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Abstract

The function(s) of the Biogenesis of Lysosome-related Organelles Complex 1 (BLOC-1) during 

brain development is hitherto largely unknown. Here, we investigated how its absence alters the 

trajectory of postnatal brain development using as model the pallid mouse. Most of the defects 

observed early postnatally in the mutant mice were more prominent in males than in females and 

in the hippocampus. Male mutant mice, but not females, had smaller brains as compared to sex-

matching wild-types at postnatal day 1 (P1), this deficit was largely recovered by P14 and P45. An 

abnormal cytoarchitecture of the pyramidal cell layer of the hippocampus was observed in P1 

pallid male, but not female, or juvenile mice (P45), along with severely decreased expression 

levels of the radial glial marker GLAST. Transcriptomic analyses showed that the overall response 

to the lack of functional BLOC-1 was more pronounced in hippocampi at P1 than at P45 or in the 

cerebral cortex. These observations suggest that absence of BLOC-1 renders males more 

susceptible to perinatal brain maldevelopment and although most abnormalities appear to have 

been resolved in juvenile animals, still permanent defects may be present, resulting in faulty 
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neuronal circuits, and contribute to previously reported cognitive and behavioural phenotypes in 

adult BLOC-1-deficient mice.

Graphical Abstract

A faulty radial glia scaffold and an abnormal cell layering were observed in the hippocampus of 

male, but not females, BLOC-1-deficient mice, early postnatally.

Keywords

Pallidin; Dysbindin; Sex differences; Hippocampus; CA1 Pyramidal cell layer; Radial Glia; 
Process outgrowth

1 | INTRODUCTION

The aetiology of intellectual and developmental disabilities (IDD) is considered to be 

multifaceted and multifactorial, likely with the contribution of more than one 

‘malfunctioning’ gene acting in concert with exogenous/environmental stressors at specific 

vulnerable developmental windows (Ghiani & Faundez, 2017). Notably, a factor that may 

greatly influence the susceptibility of an individual to develop a certain neurological 

syndrome is sex. Several IDD, as well as other psychiatric and neurological disorders, 

exhibit sex bias in prevalence, age at onset, presentation and severity of symptoms (reviewed 

by Pinares-Garcia et al., 2019). For example, autism spectrum disorder, attention-deficit 

hyperactivity disorder, and early-onset schizophrenia (age of onset <20 years) are all 

diagnosed more often in males than in females (May et al., 2019; Pinares-Garcia et al., 

2019). Sex-based differences in comorbidities associated with some IDD have also been 

documented (Polyak et al., 2015). The underlying causes for such observed sex-based 

differences are not well understood. Only for very few IDD a genetic basis directly linked to 

a sex chromosome has been identified, namely Rett Syndrome and Fragile X syndrome 

caused, respectively, by de novo mutations in the MECP2 gene (Goh, 2017) and repeat 

expansions in the FMR1 gene (Hunter et al., 2014), both located on the X chromosome. For 

most other IDD, the reasons for the documented sex-based differences are likely to be as 

well multifactorial and complex, including the combinatorial effects of sex hormones and 

hormone-independent effects of the X and Y chromosomes as modifiers of the disease risk 

elicited by autosomal gene variants or environmental factors (Green et al., 2019; Pinares-
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Garcia et al., 2019). Granted, the study of these effects in humans is quite challenging 

(Green et al., 2019; May et al., 2019). In mammalian models such as mice, on the other 

hand, the appropriate modelling of a human neurodevelopmental psychiatric disease 

represents a major challenge (Sukoff Rizzo & Crawley, 2017) but at least the modifier 

effects of biological sex on neurodevelopmental alterations caused by autosomal gene 

mutations should be relatively easier to study, even if these effects were restricted to a 

specific brain region and/or developmental stage.

In this paper, we report one such example of sex-dimorphic effects of a mutation in an 

autosomal gene in one particular brain region during perinatal development. The gene in 

question is Bloc1s6 (previously known as Pldn), which localizes to mouse chromosome 2 

and encodes the protein pallidin (Huang et al., 1999). Pallidin and the products of another 

seven autosomal genes are expressed ubiquitously and assemble into a stable heteromeric 

complex named Biogenesis of Lysosome-related Organelles Complex (BLOC)-1 (Falcon-

Perez et al., 2002; Moriyama & Bonifacino, 2002; reviewed by Ghiani & Dell’Angelica, 

2011 and Hartwig et al., 2018). As its name indicates, BLOC-1 was initially studied in the 

context of the biogenesis of lysosome-related organelles such as melanosomes and platelet 

dense granules (Falcon-Perez et al., 2002; Moriyama & Bonifacino, 2002). In fact, biallelic 

loss-of-function mutations in the human pallidin-encoding gene have been shown to cause a 

rare disease named Hermansky-Pudlak syndrome (HPS) type 9, with the main clinical 

manifestations arising from defects in lysosome-related organelles such as those already 

mentioned (Badolato et al., 2012; reviewed by Bowman et al., 2019). On the other hand, 

interest for investigating potential roles of BLOC-1 in the central nervous system (CNS) 

arose from the suggestion that common allelic variants in the human DTNBP1 gene, which 

encodes the dysbindin subunit of the same complex (Li et al., 2003), might increase the risk 

for schizophrenia (Straub et al., 2002; Kendler, 2004). Notwithstanding that such proposed 

association has failed to reach genome-wide statistical significance (Farrell et al., 2015), it 

stirred an array of studies on possible roles of the dysbindin protein, on its own or as part of 

BLOC-1, in CNS functions (reviewed by Ghiani & Dell’Angelica, 2011; Mullin et al., 2011; 

Wang et al., 2017; Hartwig et al., 2018). These studies have led to the recognition that adult 

mice deficient in BLOC-1, with such deficiency being caused by homozygous mutations in 

either the dysbindin- or pallidin-encoding genes, display a variety of cognitive and 

behavioural abnormalities (reviewed by Talbot, 2009; Ghiani & Dell’Angelica, 2011; Mullin 

et al., 2011; see also Bhardwaj et al., 2015; Spiegel et al., 2015; Petit et al., 2017; Chang et 

al., 2018; Lee et al., 2018), even when such abnormalities have not been consistently 

observed among the very few patients reported to suffer from HPS due to mutations in the 

corresponding human genes (Li et al., 2003; Badolato et al., 2012; Lowe et al., 2013; Yousaf 

et al., 2016; Bryan et al., 2017; Okamura et al., 2018; Bastida et al., 2019). Interestingly, a 

small subset of these studies has raised the notion of a putative role for BLOC-1 in mouse 

brain development. Thus, the levels of both pallidin and dysbindin have been found to be 

developmentally regulated in the rodent brain (Ghiani et al., 2010; Ito et al., 2010), and lack 

of BLOC-1 was found to partially impair neurite outgrowth and dendritic spine 

morphogenesis in vitro (Ghiani et al., 2010; Ito et al., 2010; Ma et al., 2011) as well as 

neuronal arborization in vivo (Lee et al., 2018).
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This study was devoted to investigating how lack of BLOC-1 may impact critical periods of 

postnatal brain development, specifically, soon after birth, postnatal day (P)1, and during 

adolescence (P45). Subtle deviations from ‘normality’ during these windows may trigger 

permanent functional, behavioural and cognitive deficits, such as those observed in adult 

BLOC-1-deficient mice. We examined histomorphological abnormalities as well as the 

expression levels of neural cell markers, including radial glia, in the hippocampus of both 

male and female mice of the BLOC-1-deficient strain pallid, which is homozygous for a 

nonsense mutation in the Bloc1s6 gene. In addition, we investigated the effects of BLOC-1 

deficiency on gene expression in the cerebral cortex and hippocampus at both P1 and P45.

