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ABSTRACT
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LUMAN is a transcription factor involved in the regulation of endoplasmic
reticulum stress and viral infection. The expression sites of LUMAN in tissues and
organs and its biological function haven’t been explored. We aimed to investigate the
biological function of LUMAN in the relevant tissue and the underlying mechanism
in this study. We found that LUMAN was abundantly expressed in the nuclei of
neurons in many regions of the central nervous system including the forebrain, the
midbrain, and the cerebellum. Particularly, LUMAN-positive neurons aggregated in
four areas where the cell bodies of the principle neurons are located: the mitral cell
layer of the olfactory bulb, the stratum pyramidale of the hippocampus, the stratum
granulosum of the dentate gyrus region of the hippocampus, and the Purkinje layer of
the cerebellum. We characterized at least two unknown phenotypes of Luman-/- mice
in body weight and animal behaviour respectively. In conspicuous contrast with its
wild-type littermates, both male and female Luman-/- mice were spontaneous lean
without any substantial body weight gain over time. Pups born to Luman-/- dams all
died within two days after birth. Obvious lactation and olfaction defects were
excluded from the possible causes. Video monitoring revealed impulsive and
hyperactive activity of Luman-/- dams that might have directly caused the deaths of the
pups. Virgin female Luman-/- mice displayed reduction of anxiety-like behaviour and
hyperactive behavior. Additionally, the expression of anti-apoptotic genes (Bcl-2 and
Bcl-xl) was repressed while the expression of pro-apoptotic genes (Bax, Puma, Noxa,
and Caspase 3) was elevated in Luman-/- mouse embryonic fibroblasts as compared to
Luman+/+ mouse embryonic fibroblasts. We propose that LUMAN plays an important
role in the regulation of emotion, associated locomotor activity, and energy balance in
the central nervous system.

Our data provides new insights into understanding the biological function of the
Luman gene. Luman gene knockout mice provide a potential animal model for
studying the underlying molecular mechanisms and the therapeutic treatments for
neuropsychiatric or obesity related disorders.
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Chapter 1.
1.1

Literature review

Endoplasmic reticulum and unfolded protein response
The endoplasmic reticulum (ER) is a membranous network for protein

