altered 

mechanisms of clock gene regulation in the Pallid SCN. We also characterized this effect in the 

domains of cognitive and affective behavior which critically rely on the autonomous clock in the 

hippocampus (Lee et al., 2018). 

The Pallid circadian phenotype shows a notable similarity to VIP heterozygous (+/–) 

mice (Lee et al., 2018). The moderate reduction in VIP with BLOC-1 deficiency is reminiscent 

of the VIP genotypic dosage effect. Both models exhibited similarly disrupted locomotor activity 

rhythms (Ciarleglio et al., 2009). Like VIP+/–, the Pallid SCN has intact single-cell firing rate 

rhythms with a peak during the day. While the electrical rhythm is unaffected, we would expect a 

higher proportion of arrhythmic cells in the Pallid SCN comparable to VIP+/–, but not VIP–/– 

levels (Brown et al., 2007). Gene expression rhythms at the single-cell level would be intact even 

with reduced VIP (Ciarleglio et al., 2009), but we would expect the tissue oscillation to have a 

dampened amplitude owing to reduced coherence (Loh et al., 2011). This possibility could be 

investigated in future work in the Pallid model with a Per2:luciferase construct. 

Taken together, our findings implicate a role for BLOC-1 in the SCN that further 

complicates its impact in the central nervous system (Ghiani et al., 2011). This study reinforces 

the hypothesis that genetic mutations in BLOC-1 and its interactome increase risk for 

neurodevelopmental disorders (Mullin et al., 2013; Hartwig et al., 2018). A rare case study 

published recently complemented the growing body of literature in BLOC-1 mutant mouse lines. 

In addition to classical HPS symptoms, a pediatric patient with a DTNBP1 mutation reportedly 

exhibited delays in speech and motor development (Bryan et al., 2017). In IDD, comorbidity 

between psychiatric symptoms and sleep/wake cycle disruption has been well documented 
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(Schreck et al., 2004; Gabriels et al., 2005; Goldman et al., 2009). We predict that in these 

syndromes, disrupted output signaling at the level of the SCN likely impacts cognition and mood 

through downstream neurological targets. While it is evident that sleep disturbances contribute to 

neurobehavioral deficits, it is unknown if a disrupted circadian system participates in the etiology 

of IDD (Karatsoreos, 2014). Investigating the circadian phenotype in BLOC-1 deficient Pallid 

mice thus represents an intriguing preclinical model for future work seeking to understand 

BLOC-1 in the central nervous system. 
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