2 | MATERIALS AND METHODS

2.1 | Animals

A total of 74 wild-type mice and 82 mutants were used in this study. Male and female mice 

of the BLOC-1-deficient strain pallid (B6.Cg-Bloc1s6pa/J; stock number 000024, The 

Jackson Laboratory, Bar Harbor, Maine) and of the wild-type control strain C57BL/6J (stock 

number 000664, The Jackson Laboratory) were from our breeding colony maintained in an 

approved facility of the Division of Laboratory Animal Medicine at the University of 

California, Los Angeles (UCLA). The pallid strain is homozygous for a nonsense mutation 

in the Bloc1s6 gene encoding pallidin (Huang et al., 1999), an essential component of 

BLOC-1 (Falcon-Perez et al., 2002; Moriyama and Bonifacino, 2002). The mutation 

(Bloc1s6pa) was originally found in a wild animal (Roberts, 1931) and subsequently 

backcrossed onto C57BL/6J for 49 generations at The Jackson Laboratory as well as for 

more than four additional generations in our colony at UCLA. Male mice of the BLOC-1-

deficient strain sandy (n=4), which are homozygous for the Dtnbp1sdy mutation (Li et al., 

2003), and of the control C57BL/6J strain, were from our breeding colony maintained in an 

approved facility at Emory University. The Dtnbp1sdy mutation, which generates an in-frame 

deletion in all alternatively spliced transcripts encoding dysbindin (Li et al., 2003), was 

backcrossed onto C57BL/6J for five generations at The Jackson Laboratory and for one 

additional generation at the University of Pennsylvania (Cox et al., 2009), prior to shipment 

to our colony at Emory University. Mice were weaned at postnatal day 21 and housed in 

groups of 2 to 4 based on sex in a temperature- and-light controlled room on a 12-hr 

light:dark cycle with food (standard chow diet) and water ad libitum. Euthanasia prior to 

tissue dissection of pallid mice (males and females) with their sex- and age-matched 

controls, and of male sandy mice with age-matched male controls, was performed in 

accordance to procedures approved by the institutional animal care and use committee at 

UCLA and Emory University, respectively.

2.2 | Brain wet-weight and body weight measurements

The whole brains of wild-type and pallid mice at P1 (both males and females), as well as at 

P14 and P45 (only males), were dissected out immediately after euthanasia and rapidly 

weighted. For some P1 animals, body weight was recorded prior euthanasia. Statistical 

significance was determined by Two-way ANOVA followed by Bonferroni’s multiple 

comparison test.
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2.3 | Histomorphometrical and Immunohistochemical Analyses

P1 male and female, and P45 male, wild-type and pallid mice were anesthetized with 

isoflurane (30–32%) and transcardially perfused with phosphate-buffered saline (PBS, 0.1 

M, pH 7.4) containing 4% (w/v) paraformaldehyde (Electron Microscopy Sciences, Hatfield, 

PA). The brains were rapidly dissected out, post-fixed overnight in 4% (w/v) 

paraformaldehyde at 4°C, and cryoprotected in 15% (w/v) sucrose. Coronal sections were 

cut on a cryostat (Leica, Buffalo Grove, IL) collected sequentially, and paired along the 

anterior-posterior axis before further processing.

For Nissl Staining, coronal brain sections (20 μm) were stained with a 1% (w/v) cresyl violet 

(Sigma-Aldrich Corp., St. Louis, MO) solution as previously reported (Lee et al., 2018). 

Photographs were acquired on a Zeiss Axioskop equipped with a Zeiss colour or 

monochrome Axiocam using the AxioVision software (Zeiss, Pleasanton, CA) and used to 

determine the thickness of the cerebral cortex (layers I-VI) in rostral and caudal sections, the 

outer border and total sectional area of the hippocampus, and the cell density and 

cytoarchitecture in the Cornu Ammonis (CA)1 subfield of the hippocampus. Measurements 

were performed by two observers masked to the genotype, sex and age of the animals, from 

which each histological section has been generated, with the aid of the Zeiss Axiovision or 

the NIH Image Software (ImageJ, http://rsb.info.nih.gov/ij/). To control and reduce 

variations due to staining intensity, for the analysis of CA1 cell density, images were 

acquired using a monochromatic camera (AxioCam; Zeiss). For image analysis of the CA1 

cell layer, the “vertical profile plot analysis” feature of ImageJ was used as follows: a grid 

set at 16,000 square pixels was over-imposed onto each image, and three identical rectangles 

of height equal to 800 pixels and width equal to 400 pixels (156 μm × 88 μm) were set at a 

fixed distance from the lateral ventricle (third, fifth, and seventh columns of the grid). The 

rectangles were positioned such that the long axis would cross completely the pyramidal cell 

layer, and used to automatically calculate a profile plot as the average pixel intensity per row 

(i.e., across the short horizontal axis) represented as a function of the position on the long 

vertical axis. The plots (three plots for each of the left and right hippocampi in each section) 

were then averaged to obtain one profile per section. To average the profiles of all the 

sections per animal (8–12 consecutive sections per animal), sixth-order polynomial curves 

were fitted to each profile per image and used to automatically estimate the mid-point of the 

cell layer, which in turn was used to align and average the profiles from the different 

sections to yield one average profile per animal. Data are shown as the mean ± SEM of 4–5 

animals per sex, genotype and age.

For Immunohistochemistry, free-floating coronal sections (40 μm) were paired and 

processed as previously reported (Lee et al., 2018) with minor modifications. Briefly, 

sections were blocked for 1 h at room temperature in carrier solution [1% (w/v) bovine 

serum albumin and 0.3% (w/v) Triton X-100] containing 10% (v/v) normal donkey serum, 

and then incubated for 24 h or 48 h at 4°C with primary antibody (Table 1) diluted in carrier 

solution containing 5% (v/v) normal donkey serum, followed by the appropriate 

fluorophore-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Bar 

Harbor, ME). Immunostained sections were visualized on a Zeiss Axio Imager 2 equipped 
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with an AxioCam MRm and the ApoTome imaging system (Zeiss) using either the 

Axiovision or the Zen software (Zeiss).

2.4 | Proteins and total RNA extractions for Biochemical Analyses

Hippocampi from P1 and P45 wild-type and pallid mice were rapidly dissected, and the two 

halves frozen separately to be used for protein or total RNA extraction (Ghiani et al., 2010; 

Lee et al., 2018). For protein extraction, tissue samples were homogenised in lysis buffer 

[150 mM Tris-HCl, 0.25% (w/v) sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1mM 

EDTA; 1% (w/v) Triton X-100, 0.1% (w/v) SDS, 1 mM sodium vanadate, 1 mM AEBSF, 10 

μg/ml Aprotinin, 10 μg/ml Leupeptin, 10 μg/ml pepstatin, and 4 μM sodium fluoride], and 

clarified by centrifugation at 14,000 rpm for 15 min. The supernatant was collected, and the 

total protein concentration was estimated using the ThermoScientific™ Pierce™ BCA 

(bicinchoninic acid) Protein Assay Kit (Waltham, MA). Total RNA was extracted using the 

Invitrogen™ TRIzol™ reagent (ThermoFisher; Carlsbad, CA) following the manufacturer’s 

protocol from P1 wild-type, pallid and sandy, as well as P45 wild-type and pallid 

hippocampi. Samples were further purified by treatment with Ambion® TURBO DNA-

free™ (Life Technologies; Waltham, MA), followed by a second extraction with phenol/

chloroform. Sample concentrations and purity were assessed using a ThermoScientific™ 

NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Canoga Park, CA).

2.5 | Western Blot

Total proteins (35 μg) were resolved on a 4–20% Tris-Glycine gel (Invitrogen, Carlsbad, 

CA) and then transferred onto PVDF membranes (Bio-Rad Laboratories; Hercules, CA). 

Equal protein loading was verified first by reversible staining of the blots with Ponceau S 

solution (Sigma-Aldrich; St. Louis, MO), and later by assessing relative protein levels of β-

actin. Membranes were blocked for 1 h at room temperature and incubated overnight with 

primary antibody (Table 1) diluted in blocking solution [5% (w/v) non-fat milk in PBS 

containing 0.5% (v/v) Tween-20]. Protein bands were detected by chemiluminescence using 

the ThermoScientific™ Pierce™ SuperSignal West Pico and/or ECL 2 Western Blotting 

Substrate or the Amersham ECL kit (GE Healthcare; Piscataway, NJ) with HRP horseradish 

peroxidase-conjugated secondary antibodies (Cell Signaling; Danvers, MA). Relative 

intensities of the protein bands were quantified by scanning densitometry using the NIH 

ImageJ Software. Background-corrected values of each sample were normalised to their 

respective background-corrected β-actin value. Relative protein levels are expressed as a 

ratio of the normalised value obtained for each pair of pallid and wild-type hippocampi, 

which were processed and analysed in parallel, reported as means ± SEM of 4–5 pairs of 

pallid and wild-type animals per sex, and tested for statistical difference from the theoretical 

value of 1 by means of one-sample t test.

2.6 | Microarray Analysis

Microarray hybridization was performed at the Southern California Genotyping Consortium. 