translation, protein folding, lipid biogenesis, and storage of Ca2+(1-4). ER spans from
the nuclear envelope to the plasma membrane. The lumen of the ER contains a
surplus of proteins involved in folding and post-translational modification of newly
synthesized proteins, including chaperones, glycosylation enzymes, oxidizing
enzymes, and folding enzymes (1). Many of these proteins are Ca2+-dependent and
require a highly oxidizing environment for proper functioning. Disturbance in Ca2+
concentration, oxidizing environment, or overload of proteins into ER lead to ER
stressful condition and trigger a cellular adaptive response known as the unfolded
protein response (UPR). Other triggering factors include hypoxia, nutrient
deprivation, metabolic changes, blockage of transport vesicles, and acidosis (5).
UPR signaling restores cellular homeostasis in the ER from several aspects. First,
it impedes protein translation to reduce the burden on the ER. Second, it enhances the
expression of chaperons to aid the folding of misfolded proteins in the ER lumen.
Third, the ER associated degradation (ERAD) pathway is activated, and thus
misfolded proteins are exported to the cytoplasm where they can be degraded by the
proteasome (3, 6-8). If the ER is excessively stressed, cell apoptosis will be induced
eventually(5).
There are three proteins representing three branches of the UPR: double-stranded
RNA-activated protein kinase-like ER kinase (PERK), inositol-requiring enzyme 1
(IRE1), and activating transcription factor 6 (ATF6). These proteins attach into the
ER membrane and function as stress sensors monitoring ER stress conditions (8).
Under normal circumstances, glucose-regulated protein 78 (GRP78) binds to the
luminal portion of each sensor, thus maintaining them in an inactive configuration.
Under stress conditions, GRP78 dissociates from them due to its higher affinity
towards unfolded proteins. This dissociation triggers the activation of PERK or IRE1
and the subsequent unfolded protein response (6, 9).
Research on the Perk-/- mouse embryonic fibroblasts (MEFs) revealed the
detailed function of PERK under ER stress (10). Activated PERK phosphorylates the
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eukaryotic initiation factor 2α (eIF2α) on serine 51 and reduces the cap-dependent
translation(11).This impediment to protein translation prevents the overload of the
unfolded proteins in the ER; thus, it is critical for the cells’ survival (10).The eIF2α
phosphorylation is required for translational attenuation and normal functioning of
pancreatic β cells (12).
Inactive IRE1α also bonds with GRP78. After its dissociation from GRP78,
dimerization and auto-phosphorylation processes result in the synthesis of an active
IRE1α, which is a bi-functional molecule. The active IRE1α contains both a serinethreonine protein kinase domain and an endoribonuclease domain (13). Activated
IRE1α can cleave the mRNA of X box-binding protein 1 (Xbp1) by removing a 26nucleotide intron. The resulting open reading frame shift generates an active bZIP
transcription factor (14). It further enhances the activation of the transcription of
various UPR proteins including ERAD components (EDEM, p58IPK), ER chaperones
(ERdj4, GRP78, PDI-P5 and ERdj3), components of the secretory pathway (SEC61A,
SEC24C, SEC23B and SRP54), and other transcription factors that help maintain ER
homeostasis (15-17). In addition, the RNase activity of IRE1α is linked to the
regulation of IRE1α-dependent decay of mRNAs (RIDD). This process is distinct
from Xbp1 splicing that produces an active transcription factor. IRE1α targets
mRNAs encoding secretory proteins to degradation in RIDD (18). Subsequently, the
protein load on the stressed ER is decreased, which helps restore ER homeostasis.
Prolonged activation of RIDD is closely associated with increased apoptosis (19).
RIDD is a relatively new discovery in ER stress research, and the role it plays in ER
stress-induced cell death or cancer is not yet known.
ATF6 is an ER transmembrane protein. During ER stress ATF6 transports to the
Golgi apparatus after dissociation from GRP78 (20). Two proteases: site-1 protease
(S1P) and site-2 protease (S2P) in Golgi apparatus cleave ATF6 and release an active
transcription factor to the nucleus (21). It facilitates the expression of chaperone
proteins such as protein disulfide isomerase (PDI), GRP94, GRP78, pro-survival
transcription factorXBP1, and ER degradation-enhancing α-mannose-like protein 1
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(EDEM1) (22, 23). ATF6 signaling is mostly pro-survival and there is scant literature
reporting that the ATF6 branch leads to apoptosis.
1.2