Prior to hybridization, the quality of RNA was further monitored using micro-capillary 

electrophoresis (Bioanalizer 2100, Agilent Technologies; Santa Clara, CA). Total RNA (10 

ng/μl) was amplified, labelled, and hybridized to the Illumina MouseRef-8 v2.0 expression 

array (Illumina; San Diego, CA) overnight at 58°C. The microarrays were then scanned 
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using an iScan reader, and the signal compiled using BeadStudio software (Illumina). Raw 

microarray data were analysed using Bioconductor packages and online tools [Database for 

Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources, 

http://david.abcc.ncifcrf.gov/]. Quality assessment was performed by examining the inter-

array Pearson correlation and clustering based on the top variant genes. Contrast analysis of 

differential expression was performed by using the LIMMA (Linear Models for Microarray 

and RNA-Seq Data) package (Ritchie et al., 2015). After linear model fitting, a Bayesian 

estimate of differential expression was calculated at a false discovery rate (FDR) of 5% or 

less. To identify genes with differential expression in P1 hippocampus potentially due to 

BLOC-1 deficiency, as opposed to strain-specific effects, average mutant-to-wild-type signal 

ratios (in logarithmic scale base 2) were calculated for each probe yielding a strong signal in 

at least one genotype (quartile >0.66) in both BLOC-1-deficient mutants pallid and sandy 

(relative to their matched wild-type controls), and only those probes resulting in a greater 

than 50% signal increase (logarithm base 2 > 0.6) in both mutants were selected for further 

analyses. Top enriched biological functions were inferred by means of the Gene Set 

Enrichment Analysis (GSEA), using the online GEne SeT AnaLysis Toolkit (WebGestalt, 

http://www.webgestalt.org) and the datasets comprising the relative signals obtained in each 

BLOC-1-deficient mutant and its wild-type control for all microarray probes yielding 

relatively strong signals (defined as quartile >0.66 in at least one sample), using standard 

parameters (5–2000 genes per category, Benjamini-Hochberg procedure to control for 

multiple comparison).

2.7 | Quantitative Real-Time Polymerase Chain Reaction

Total RNA (600 ng) was reverse-transcribed using the iScript™ cDNA Synthesis Kit (Bio-

Rad Laboratories) then analysed for various transcript expressions on a CFX Connect™ 

Real-Time PCR Detection System (Bio-Rad Laboratories). Reactions were set up using the 

iQ™ SYBR® Green Supermix (Bio-Rad Laboratories) and the QuantiTect® Primer Assay 

(Qiagen, Valencia, CA), and performed in triplicate following the manufacturer’s directions. 

Negative controls (samples in which reverse transcriptase was omitted) were amplified 

individually using the same primer sets to ensure the absence of genomic DNA 

contamination. Amplification specificity was assessed by melting curve, while standard 

curves, made from serial dilutions of control RNA, were used for efficiency and 

quantification. Expression standardization was done using as housekeeping genes Ppia 
(peptidylprolyl isomerase A, also known as cyclophilin A; Gene ID 268373; 

Mm_Ppia_1_SG QuantiTect Primer Assay, Cat. no. QT00247709) and Ubc (ubiquitin C, 

Gene ID 22190; Mm_Ubc_1_SG QuantiTect Primer Assay, Cat. no. QT00245189). The 

average values from 3 technical replicates per sample were normalised to those obtained for 

Ppia in the same sample, and the transcript levels in the mutant samples were expressed as 

means ± SEM relative to the mean value obtained for the wild-type controls. Statistically 

significant differences were analysed using the Mann-Whitney test.

2.8 | Statistical analyses

Statistical tests for significant differences between groups were performed using Prism 7.0b 

(GraphPad Software; La Jolla, CA).
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3 | RESULTS

3.1 | Decreased brain weight and abnormal organization of the hippocampal pyramidal 
cell layer in newborn BLOC-1-deficient male mice

Often neurodevelopmental psychiatric disorders exhibit sex bias in the onset, presentation 

and magnitude of the symptoms, prevalence, although, the influence of genetic 

heterogeneity and family history, plus the co-morbidity of intellectual and behavioural 

deficits might also be accountable for such divergencies (Polyak et al., 2015). We examined 

the impact of lack of BLOC-1 on the gross morphology of the forebrain and its structures 

early postnatally in both males and females of the mouse strain pallid and congenic wild-

type controls. At P1, a difference in brain wet-weight was observed between wild-type male 

and female mice, with the latter being slighter, on average, however, such difference was 

absent in the pallid mice. The average wet-weight of freshly dissected brains from pallid 

males at P1 was about 10% lower as compared to sex- and age-matched wild-types (Figure 

1a), such difference reached statistical significance upon two-way ANOVA (Table 2) 

followed by post-hoc Bonferroni test. Conversely, no differences were observed in the wet-

weight of brains from female wild-type and pallid mice at P1 (Figure 1a). To test whether 

the observed decrease in brain weight could be secondarily due to reduced overall body 

mass of male pallid mice, both the body weight and the brain-to-body weight ratio were 

measured in P1 animals. On average, both male and female mutants appeared to be slightly 

heavier than their sex- and age-matched wild-type controls, although such differences did 

not reach statistical significance (Figure 1b and Table 2), and, whilst, the brain-to-body 

weight ratio was lower in mutant mice of both sexes as compared to their corresponding 

wild-types, only in males, such difference reached statistical significance (Figure 1c and 

Table 2). Interestingly, the reduction in the overall brain mass observed in male pallid mice 

at P1 was less apparent as postnatal development progressed to P14 and P45 (Figure 1d and 

Table 2). These results suggested that BLOC-1 deficiency may differentially affect brain 

development in mice, depending on sex, prior to or during the perinatal period.

Attempts to test for differences in wet-weight of various brain regions between wild-type 

and mutant mice at P1 were inconclusive due to significant inter-sample variability in the 

values obtained. For this practical reason, and because mild abnormalities in cortical or 

hippocampal structures could potentially underlie some of the behavioural phenotypes 

reported for BLOC-1-deficient mice (Bhardwaj et al., 2009, 2015; Cox et al., 2009; Ghiani 

& Dell’Angelica, 2011; Spiegel et al., 2015; Petit et al., 2017; Chang et al., 2018; Lee et al., 

2018), we examined the gross anatomical morphology of these two regions in P1 and P45 

pallid male mice in comparison to age matched wild-types. The thickness of the cerebral 

cortex, measured in Nissl-stained rostral and caudal sections from layer I to layer VI, up to 

the border with the corpus callosum, was not different at P1 between wild-type and pallid 

mice (Table 3). Likewise, measurements of the cross-sectional area and outer border 

(perimeter) of the hippocampus exhibited no alterations in the pallid male mice compared to 

wild-types. Similarly, these brain areas did not show genotypical differences at P45 (Table 

3). Despite the lack of gross anatomical deviations, careful examination of the Nissl-stained 

brain sections revealed an aberrant expansion of the pyramidal cell layer in the hippocampi 

of male pallid mice at P1 (Figure 2b,d) in comparison to that of hippocampi from sex- and 
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age-matched controls (Figure 2a,c). In the mutants, the cell bodies were not organised in the 

typical compact layer of the CA subfields but appeared to be scattered over a large area, with 

more cell bodies present in the stratum oriens, and a poorly defined separation between the 

stratum oriens and the pyramidal cell layer (Figure 2a–d). Intriguingly, these abnormalities 

were more pronounced in pallid males (Figure 2b,d) than in females (Figure 2f), which 

resembled more closely their wild-type counterpart (Figure 2e). In order to validate these 

observations using a more objective approach, densitometric analyses were performed on 

consecutive Nissl-stained sections paired along the anterior-posterior axis, such as those 

shown in Figure 2. Using a pre-defined grid overlaid on top of the digitally acquired images 

(Figure 2c–f, blue), three rectangles of identical dimensions were positioned such that the 

long axis would cross completely the pyramidal cell layer (Figure 2c–f, magenta), and an 

intensity profile was automatically calculated for each of them as the average pixel intensity 

per row as a function of the position on the long vertical axis. The resulting profiles were 

averaged to obtain a single profile per animal. In the case of wild-type mice, the averaged 

profiles displayed a well-defined peak corresponding to the relatively higher Nissl staining 

within the pyramidal cell layer; such peak was relatively narrower in P45 males than in P1 

males or P1 females (Figure 3a–c, solid black lines). In the case of the pallid mutant mice, 

the averaged profiles of P1 males looked more like a flat plateau with relatively lower 

intensity throughout the pyramidal cell layer (Figure 3a), whilst, those of P1 females 

displayed peaks that were only slightly broader and lower than those of sex- and age-

matched wild-types (Figure 3b). The observed abnormal cytoarchitecture was not 

permanent, and the profiles of P45 males were virtually indistinguishable from those of sex- 

and age-matched controls (Figure 3c). Hence, absence of functional BLOC-1 in mice 

hindered the cellular and laminar organization of the hippocampus early postnatally but not 

at a later developmental stage (P45) that is regarded to as analogous to adolescence (Brust et 

al., 2015). Importantly, the observed effects were more severe in pallid males, while less 

prominent or absent in the female counterpart.

3.2 | Lack of BLOC-1 disturbs the radial glia scaffold early postnatally in the 
hippocampus

Lamination of the cortical regions is required for proper wiring and functioning of the brain, 

and is achieved through a dynamically coordinated neuronal migration, which comprises 

multiple cellular and extracellular events (Gupta et al., 2002; Förster et al., 2006; Hayashi et 

al., 2015). During the first postnatal week, neuronal migration in the rodent hippocampus 

occurs mostly along a scaffold created by a highly specialised cell type named radial glia 

(Urban & Guillemot, 2014; Hayashi et al., 2015). We considered the possibility that lack of 

BLOC-1 might interfere with the formation of the migratory glial scaffold, and examined the 

expression of a radial glia marker in P1 mutant and wild-type mice. In wild-type mice, 

strong expression of the Glutamate-Aspartate Transporter (GLAST) was observed in all 

hippocampal regions (Figure 4a, upper left panel) and well-aligned GLAST-positive 

processes were visible throughout the pyramidal cell layers (Figure 4a, middle and lower left 

panels). In contrast, GLAST immunoreactivity was drastically reduced in the whole pallid 

male hippocampi (Figure 4a, right panels), with fewer positive processes present in the 

pyramidal cell layer (Figure 4a, right lower panel). This dramatic defect was not observed in 

hippocampi from pallid females, in which radial glia processes spanned through the cell 
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layer similarly to sex- and age-matched wild-types (Figure 4b). Consistent with the 

immunohistochemistry results, immunoblotting analysis of whole-tissue extracts indicated 

that the steady-state levels of the GLAST protein were reduced by about 36% in hippocampi 

from pallid males, but not in those from pallid females, as compared to hippocampi from 

sex- and age-matched wild-type controls (Figure 4c and Table 4). Similarly, processes 

immunopositive for the intermediate neurofilament nestin were scarce in the pallid male, but 

not female, hippocampi as compared to sex- and age-matched wild-type controls (Figure 

5a,b), a result which was also consistent with determinations of steady-state nestin protein 

levels by quantitative immunoblotting (Figure 5c and Table 4).

An important factor guiding neuronal migration is the large glycoprotein reelin, secreted by 

the Cajal-Retzius cells in the marginal zone and known to exist as several isoforms, with the 

400-kDa species representing the full-length isoform and the others being the products of 

proteolytic processing (Ignatova et al., 2004; Jossin et al., 2007). In addition to modulating 

cell migration by direct binding to receptors on responsive cells, reelin signalling is also 

important for the development and maintenance of the radial glial scaffold (Förster et al., 

2010; Stranahan et al., 2013). Western blot analyses revealed no significant differences in 

the levels of the three main reelin isoforms (400, 330 and 180 kDa) in P1 mutant males and 

females as compared to sex- and age-matched wild-types (Figure 6 and Table 4).

We next examined whether the above-described deficits in radial glial scaffold were 

associated with atypical expression of neuronal markers in P1 mutant hippocampi. The 

microtubule-associated protein doublecortin is highly expressed in migratory neuroblasts 

and young neurons, and mutations in the X-linked gene encoding it are associated with 

aberrant neocortical and hippocampal cellular organisation, epilepsy and severe intellectual 

disabilities (Corbo et al., 2002; Moon & Wynshaw-Boris, 2013). As judged from 

immunoblotting analysis, the steady-state expression levels of this protein in hippocampi 

from male or female pallid mutants did not differ significantly from those of their sex- and 

age-matched counterparts (Figure 7a and Table 4). Likewise, comparable steady-state 

protein levels were found between mutant and wild-type mice of both sexes for two 

immature neuronal markers, α-internexin and βIII-tubulin, (Figure 7a and Table 4). 

However, an atypical staining pattern for α-internexin was noted in hippocampi from P1 

pallid males, particularly near the subiculum (Figure 7b), but not in hippocampi from P1 

pallid females (Figure 7c).

These observations suggested that, early postnatally, lack of BLOC-1 results in formation of 

an aberrant radial glia scaffold and perturbs the perinatal cell layering of the hippocampus in 

a sex-dependent manner, via a mechanism different from that of canonical players in 

neuronal migration such as impaired reelin production or processing, or mutations in 

doublecortin.

3.3 | Upregulated expression of genes promoting tissue development in the 
hippocampus from male BLOC-1-deficient mice early postnatally

To further investigate the impact of lack of BLOC-1 on brain development in male mice, we 

examined global mRNA expression in the hippocampus and cerebral cortex from wild-type 

and pallid animals at P1 and P45. RNA purified from these brain regions was hybridized to 
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the Illumina MouseRef-8 v2.0 expression array, and the resulting signals were normalised 

and subjected to statistical analyses to estimate the number of microarray probes detecting 

transcripts from genes that were expressed in mutant tissue at relatively higher (upregulated) 

or lower (downregulated) levels, as compared to wild-type controls, at a FDR of less than 

5%. As shown schematically in Figure 8a, the number of differentially expressed genes was 

intriguingly higher in P1 hippocampi than in cerebral cortices at the same age or either brain 

region at P45. For this reason, subsequent analyses were focused on differential expression 

of transcripts in the hippocampi of P1 mice.

Given that brain tissue, including the hippocampus, is comprised of more than one cell type, 

and that significant expansions in cell populations such as macroglial cells are known to 

occur postnatally (Sauvageot & Stiles, 2002; Silbereis et al., 2016; Zucchero & Barres, 

2015), we sought to test whether the observed differences in transcriptome at the tissue level 

between pallid and wild-type mice at P1 could simply reflect relative changes in cell-type 

composition, such as abnormally high numbers of macroglial cells at this developmental 

stage. To this end, we compared the signals obtained for groups of probes in the microarray 

that targeted transcripts defined by Cahoy et al. (2008) as cell-type-specific markers of 

neurons, oligodendrocytes and astrocytes, as well as those defined by Zamanian et al. (2012) 

as markers of reactive astrocytes. For each group of cell-type-specific markers, the average 

signal intensities resulting from hippocampi of P1 wild-type mice were compared to those 

from P1 pallid mice. As a reference, similar comparisons were done between wild-type 

hippocampi at P1 and P45. As expected, the majority of the transcripts defined by Cahoy et 

al. (2008) as markers of oligodendrocytes and astrocytes were detected at higher levels in 

hippocampal tissue from wild-type mice at P45 than at P1 (Figure 9, left middle panels, 

notice the number of data points in the upper-left half of each graph). In contrast, all but two 

of these transcripts (encoded by Cldn11 and Gjb6, which are markers of oligodendrocytes 

and astrocytes respectively) were detected at similar levels in hippocampal tissue from wild-

type and mutant mice at P1, and so were the groups of transcripts considered as markers of 

neurons and reactive astrocytes (Figure 9). Although these analyses may not have been 

sensitive enough to detect or rule out hypothetical alterations in the physiological program of 

cell proliferation and differentiation in mutant hippocampi, still, they led us to conclude that 

the changes observed at the transcriptomic level between mutant and wild-type at P1 were 

unlikely to derive mainly from altered cell composition of the hippocampal tissue.