LUMAN/CREB3
Following the discovery of ATF6, another group of ER attached bZIP

transcription factors were found. The first one is LUMAN/CREB3/lZIP. LUMAN is a
leucine zipper transcription factor of the cAMP response element binding
protein/activating transcription factor (CREB/ATF) gene family. It is identified
through the interaction with host cell factor-1in viral infection (24, 25). Full-length
LUMAN strides on the ER membrane with the carboxyl terminus embedded in the
ER lumen and the amino terminus extended in the cytoplasm. The N-terminus of
LUMAN contains theacidic activation domain, the basic leucine zipper domain and
the transmembrane domain. A regulated intramembranous proteolysis (RIP) can
release the N-terminus of LUMAN from the ER into the nucleus, acting as a
transcription factor (26). N-terminal Luman either bind coactivator to activate
downstream targets or is sequestered and repressed by LUMAN recruiting factor
(LRF) (4, 27, 28) (Figure 1.1).
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Figure 1.1 Activation mechanism of LUMAN.
LUMAN is a transmembrane protein that is normally bound to the endoplasmic
reticulum. During the ER stress, LUMAN undergoes regulated intramembranous
proteolysis. As a result, the N-terminal region of LUMAN, which is an active
transcription factor, translocates to the nucleus. In the absence of interaction with
LRF, the nuclear LUMAN protein binds to its coactivator, leading to the activation of
downstream target gene expression (modified from Audas et al, 1998, MCB).
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LUMAN was proposed to be a cell cycle regulator based on its interaction with
host cell factor-1 (HCF-1), however, the interaction with LUMAN is not in itself
required for HCF-1 dependent cell proliferation (29). Virion protein VP16 mimics
LUMAN to interact with HCF-1 and form a multiprotein complex in the nucleus,
which activates viral immediate early gene expression in human cells infected with
the herpes simplex virus (30). Overexpression of full-length LUMAN prevents cells
from productive infection with HSV-1, possibly through the sequestering of HCF-1 in
cytoplasm from VP16 (31). In other research, LUMAN interacts with a HIV-1
envelope glycoprotein. Overexpression of the active N-terminus of LUMAN has a
negative effect on viral gene expression and virion release in cells transfected with
HXB2R HIV-1 provirus(32). At the cellular level, LUMAN has an anti-viral effect,
with unidentified yet apparently different mechanisms for specific virus. LUMAN is
also expressed in sensory neurons in cow trigeminal ganglia where HSV-1 latency is
established. Interestingly, LUMAN can activate the promoters of IE110 and LAT,
both genes are critical for the reactivation of HSV-1 from latency. This suggests that
LUMAN might play a role in the regulation of the herpes virus reactivation process as
well (31). LUMAN also mediates the monocyte migration induced by chemokine
Lkn-1 (33-35), the migration of metastatic breast cancer cells (36, 37), cellular
transformation induced by hepatitis C core protein (38), and dendritic cell
maturation(39).
LUMAN was proposed to play a role in ER stress due to its structural similarities
with ATF6. However, expression or proteolytic cleavage (activation) of LUMAN is
not effectively induced by treatment with ER stressors such as thapsigargin (Tg),
tunicamycin (Tm), and MG132 (40, 41). And activation of LUMAN is strongly
induced by treatment of brefeldin A (BFA), a regent that inhibits protein
transport from the ER to the Golgi apparatus indirectly by preventing formation of the
COPII-mediated transport vesicles (26, 40, 41). This suggests that LUMAN may be