Strain-specific differences in transcript expression levels in brain have previously been 

reported for two mouse models of BLOC-1 deficiency, namely sandy and muted (Larimore 

et al., 2014). In spite of the fact that the strain of pallid mice used for this study is considered 

congenic with C57BL/6J, still the possibility that some of the differences observed between 

mutant and control mice at the transcriptomic level might represent strain-specific 

epiphenomena, instead of a consequence of the lack of BLOC-1 activity, deserved 

consideration. To address this concern, RNA was isolated from hippocampi dissected from 

male P1 mice of a second BLOC-1-deficient strain, named sandy (homozygous Dtnpb1sdy 

allele on C57BL/6J background), along with hippocampi form sex- and age-matched wild-

type controls housed in the same vivarium, and subjected to microarray analysis under the 

same conditions used for the samples from pallid mice. The resulting signals (expressed as 

mutant-to-control ratio) were compared to those obtained for hippocampi from male P1 
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pallid mice and their corresponding controls. As shown in Figure 8b, the vast majority of 

probes detected little or no variation in expression levels of their cognate transcripts between 

each BLOC-1-deficient strain and its corresponding control (log2 of the mutant-to-control 

signal ratios ranging between −0.6 and +0.6), while a few detected changes in transcript 

expression levels in one BLOC-1-deficient strain but not the other. Included in this latter 

category was a probe detecting the transcript from Bloc1s6, which in pallid mice is known to 

undergo nonsense-mediated mRNA decay (Huang et al., 1999) but is not affected in sandy 

mice (Figure 8b). Importantly, a small subset of probes detected transcripts that were 

upregulated by more than 50% (log2 of mutant-to-control signal ratio >0.6) in both 

BLOC-1-deficient strains (Figure 8b, upper-right quadrant). As in the case of pallid, analysis 

of the signals obtained for cell-type-specific markers in hippocampi from sandy mice 

produced no evidence that the observed changes at the transcriptomic level might be 

secondary to abnormal cell-type composition in the hippocampus (Figure 9).

Table 5 lists the genes encoding transcripts that were upregulated in hippocampi from both 

BLOC-1-deficient strains at P1, with the exception of Dcn, for which the mutant-to-control 

signal ratios failed to reach a nominal statistical significance of P<0.05. The transcripts from 

three of these 31 genes (Aqp1, Folr1 and Gpc3) were detected by more than one microarray 

probe, with comparable results (Table 5). Besides the average mutant-to-control signal ratios 

obtained for each BLOC-1-deficient strain at P1, the table also provides the mutant-to-

control ratios obtained for pallid hippocampi at P45 as well as the average signal ratios 

between wild-type hippocampi at P45 and P1. It is worth noting that 28 of the 31 genes were 

not only upregulated in the mutant hippocampi at P1 but also expressed at higher levels in 

hippocampi from wild-type mice at P45 as compared to hippocampi from wild-type mice at 

P1 (P45/P1 signal ratio >1.5). In contrast, only the imprinted gene H19 was found 

upregulated in mutant hippocampi at P1 and downregulated in wild-type hippocampi at P45. 

Of note is also the fact that none of the 31 genes upregulated in P1 hippocampi from pallid 

and sandy mice by more than 50% (mutant-to-control ratio >1.5) were found to be 

upregulated above the same threshold in hippocampi from pallid mice at P45 as compared to 

the same tissue from age-matched wild-type controls (Table 5).

The altered expression of seven genes selected from those identified through microarray 

analyses (Table 5) and known to be upregulated and/or play important roles during brain 

development was further assessed by qPCR, using hippocampal RNA samples independent 

from those used for the microarray analyses. Two housekeeping genes, Ppia and Ubc, which 

on microarray analysis had yielded mutant-to-control signal ratios of about 1.0, were tested 

in parallel. As expected, the signals obtained for each of these two housekeeping genes, 

expressed as Cq values derived from samples containing equal total mRNA content, were 

virtually indistinguishable when comparing hippocampi from wild-type (n=9) and pallid 

(n=11) mice at P1 (means ± SEM: Ppia, 19.30 ± 0.13 and 19.33 ± 0.13, Ubc, 21.00 ± 0.11 

and 20.90 ± 0.10, wild-type and pallid samples, respectively), and so were the signals for 

one of them (Ubc) upon normalization to those of the other (Ppia) and expressed as an 

average mutant-to-control ratio (Table 6). One the other hand, the normalised mutant-to-

control ratios of transcript expression levels for five of the selected genes (Aqp1, Cldn11, 

Igf2, Msx1 and Ptgds) were higher than the theoretical value of 1.0 with P<0.05, while those 

for Ttr and Gpc3 failed to reach statistical significance (Table 6). Thus, a second quantitative 
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method, using an independent set of samples, allowed validation of some, but not all, of the 

genes deemed to be upregulated based on microarray analysis of hippocampi from BLOC-1-

deficient P1 mice.

Alterations in the expression of genes encoding ion channels (e.g., Kcne2) and small-

molecule transporters of the SLC superfamily have been previously detected in hippocampi 

of sandy mice at P7 (Larimore et al., 2017) and were also noted herein in hippocampi from 

pallid and sandy mice at P1 (Table 5). In addition, other genes listed in Table 5 encode 

proteins with a wide variety of molecular functions, including but not limited to extracellular 

growth factors or antagonists (Igf2, Sostdc1), transcription factors (Msx1, Otx2, Zic1), 

components or regulators of the extracellular matrix and cell adhesion (Cldn11, Col6a1, 
Gjb6, Mgp, Tgfbi), and metabolism or transport of small signalling molecules (Enpp2, 
Ptdgs, Ttr). In order to test for enrichment of certain biological functions using a more 

objective approach, GSEA was performed on each set of microarray data comparing 

hippocampi from P1 pallid or sandy mice with those of matched wild-type controls, and the 

gene ontology (GO) terms reaching statistical significance at a FDR<0.05 in both datasets 

were chosen as those most likely to reflect a biological response to BLOC-1 deficiency. This 

analysis revealed several related biological functions, namely organ development, 

morphogenesis of branching structures, tissue remodelling and repair, extracellular structure 

organization, cellular response to growth factors, and protein serine/threonine kinase 

signalling (Table 7).

Taken together, these findings suggested that lack of BLOC-1 in male mice during perinatal 

development results in a transcriptomic signature in the hippocampus that is most consistent 

with an upregulation of mechanisms promoting tissue development. Because such 

upregulation was no longer apparent in mutant tissue at P45, a later, still highly crucial, 

time-window of development, it might represent a transient response to an attempt to 

compensate for some of the observed abnormalities in the development of the hippocampus 

in the mutants.

4 | DISCUSSION

We had previously shown that BLOC-1 subunits are more abundantly expressed in the 

mouse brain during perinatal development than in adulthood (Ghiani et al., 2010). In the 

present work, we provide evidence that lack of functional BLOC-1 not only influenced the 

trajectory of postnatal brain development but, strikingly, the uncovered defects were more 

prominent in males than in females, with the hippocampus being the most impacted brain 

area. Such “mal”-effects were mostly recovered by adolescence, another important window 

for brain development characterised by profound transformations (Marco et al., 2011; 

Fuhrmann et al., 2015; Silberies et al., 2016; Herting & Sowell, 2017; Galvan, 2017; Larsen 

& Luna, 2018), although by the end of this period, young adult (P60) male BLOC-1 

deficient mice exhibit alterations in the dentate gyrus and other regions (Lee et al., 2018). 

These effects were accompanied by absence of GLAST immunopositive processes, and a 

dramatic decrease in its expression levels. Changes in gene expression were also more 

evident in the pallid hippocampus at P1.
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Our work offers several important points. First, lack of functional BLOC-1 elicits divergent 

effects in males and females, rendering the former more vulnerable to defects in brain 

cytoarchitecture. In particular, P1 pallid male brains were found to weight significantly less 

than those of age- and sex-matching wild-types, while females did not differ from their wild-

type counterparts. This phenotype was accompanied by an abnormal organization of the 

hippocampal pyramidal cell layer, although the expression levels of neuronal markers were 

unchanged. Sex-associated biochemical and behavioural deficits have been reported for IDD 

mouse models, but there is scant knowledge on brain cytoarchitecture differences. Genetic 

variants in catechol-O-methyltransferase (COMT), the enzyme involved in the degradation 

of catecholamines, have been associated with sex-dependent altered behaviours in both 

humans and mice. Reduced COMT levels elicited differential effects on the thickness and 

neuronal density of the cerebral cortex in adult male and female mice, as well as on working 

memory in both mice and humans (Sannino et al., 2015), which begun to become evident 

during puberty (Sannino et al., 2017). Curiously, and at variance with humans, both male 

and female mice carrying mutations in Mecp2 survive but only the males exhibit neuronal 

and other Rett syndrome-related phenotypes (Goh, 2017; Jeon et al., 2018). Remarkably, 

MeCP2 has been shown to regulate the expression levels of BLOC-1 subunits as well as of 

other interacting proteins, and reduced levels of pallidin were reported in the dentate gyrus 

of P7 Mecp2-null mice (Larimore et al., 2013). Recently, sex-differences in the behaviour of 

mice null for the main isoform of dysbindin (dysbindin-1A), which display coat colour and 

prolonged bleeding phenotypes that closely resemble those of the sandy mouse (Petit et al., 

2017), have been observed in a series of cognitive and behavioural tests. Whilst the mutant 

males showed attenuated effects on memory retention in response to acute restrain stress 

delivered during adolescence (P35), but not during adulthood (P60–70), the females showed 

lower anxiety (Desbonnet et al., 2019). Male pallid mice showed a high variability in 

behavioural deficits (Lee et al., 2018). Nonetheless, our findings suggest that, at least at the 

level of the CNS, male mice are more sensitive than females to the lack of BLOC-1 during 

critical windows of development.