involved in protein transportation and secretion-related ER stress.
Several transactivational targets of LUMAN have been identified under various
experimental conditions. LUMAN can bind to unfolded protein response element
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(UPRE) and activate several ER stress related genes in luciferase reporter assay and
electrophoretic mobility shift assay (EMSA) (40). LUMAN transcriptionally activates
HERPUD1 through binding to the ER stress response element (ESRE) in the promoter
region of HERPUD1 (41). The importance of LUMAN in regulating canonical ER
stress related genes still needs to be determined as LUMAN is not effectively cleaved
by ER stressor Tm or Tg (40). LUMAN induces the expression of matrix
metalloproteinase-9 through binding to the cAMP response element (CRE) in its
promoter region, and leads enhanced migration of cultured human cancer cells (42).
LUMAN binds directly to the CRE of ARF4 promoter under phorbol 12-myristate 13acetate (PMA) treatment and is involved in PMA-induced breast cancer cell migration
(37). Other research found that the LUMAN-ARF4 signaling pathway mediates the
Golgi stress response in human cells (43). The gel mobility shift assay demonstrated
that murine LUMAN possesses a strong DNA binding ability to the AP-1 sites in the
promoter region prodynorphin, and to a lesser extent to CRE in the promoter region of
fibronectin (44). Apolipoprotein A4 (ApoA4) stands out as a potential target of
LUMAN in a microarray analysis of mouse dendritic cell line. The researcher used
qPCR and knockdown to confirm ApoA4 as a LUMAN target (45). Interestingly,
ARF4 is also among the differentially expressed genes and is upregulated 2.01 fold
when nuclear form LUMAN is overexpressed in the mouse dendritic cell line (45).
The regulation of ARF4 by LUMAN is likely conserved in humans and mouse.
Both human and murine Luman have splicing variants (44, 46). The isoform of
human LUMAN, named “small LZIP” (sLZIP), contains 354 amino acids, and lacks
the putative trans-membrane domain (amino acid residues 229–245) (46). The human
sLZIP localizes in the nucleus and functions as a repressor of the transcriptional
activity of glucocorticoid receptor (GR) through the recruitment and activation of
histone deacetylase (46). There are two members of the murine Luman identified and
named Lzip-1 and Lzip-2(44). The mouse cDNA for lzip encodes a 379-amino acid
residue protein. LZIP-2 contains an additional 25 amino acids in its N-terminal region
(44). The existence of splicing variants and the activation by proteolytic cleavage
suggested that LUMAN expression is under elaborate regulation.
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The diverse roles of LUMAN are not fully understood. Analysis of the consensus
domain of the protein sheds some light on its possible functions. A common feature of
nuclear receptor coactivator is the LXXLL binding motif (a contiguous sequence of
five amino acids where L = leucine and X = any amino acid) (47). The N-terminus of
human LUMAN (residues 1–92) contains two LXXLL motifs that are known for
mediating protein-proteins interactions: recognition of the hormone nuclear receptors
(48). LXXLL motifs are present in cofactors of hormone nuclear receptors such as
steroid receptor coactivator1 (27) and the thyroid hormone receptor-binding protein
(49). These cofactors can regulate the ligand-dependent transcription activity of the
hormone nuclear receptors through interaction with their target receptor via LXXLL
motif. The LXXLL motifs are also found in other transcription factor (50). The
LXXLL motif is well conserved in human and murine LUMAN, although binding
partners via LXXLL motif have not yet been identified in vivo.
1.3

CAMP-responsive element-binding protein 3 family
After the identification of LUMAN, other four similar ER attached bZIP

transcription factors emerged: CREB3L1/OASIS, CREB3L2/BBF2H7, CREB3L3/
CREBH, and CREB3L4/AIbZIP/CREB4/Tisp40. The five proteins are collectively
identified as the CREB3-like family due to their structural and functional similarities.
Like LUMAN, CREB3 proteins are all ER transmembrane proteins with their Nterminus facing the cytoplasm and their carboxyl terminus penetrating through the ER
membrane into the ER lumen. In addition to their defining features of the bZIP
domain and the transmembrane domain, they contain well-conserved cleavage sites
for protease S1P and S2P indicating that they are all subject to the regulated
intramembranous proteolysis (RIP) (26, 51-54). The activation of CREB3 proteins
includes the cleavage of the full-length protein and the translocation of the N-terminus
into the nucleus to regulate their target genes. Various ER stressors or physiological
stimuli can activate the CREB3 family (55, 56). BFA can trigger the cleavage of all
CREB3 members (26, 51, 52, 57, 58). The ER retention signal of ATF6 resides in the
luminal tail and depends on binding with chaperone GRP78/BiP (59). CREB3
proteins depend on a membrane-proximal cytoplasmic ER-retention motif that is
absent in ATF6 (60). CREB3 proteins also share an ATB (adjacent to bZIP) domain
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that is critical for their transcriptional activity and is unique to the CREB3 family
members among all human bZIP factors (61).
The biological functions of CREB3 proteins have been investigated using gene
knockout mouse models. CREB3L3/CREBH is selectively and highly expressed in
the liver and small intestine (62). It is activated fasting, proinflammatory cytokines
stimulation, and lipopolysaccharide stimulation (51, 62). The cleavage of CREB3L3
in hepatocyte induces the transcription of a group of hepatic secretory proteins
involved in triglyceride metabolism and the systemic inflammatory response (51, 62).
CREB3L2/BBF2H7is highly expressed in chondrocytes, and it directly binds to the
CRE-like sequence in the promoter region of Sec23a to activate its transcription (63).
Sec23a is a component of transport vesicle and is believed to play a role in the ERGolgi protein trafficking (64). The mice deficient of CREB3L2 suffer severe
chondrodysplasia and die by suffocation soon after birth due to the defective
development of the chest cavity (63). Creb3l1-/- mice suffer severe osteopenia. The
phenotype is partly attributed to the decrease of type I collagen Col1a1 in the bone
matrix that is directly regulated by CREB3L1 and, partly attributed to the defect in the
secreting capacity of Creb3l1-/- osteoblasts (65). CREB3L1 also promotes astrocyte
differentiation by regulating the expression of transcription factor Gcm1 (66).
Independent research groups found that CREB3L4 specifically expresses in testis of
mouse and plays a vital role in male germ cells development. Creb3l4-/- mice have an
increased germ cell apoptosis in the testis; however, the fertility of the male Creb3l4-/mice is not significantly compromised (52, 67, 68). In the light of the research on
gene-targeted mice, each of the CREB3 proteins has a cell or tissue type specific roles.
CREB3 proteins are exchangeable among species regarding their transactivation
abilities. CREBA is the only CREB3 family homolog in Drosophila. It regulates the
transcription of secretory pathway genes (SPGs). The transactivating activity of
CREB3 proteins on SPGs is conserved in human CREB3 proteins, since each of the
five human CREB3 proteins is able to upregulate the transcription of SPGs in
epidermal stripes of Drosophila (61, 69). Notably, there is conspicuous overlap in the
targets of CREB3 proteins identified to date. The active murine CREB3l4 can restore
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the Gcm1 expression in mouse Creb3l1-/- neural precursor cells (66). The downstream
target of LUMAN Arf4 is upregulated byCREB3L3 in microarray analysis (43, 61).
Apoa4, a potential target of LUMAN found in mouse dendritic cells, appears in the
microarray list of downstream targets of CREB3L3, and the mRNA level of Apoa4 is
greatly downregulated in the liver of CREB3L3 deficient mice (45, 62). Sec23a is a
target of CREB3L2 identified in Creb3l2-/- mice (63), while sec23a and Sec24d have
been identified as potential targets for both LUMAN and CREB3L3 (45, 61). Other
examples include Kdelr3, Bag3, and extracellular matrix components (70). Therefore,
a general role has been proposed for the CREB3 proteins in regulating secretary
pathway components and specialized cargos (61, 69).
1.4