BLOC-1 deficiency causes HPS, for which only a handful of patients with mutations 

specifically in this complex are known, and no sex differences on its incidence, presentation 

or progression are available given the small cohort and variability in the severity of 

symptoms. In particular, a total of six patients, two males and four females (Li et al., 2003; 

Lowe et al., 2013; Bryan et al., 2017; Bastida et al., 2019), have been identified as HPS type 

7 due to mutations in the DNTBP1 gene encoding dysbindin. Among them, a 6-year-old boy 

was diagnosed also with delayed language and motor development (Bryan et al., 2017). The 

cohort of patients with HPS type 9 due to mutations in the pallidin-encoding gene is even 

smaller (three females). The first HPS type 9 patient was a 17-year-old female who 

presented with oculocutaneous albinism, immunodeficiency, and normal neurologic 

development (Badolato et al., 2012); the second patient was a 4-year-old female with similar 

symptoms and no reported neurological phenotype (Yousaf et al., 2016). The last patient, a 

52-year-old woman, developed schizophrenia in her late forties (Okamura et al., 2018), 

although the co-occurrence of these two diseases could have just been coincidental.

Second, the maldevelopment was predominantly observed in the hippocampal formation of 

pallid males during a crucial postnatal time-window and mostly recovered by late 
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adolescence. This effect was greatly attenuated in pallid females and in the cerebral cortex of 

either sex, and absent at P45 in pallid males, which had a brain weight and a profile plot 

practically indistinguishable from their wild-type counterparts. Certain developmental 

phenotypes have been reported to be more prominent also in the hippocampus of the sandy 

mice in comparison to the cerebral cortex. Sinclair et al. (2016) showed that the 

developmental shift in the N-Methyl-D-aspartate receptor (NR) subunits NR2A and NR2B 

was altered mainly in the hippocampus of sandy males, but not as much in females. 

Furthermore, developmental deficits in GABAergic neuronal markers and chloride co-

transporter expression were found to be greater in the sandy hippocampus than in the 

cerebral cortex, along with a lower number of parvalbumin interneurons in the CA1 and 

CA3 of P50 sandy and, to a lesser extent, of P50 mice of another BLOC-1-deficient strain, 

muted (Larimore et al., 2017). In contrast, albeit not completely unexpected given that 

mutations in BLOC-1 subunits have been reported to elicit comparable but also divergent 

phenotypes (Larimore et al., 2014, 2017; Bhardwaj et al 2015; Spiegel et al., 2015; Lee et 

al., 2018), P50 pallid mice did not show changes in parvalbumin interneurons (Larimore et 

al., 2017). Accordingly, P1 pallid mice did not present changes in the expression of neuronal 

markers, despite the fact that these mutants, at P60, exhibited defective dendritic arbours in 

the dentate gyrus granule cells, but normal in CA1 pyramidal neurones (Lee et al., 2018). 

The hippocampus is an important hub for cognitive functions as well as memory formation 

and consolidation, thus the “mal”-effects described could underline the cognitive and 

behavioural deficits that have been found in both adult pallid and sandy mice (Ghiani & 

Dell’Angelica, 2011; Spiegel et al., 2015; Lee et al., 2018).

Regardless of the fact that such cytoarchitectural abnormalities were less obvious in the 

cerebral cortex of pallid males, it cannot be excluded that pallid male mice may display 

cytoarchitectural abnormalities in other brain regions, which have yet to be fully 

characterised.

Third, a dramatic absence of radial glia GLAST-positive fibres was observed in the 

hippocampus of P1 pallid male mice, weakening the migratory scaffold and disturbing the 

neuronal journey as shown, albeit only perinatally, by the disperse organization of the 

hippocampal cell layer in pallid male mice compared to their male counterparts. In pallid 

females, this effect was greatly mitigated, and was resolved in males by P45. BLOC-1 has 

been shown to be highly expressed in glial cell lineages (Ghiani et al., 2010; Matteucci et al., 

2013), hence, it is not surprising that its absence may hamper radial glia functions, along 

with its involvement in process extension.

Radial glial cells have a bipolar shape with their somata anchored by a short process to the 

subventricular zone, while a longer one, spanning across the cell layers, attaches to the pial 

surface along which the immature neurons migrate (Parnavelas & Nadarajah, 2001; Urban & 

Guillemot, 2014; Hayashi et al., 2015; Xu et al., 2015). BLOC-1-deficient mice presented 

with an aberrant radial glia scaffold, along with a perturbed cytoarchitectural pattern of the 

pyramidal cell layer, both in a sex-dependent manner. To better understand the origin of the 

cell dispersion in the cell layer, we investigated whether signalling from critical players in 

neuronal migration, e.g. reelin and doublecortin, could be negatively influenced by lack of 

BLOC-1. Both reelin and doublecortin are required for normal neuronal migration and 
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consequent brain development, and mutations in the X-linked human genes trigger 

devastating cortical and hippocampal malformations and disorganisation along with 

intellectual and behavioural disabilities, and epilepsy. Remarkably, lack of doublecortin has 

been shown to affect more severely male mice and the hippocampus (Corbo et al., 2002). 

Since the expression levels of either player were found unchanged, the phenotype observed 

in P1 pallid male pyramidal cell layer could be primarily attributed to the striking defect in 

radial glia processes, hence, just be a consequence of the lack of a functional complex and 

its proposed involvement in process extension. Male pallid mice did not show hippocampal 

disorganisation by adolescence (P45), still, it will be an overlook not to consider that the 

proper wiring and formation of the hippocampal neural circuit might be weakened and faulty 

due to the subtle defects observed, and might underline some of the cognitive and 

behavioural deficits as those we and others have observed in adult pallid mice, including 

disrupted sleep and circadian rhythms (Spiegler et al, 2015; Lee et al., 2018). In addition, the 

reported defective dendritic arbours of the dentate gyrus granule cells in pallid mice would 

contribute to these deficits (Lee et al., 2018). The dentate gyrus is a hippocampal subregion 

critical for learning and memory, which receives inputs from the entorhinal cortex and relays 

them to CA3 for storage. Weak brain wiring may cause altered electrical excitability. 

Fittingly, the pallid males also displayed abnormal low levels of pCREB/CREB ratio in the 

hippocampus (Lee et al., 2018), an activity-dependent transcription factor known to be 

pivotal for cognitive function. Overall these findings strongly highlight that perinatal 

absence of functional BLOC-1 has repercussions on hippocampal cytoarchitecture and, later 

in adulthood, function(s). Genetic variants in dysbindin have been associated with altered 

cognitive functions in humans (reviewed by Hartwig et al., 2018), likely in association with 

other modifiers.

Fourth, changes in gene expression were again more prominent in the hippocampus of pallid 

mice at P1 as compared to P45 and to the cerebral cortex at either age. The subtle 

malformations present in P1 BLOC-1 deficient male mice were largely recovered by 

adolescence (P45), perhaps, involving some type of compensatory mechanism able to 

overcome the dysfunction(s) triggered by absence of this complex, and corrected them at 

some point during the peri-adolescent period. Consistent with this idea, the signature of gene 

transcripts upregulated in hippocampus from P1 pallid mice was compatible with the 

biological functions of organ development, morphogenesis of branching structures, tissue 

remodelling and repair, extracellular structure organization, and cellular response to growth 

factors.