Regulation of maternal response
Maternal responsive behaviours in the peripartum period are critical to the

survival of offspring. The laboratory rodents have a constellation of well-defined
maternal responsive behaviours including nest building, pup retrieval, nursing,
cleaning, licking, lifting or moving pups, and maternal aggressive behaviour toward
intruders (71, 72). Therefore they have been widely used as animal models to
investigate the mechanism of the regulation of maternal responsive behaviours.
1.4.1

Neuroanatomy
The neuronal circuits that mediate the perception, initiation and maintenance of

maternal response are located in the rostral-most portion of the brain (forebrain)
including the cerebral cortex, olfactory bulb, limbic system, mesolimbic system,
thalamus, hypothalamus, and the pituitary (73).
The perception and processing of chemosensory molecules sent by pup is
important to trigger the maternal responsive behaviors in mice. Therefore, olfaction
system is one of the key components underlying maternal behaviour of mice. Most
mammals including mice have two distinct olfactory systems: the main olfactory
system (MOS) and the accessory olfactory system (AOS). The sensory neurons in
these two systems differ in the sensitivity to different chemosensory molecules
through expressing distinct receptors. The MOS mostly perceive airborne odor,
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whereas AOS detect hormonal signal secreted by the same species (74).The two
systems overlap in odorant molecule they recognize, and they cooperate closely on
controlling reproductive behaviour (75, 76).
The chemically sensitive region of the MOS is the main olfactory epithelium
(MOE) in the nasal cavity. In an oversimplified model (Figure 1.2), the olfactory
sensory neurons (OSNs) located in the MOE receive direct input from their dendrites,
which express different kinds of olfactory receptors to detect various odor molecules
(77). Axons from the OSNs with similar receptors converge on the same glomerulus
where they synapse on the dendrites of mitral cells and tufted cells. Mitral cells are
the principle neurons and the major output channel of the main olfactory bulb. Cell
bodies of mitral cells are arranged in a thin mitral cell body layer between the granule
cell layer and the external plexiform layer. The axons of the mitral cells then transfer
olfactory information to a number of areas in the brain, including the piriform cortex,
entorhinal cortex, olfactory cortex, olfactory tubercle to modulate behaviours like
food finding, mating, mothering, predator avoidance (78, 79).
The accessory olfactory system runs parallel to the main olfactory system.
Mouse has a separate sensory region for olfactory system called vomeronasal organ
(VNO). Axonal projections of vomeronasal sensory neurons (VSNs) in VNO project
to the accessory olfactory bulb (AOB) where it synapses on the dendrites of AOB
mitral cells. The axons of AOB mitral cells do not project to the brain's cortex region
but to the amygdala and the hypothalamus, where it is involved in the modulation of
social and reproductive behaviour (80).
Olfactory bulbectomy impairs maternal behaviour in laboratory mice (81).
Removal of VNO alone does not interfere the expression of maternal behavior (82),
but reduces the level of maternal aggression (83). Therefore, AOS is more involved
in defending the pups from social threats; The MOS plays a more central role in
triggering the maternal behaviour per se and is more critical in the pup survival in
laboratory mice (84). Loss-of-function mutations in sodium channel Nav1.7 in the
olfactory sensory neurons blocks synaptic transmission between olfactory sensory
neurons and the mitral cells and tufted cells, thereby abolishing many odor-guided
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behaviours including pup retrieval (85). The deletion of type 3 adenylyl cyclase (Ac3)
in mice disrupts the signal transduction in the main olfactory epithelium (MOE) and
the animals’ ability to detect odorants, subsequently leading to impaired maternal
behaviour and pups’ death to Ac3-/- dams (86, 87).
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Olfactory sensory neurons
Figure 1.2 Schematic drawing of olfactory information transduction pathway of the
olfactory bulb.
The axons of mitral cells originated from olfactory bulb project to the target regions
through the lateral olfactory tracts. (Figure 1.2 was adapted from Simon O’Connor
and Tim J.C. Jacob reviewed in 2008).
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The medial preoptic area (MPOA) in the hypothalamus and the adjoining ventral
part of the bed nucleus of the stria terminalis (vBST) are the key regions that regulate
maternal behaviour in laboratory rodents. While hormone stimulation in this area
facilitates maternal behaviour (88, 89), cytotoxic lesions in this region abolish
maternal behaviors (90). The afferent input and efferent axon required for maternal
behaviour onset enter or exit the MPOA/vBST region laterally (91). Knife cuts that
only severe the lateral connections of the MPOA/vBST result in the disruption of
maternal behaviour in rats and other rodents (92).Retrograde tracing and unilateral
cytotoxic lesions indicate that efferent axons from maternal-associated neurons in
MPOA and vBST project to a variety of regions, including the retrorubral field
(RRF),ventral tegmental area (VTA), medial hypothalamus, ventromedial nucleus,
lateral septum, and periaqueductal gray (PAG) to promote full maternal
responsiveness (93, 94). The expression of c-Fos in the pertinent brain regions has
been closely tied to the performance of maternal behaviour, being used as a marker
for activated neurons involved in the onset and maintenance of maternal behaviour. In
several studies, pups were separated with their mothers on day five postpartum (pp)
and mothers were presented with either pups or control subject for a few hours on day
seven pp. Physical interactions with pup elicited normal nurturing behaviours in the
female rats and a high level expression of c-Fos in the related brain regions: MPOA,
vBST, nucleus accumbens, lateral septum, and PAG (95-97). In a very influential
review, Numan proposed a model for the regulation of maternal behavior by
hypothalamic neural circuits. In that model, olfactory inputs of pup stimuli from the
accessory olfactory bulb (AOB) and the main olfactory bulb (MOB) transmit to the
medial amygdala (MeA). The efferents of the MeA project to anterior hypothalamic
nucleus (AHN), which has strong projections to the periaqueductal gray (PAG) to
mediate the avoidance and defensive behavior toward pups. Some efferents of the
MeA also reach the MPOA/vBST region to facilitate maternal responsiveness. The
avoidance signal is dominant in the non-hormone primed female. Pregnancy
hormones prepare MPOA/vBST for the onset of maternal responsive behavior during
pregnancy. Upon receiving the pup stimuli, the efferents to retrorubral field (RRF)
and ventral tegmental area (VTA) promote maternal behavior and efferents to PAG
and AHN inhibit avoidance behavior (73) (figure 1.3). It should be noted; however,
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that the anatomical structures involved have complex interrelationships and are
modulated by other parts of the brain and other neurochemicals as well.