Altogether these findings indicate that BLOC-1 plays a role during perinatal brain 

development and seems to be required during this developmental window, at least in the 

male hippocampus. The alterations described here are subtle and almost resolved by late 

adolescence, nevertheless, the absence of BLOC-1 during a critical period of brain 

development may produce long-lasting “mal”-effects, rendering male mice more sensitive 

and vulnerable to cognitive and behavioural dysfunctions later in life, for instance in 

adolescence (Marco et al., 2011; Fuhrmann et al., 2015; Galvan, 2017; Larsen & Luna, 

2018) and in their response to a stressor. It is worthy to note that ours is one of few reports 

that documents sex, along with regional, divergent effects in brain anatomy, and places a 
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special emphasis on the remarkable contribution of sex to the susceptibility to develop IDD 

in genetically predisposed individual.
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Refer to Web version on PubMed Central for supplementary material.
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Significance

Sex is a decisive factor involved in shaping brain functions across life, albeit often 

ignored when it comes to investigation in models of intellectual and developmental 

disabilities (IDD). Early postnatal brain development is a critical window sensitive to 

genetic and environmental challenges, which will shape its functionality and may cause 

life-long cognitive and behavioural disabilities. Our study documents sex, along with 

regional, divergent effects in brain anatomy caused by a single mutation in an autosomal 

gene, and places a special emphasis on the remarkable contribution of sex to the 

susceptibility to develop IDD in genetically predisposed individuals.
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FIGURE 1. 
Decreased brain weight in BLOC-1-deficient male mice at postnatal day 1. (a) Wet weight of 

freshly dissected whole brains, (b) whole body weight, and (c) brain-to-body weight ratio 

were determined in both males and females of the C57BL/6J strain (wild-type) and the 

congenic BLOC-1-deficient strain pallid, at postnatal day (P) one (P1). (d) Wet weight of 

freshly dissected whole brains from male mice of the wild-type and pallid strains at P1, P14 

and P45. In (a) through (d), each small circle represents the value obtained from one animal, 

the wide horizontal lines represent arithmetic mean values, and the error bars represent 

SEM. The numbers of animals for each group are listed in Table 2. Statistical analyses were 

performed using two-way Analysis of variance (see Table 2) followed by Bonferroni 

comparisons of selected group pairs: NS, non-significant; *p<0.05; **p<0.01; 

****p<0.0001.
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FIGURE 2. 
Perturbed cellular organisation in the pyramidal cell layer of BLOC-1-deficient mice early 

postnatally. (a-f) Representative Nissl-stained sections of hippocampi from wild-type mice 

(a, c, e) and BLOC-1-deficient pallid mice (b, d, f), both males (a-d) and females (e, f), at 

postnatal day 1. CA, Cornu Ammonis; DG, dentate gyrus; PL, pyramidal layer; SO, stratum 

oriens. Arrows in (a) and (b) point at the pyramidal cell layer, which appears enlarged in 

pallid male mice (b). Black rectangles in (a) and (b) denote the regions shown at higher 

magnification in (c) and (d), respectively. Notice in the hippocampus from pallid males (b, 

d) the lack of a compact pyramidal cell layer in CA1 and their scattered presence in the 

stratum oriens. This phenotype was considerably less pronounced in the hippocampus of 

pallid females (f). Special care was taken to ensure that, prior to the staining, the slices from 

wild-type and pallid males and females were paired along the anterior-posterior axis. The 

magenta rectangles positioned on a blue grid were used to perform the profile plot analyses 

reported in Figure 3. Scale bars, 200 μm (a, b), and 100 μm (c-f).
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FIGURE 3. 
Densitometric analysis of the cytoarchitecture of the pyramidal cell layer in the CA1 

subfield from wild-type and BLOC-1-deficient hippocampi. (a-c) The relative staining 

intensity of Nissl-stained hippocampal sections was measured across the pyramidal cell 

layer of the CA1 area of wild-type and BLOC-1 deficient pallid mice at postnatal day (P)1 in 

males (a) and females (b), as well as at P45 in males (c), using a series of rectangular boxes 

(shown in Figure 2c–f in magenta colour) positioned on a fixed grid (shown in Figure 2c–f 

in blue colour) that were subjected to profile plot analysis by calculating average pixel 

intensity per row of pixels along the short axis as a function of position along the long axis 

of the rectangle. In every histological section, three rectangular boxes were analysed and 

averaged for each of the left and right hippocampi by two investigators masked to genotype, 

sex and age of the animal. The resulting profiles of 8–12 histological sections per animal 

were aligned (using polynomial curve fitting to automatically estimate the centre of the cell 

layer), and the aligned profiles averaged to obtain a single normalised profile per animal. 

The traces represent means ± SEM of five (a, b) or four (c) animals per genotype. Notice in 

(a) the relatively broad and flat peak of the normalised profile derived from pallid males at 

P1, as compared to that of age-matched wild-type males. Such anomaly was attenuated in 

pallid females at P1 (b) and undetectable in pallid males at P45, which resulted in a 

Lee et al. Page 25

J Neurosci Res. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normalised profile that was virtually indistinguishable from that of age-matched wild-type 

males (c).
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FIGURE 4. 
Faulty radial glia scaffold in male BLOC-1-deficient hippocampi at postnatal day 1 (P1). (a) 

The paucity of fibres positive for the radial glia marker GLAST was remarkable throughout 

the hippocampus of BLOC-1-deficient pallid males at P1 as compared to sex- and age-

matched wild-type controls, where well-arranged and defined GLAST-positive processes 

could be observed. For both genotypes, a representative immunostained section is shown at 

three progressively higher magnifications, with the white boxes in the top and middle images 

delineating the areas shown at higher magnification in the middle and bottom images, 

respectively. CA, Cornu Ammonis; DG, Dentate Gyrus. Scale bars, 100 μm (top and middle 

images) and 40 μm (bottom image). (b) Representative images of immunostained sections 

containing the CA1 area from wild-type and pallid females at P1, showing that the mutant 

females displayed GLAST-positive processes at a degree similar to age-matched wild-type 

females. Scale bar, 40 μm. (c) Representative western blotting of whole-tissue lysates of 

hippocampi from P1 mice. The total protein levels of GLAST were severely decreased in 

male, but not females, pallid hippocampi, as compared to sex- and age-matched wild-type 

(WT) mice. See Table 4 for the statistical analysis of the values obtained by quantitative 

densitometry of similar western blotting carried out for 4–5 animals per genotype and sex.
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FIGURE 5. 
Decreased expression of the neuroepithelial cell marker nestin in male BLOC-1-deficient 

hippocampi at postnatal day 1 (P1). (a) The scarcity of nestin immunostaining was observed 

in the hippocampus of BLOC-1-deficient pallid males at P1 as compared to sex- and age-

matched wild-type controls. For both genotypes, a representative immunostained section is 

shown at three progressively higher magnifications, with the white boxes in the top and 

middle images delineating the areas shown at higher magnification in the middle and bottom 

images, respectively. CA, Cornu Ammonis; DG, Dentate Gyrus. Scale bars, 100 μm (top and 

middle images) and 40 μm (bottom image). (b) Representative images of immunostained 

sections containing the CA1 area from wild-type and pallid females at P1, showing that 

pallid females did not exhibit the striking decrease in nestin expression observed in pallid 

males. Scale bar, 40 μm. (c) Representative western blotting of whole-tissue lysates of 

hippocampi from P1 mice. The total protein levels of nestin were severely decreased in 

male, but not females, pallid hippocampi, as compared to sex- and age-matched wild-type 

(WT) controls. See Table 4 for the statistical analysis of the values obtained by quantitative 

densitometry of similar western blotting carried out for 4–5 animals per genotype and sex.
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FIGURE 6. 
Unchanged expression levels of the main reelin forms in BLOC-1-deficient mice 

hippocampi at postnatal day 1. Representative western blotting of whole-tissue lysates of 

hippocampi from male (a) and female (b) mice of the BLOC-1-deficient mutant strain pallid 

and sex- and age-matched wild-types (WT), showing the full-length reelin protein (400 kDa) 

as well as the main forms of reelin resulting from proteolytic cleavage. See Table 4 for the 

statistical analysis of the values obtained by quantitative densitometry of similar western 

blotting carried out for 4–5 animals per genotype and sex.

Lee et al. Page 29

J Neurosci Res. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 7. 
Normal protein levels of neuroblast and neuronal markers but altered cytoarchitecture in the 

hippocampus of male BLOC-1-deficient mice at postnatal day 1 (P1). (a) Representative 

western blotting of whole-tissue lysates of hippocampi from P1 male and female mice of the 

BLOC-1-deficient mutant strain pallid and sex- and age-matched wild-type (WT) controls, 

showing no differences in the total protein levels of neuroblast (doublecortin) and neuronal 

(α-internexin and β-III tubulin) markers. See Table 4 for the statistical analysis of the values 

obtained by quantitative densitometry of similar western blotting carried out for 4–5 animals 

per genotype and sex. (b) Representative images of immunostained hippocampal sections 

containing the CA1 subfield of wild-type and pallid males at P1, showing the altered cell 

arrangement and expression pattern of α-internexin within the mutants’ pyramidal cell layer. 

The white box in each image at the top delineates the areas shown at higher magnification in 

the bottom images. Scale bars, 100 μm. (c) The expression of α-internexin within the CA1 

pyramidal cell layer of P1 pallid females was similar to that of sex- and age-matched wild-

types. Scale bar, 100 μm.
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FIGURE 8. 
Microarray-based transcriptomic analysis of hippocampus and cerebral cortex from 

BLOC-1-deficient mice at two developmental stages. (a) Schematic representation of the 

number of microarray probes (among those yielding reliable signal above noise level) that 

resulted in detection of genes whose expression was relatively increased (Upregulated, 

magenta bars), or decreased (Downregulated, green bars), in hippocampus and cerebral 

cortex from male pallid mice at postnatal day (P)1 or P45, as compared to the corresponding 

brain region from sex- and age-matched wild-type controls, at a false-discovery rate (FDR) 

of less than 0.05 (n=4 animals per group). Notice the relatively larger number of probes 

detecting differentially expressed genes in the hippocampus from P1 mice. (b) Correlation 

between the mutant/wild-type signal ratios obtained for two different BLOC-1-deficient 

strains, pallid and sandy, by microarray analysis of total RNA isolated from hippocampi 

dissected from mutant and wild-type male mice at P1 (n=4 animals per group). Each dot 

represents a probe yielding a relatively strong signal (defined as within the top third of all 

probe signals from the microarray), with the value on the x axis representing the logarithm 

in base 2 of the ratio between the average signals obtained for 4 pallid and 4 sex- and age-

matched wild-type samples, and the value on the y axis representing the logarithm in base 2 

of the ratio between the average signals obtained for 4 sandy and 4 sex- and age-matched 

wild-type samples. Solid blue lines indicate no change in transcript expression between 

pallid (vertical line) or sandy (horizontal line) and their corresponding wild-type controls, 

and dashed blue lines denote mutant/wild-type signal ratios corresponding to a factor of 1.5 

(50% increase, or decrease to two-thirds, relatively to wild-type levels). Notice that the 

transcript from the Bloc1s6 gene, which is mutated in pallid mice, was decreased in pallid 
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mice but not in sandy mice. Conversely, the transcript from the Dtnbp1 gene, which is 

mutated in sandy mice, was slightly decreased in sandy mice but apparently not in pallid 

mice. Notice also that a small subset of probes detected transcripts that were upregulated by 

a factor larger than 1.5 in both pallid and sandy mice (upper right quadrant of the figure).
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FIGURE 9. 
The transcriptomic signature observed in the hippocampus from BLOC-1-deficient mice at 

postnatal day (P)1 was not secondary to changes in the populations of glial cell subtypes. 

The average signals obtained for microarray probes detecting transcripts that are considered 

cell-type-specific markers of neurons, oligodendrocytes and astrocytes (Chaoy et al., 2008) 

or markers of reactive astrocytes (lipopolysaccharide (LPS)-injected mice; Zamanian et al., 

2012) in hippocampi from male wild-type (WT) mice at P1 were compared against those in 

hippocampi from male wild-type mice at P45 (left column of graphs), in hippocampi from 

male BLOC-1-deficient pallid (Pa) mice at P1 (middle column of graphs), and in 

hippocampi from male BLOC-1-deficient sandy (Sdy) mice at P1 (right column of graphs). 

In all graphs, each data point corresponds to a marker transcript, with the value on each axis 

representing the logarithm in base 2 of the average of signals obtained for 4 animals per 

group. In each graph, a solid diagonal line denotes no difference in expression levels, while 

the dashed diagonal lines indicate changes in transcript levels (increase or decrease relatively 

to wild type at P1) by a factor of 1.5. While a large number of marker transcripts was 

differentially expressed in wild-type hippocampi between P1 and P45, in part reflecting 

normal changes in the population of different cell types (such as proliferation and maturation 
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of oligodendrocytes and astrocytes) during postnatal brain development, very few of these 

markers were deemed to be differentially expressed in mutant hippocampi at P1.
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Table 4.

Statistical table of the western blot analyses of neural cell markers and reelin in wild-type and pallid 

hippocampi at postnatal day 1. Absence of BLOC-1 significantly affects the expression levels of markers for 

radial glial cells in male hippocampi, but not in females, as compared to wild-type controls. Values derived 

from densitometric analysis were corrected for background, normalised to β-actin, and expressed as a ratio of 

the normalised value obtained for each pair of pallid and wild-type hippocampi, which were processed and 

analysed in parallel. Results are reported as the means ± SEM of 4–5 pairs of wild-type and pallid animals per 

sex. One-sample t test against a theoretical value of 1, Alpha=0.05. Bold type indicates statistical significance.

Relative Protein Expression levels (mutant-to-wild-type ratio)

Figure Markers Males One-sample t test Females One Sample t test

4c GLAST 0.64 ± 0.05 t(4)=6.853; P=0.0024 1.09 ± 0.14 t(4)=0.663; P=0.5435

5c Nestin 0.54 ± 0.15 t(4)=3.054; P=0.0379 0.92 ± 0.11 t(4)=0.680; P=0.5332

6 Reelin

400 kDa 1.07 ± 0.14 t(3)=0.548; P=0.6220 1.18 ± 0.44 t(4)=0.399; P=0.7097

300 kDa 0.88 ± 0.28 t(3)=0.416; P=0.7050 0.94 ± 0.22 t(4)=0.262; P=0.8065

180 kDa 0.95 ± 0.25 t(3)=0.199; P=0.8544 1.14 ± 0.16 t(4)=0.875; P=0.4311

7a Doublecortin 0.96 ± 0.02 t(4)=1.343; P=0.2505 0.94 ± 0.07 t(4)=0.872; P=0.4325

7a α-internexin 1.04 ± 0.04 t(4)=0.923; P=0.4082 1.08 ± 0.09 t(4)=0.819; P=0.4586

7a β-III tubulin 0.99 ± 0.07 t(3)=0.157; P=0.8852 1.00 ± 0.07 t(4)=0.055; P=0.9577
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Table 6.

Validation by quantitative real-time polymerase chain reaction (qPCR) of a subset of the genes whose 

expression was increased in hippocampi from BLOC-1-deficient mice at postnatal day (P)1 as judged by 

microarray analysis. The relative expression levels of genes selected from those listed in Table 5 were 

determined by qPCR in sets of hippocampi from wild-type (WT) mice (n=7–9) and BLOC-1-deficient pallid 

mice (n=10–11) that were independent from those used for the microarray analyses reported in Figure 8 and 

Table 5. The expression levels of two housekeeping genes, Ppia and Ubc, were analysed in the same samples. 

For each gene listed in the table (including Ubc), average values from 3 technical replicates per sample were 

normalised to those obtained for Ppia in the same sample, and the transcript levels in the mutant samples were 

expressed as means ± SEM relative to the mean value obtained for the WT samples. As expected, the relative 

expression level of the housekeeping gene Ubc, normalised to Ppia, was indistinguishable from the theoretical 

value of 1. Similar results were obtained when the values per sample for each gene were normalised to the 

geometric mean of those for the two housekeeping genes in the same sample. Mann-Whitney test, alpha=0.05. 

Bold type indicates statistical significance.

Gene Gene ID Catalog No Expression levels (relative to WT) Mann-Whitney test

Ubc 22190 QT00245189 0.99 ± 0.04 U=41; P=0.3901

Aqp1 11826 QT00109242 1.57 ± 0.19 U=14; P=0.0215

Cldn11 18417 QT00104195 1.87 ± 0.25 U=19; P=0.0100

Gpc3 14734 QT00118790 1.17 ± 0.15 U=40; P=0.2514

Igf2 16002 QT00109879 1.54 ± 0.16 U=16; P=0.0048

Msx1 17701 QT01661821 1.35 ± 0.12 U=20; P=0.0253

Ptgds 19215 QT00098049 6.06 ± 2.25 U=16; P=0.0102

Ttr 22139 QT00107485 1.67 ± 0.51 U=28; P=0.1030
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