Figure 1.3 Neural circuits that regulate maternal responsiveness.
MOB = main olfactory bulb; AOB = accessory olfactory bulb; MeA = medial
amygdala; MPOA/vBST = medial preoptic area/ventral part of the bed nucleus of the
stria terminalis; AHN = anterior hypothalamic nucleus; PAG = periaqueductal gray;
RRF = retrorubral field; VTA = ventral tegmental area. Lines ending in an arrow
signify excitation, and those ending in a bar indicate inhibition. The figure is adapted
from Numan, 2006.
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1.4.2

Hormones and neurotransmitters
Extensive research has suggested that oxytocin is involved in widespread

behaviours that include parturition, milk ejection, maternal bonding, anxiety and
social recognition (98-101). Although several reproductive and maternal behaviours
have been attributed to oxytocin, oxytocin-deficient mice seem to show normal
parturition and maternal behaviour, with only milk ejection being blocked in the gene
knockout mice (102). Postpartum intraperitoneal injection of oxytocin rescues the
milk ejection defect and restores normal nurturing behaviour.
Norepinephrine (NE) in the CNS of female dams prior to parturition promotes
long-lasting changes that subsequently promote maternal behaviour after parturition
(103, 104). Female dams (129/SvCPJ× C57BL/6J) lacking dopamine β-hydroxylase
(DBH) are defective in maternal behaviour and their pups die shortly after birth.
Restoration of epinephrine in the CNS before but not after the parturition rescues the
phenotype. The release of NE in the brain may trigger early gene expression, like that
of FosB, which is required for the initiation of maternal behaviour (103).
The neuropeptide arginine vasopressin (AVP) is another important regulator of
maternal behaviour; AVP deficient rats spend less time licking and grooming their
pups, and they also displays a reduced depressive-like behaviour in sucrose preference
tests and forced swim tests, as compared with wild-type rats (105). In other research,
viral vector mediated up-regulation of AVP receptors or chronic ICV infusion of AVP
in MPOA improve, whereas silencing AVP receptors expression, represses maternal
care in lactating dams. AVP is more potent than OT for maternal care behavior, and
its effect is independent of a dam’s trait anxiety (106). Studies on gene knockout mice
with targeted deletion of prolactin (PRL) and prolactin receptor (PRLR) have
confirmed that the prolactin signal is necessary for female fertility featured with
mammary gland development. The Prl-/- females are completely infertile, displaying
an irregular menstrual cycle and abnormal mammary gland development; however,
Prl-/- females display normal pup retrieval and crouch behaviour toward crossfostered pups (107). PRL receptor knockout mice bear multiple reproductive
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abnormalities, including irregular cycles, reduced fertilization rates, defective
preimplantation embryonic development, and a lack of pseudopregnancy (108).
1.4.3

Signaling pathway
Several gene knockout mice lines with maternal defect was reported, revealing

the potential signal cascade underlying maternal behaviours. Extracellular signals
from neurotransmitters are transmitted through the activation of metabotropic
receptors and the production of the second messengers. Female mice with a double
knockout of G proteins Gq and G11 in the forebrain region, and mice lacking ADPribosyl cyclase or type 3 adenylyl cyclase all display maternal defects to some extent
(86, 109, 110). Females with targeted deletion of the gamma-aminobutyric acid type
A receptors (GABAAR) are subject to postpartum depression and pups’ death (111).
Mice lacking glutamate receptor B (GluR2) in the forebrain neurons exhibit impaired
pup retrieval and maternal aggression, not due to a failure to perceive the pheromone
or odorant, but due to a lack of behavioural response to these olfactory cues (112).
The signal transduction involved in reward-seeking behaviours and drug
addiction is also required for the establishment of maternal responses. This is not
surprising since many reports have shown that at least certain maternal care
behaviours are rewarding for the dams, and this reward-seeking can be the motivation
for the dams to take care of their pups (113-115). Indeed, pup suckling is more
rewarding than cocaine for mice dams (114). FosB and CREB are two transcription
factors that mediate the effect of the addictive drug cocaine through the transcriptional
regulation of a cluster of genes (116-118). Maternal behaviour is completely
abolished in FosB deficient females, and 40% of pups born to CREB-∆α-/- dams (mice
lacking the major isoforms of CREB) died several days after birth (119, 120). FosB
expression and the phosphorylation of CREB can be both induced in the MPOA of
female mice after they are presented with pups. The two pathways seem to be
independent of each other, considering that FosB levels are equivalent between wildtype and CREB-∆α-/- females. ∆FosB is a truncated splice variant of FosB (121).
∆FosB expression in a specific group of neurons in the nucleus accumbens can
increase the reward-seeking behaviour of animals. The effect is partly mediated by the
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induction of GluR2 (118). This ∆FosB-GluR2 pathway involved in reward-seeking
behaviour is also important for mediating maternal response, and mice lacking the
upstream factor suffer a more severe maternal defect than those mice lacking the
downstream factor GluR2 (112, 119).
The disappearance of one aspect of maternal behaviours, or in some cases, the
total failure of raising pup suggests that modified signal pathways, neurotransmitters,
groups of neurons, and sub-regions of the brain are required for the establishment of a
proper maternal response. Nevertheless, not one of the listed items is sufficient to
independently initiate fully developed maternal response in the absence of all other
conditions (122). The stereotyped maternal behavioural pattern is actually the result of
numerous sub-behaviours and tendencies that involve complex induction mechanisms
and background developmental programming (122). Caution needs to be taken to
differentiate between various sub-behaviours when we interpret the findings of
maternal behavioural study.
1.5

Regulation of energy balance

1.5.1

Leptin-melanocortin pathway
Body weight and adipose mass is regulated by a complicated neuroendocrine

system. This system adjusts feeding behaviours and energy expenditure in order to
maintain inner homeostasis under various conditions (123-125). Previous researchers
have found that the CNS, and especially the hypothalamus, plays a pivotal role in
integrating signals from peripheral tissues like the pancreas, fat, and the
gastrointestinal tract, to regulate energy balance (126). One of the key pathways that
regulate feeding behaviour, body weight, and metabolism is the classic leptinmelanocortin pathway in the hypothalamus. Leptin is mainly produced by adipose
tissue in proportion to fat storage (127). The plasma level of leptin provides the CNS
with information about the status of the body’s fat storage via leptin receptors
expressed throughout the brain (128-130). Leptin receptors (LR) are highly expressed
in two groups of neurons in the arcuate nucleus (ARC): pro-opiomelanocortin
(POMC)-producing neurons and agouti-related protein (AgRP)-producing neurons.
POMC neurons express POMC and cocaine-amphetamine-regulated transcript
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(CART) which both have a strong anorexigeniceffect; AgRP neurons produce and
secrete AgRP and neuropeptide Y (NYP) which both exert an orexigenic effect (131,
132). Leptin binding inhibits AgRP production and stimulates the production of
POMC, which undergoes enzymatic cleavage to generate a range of melanocortin
including alpha-melanocyte-stimulating hormone (α-MSH) and adrenocorticotropic
hormone (ATCH). AgRP and α-MSH compete for melanocortin receptor 4 (MC4R)
highly expressed in the paraventricular nucleus (PVN) of the hypothalamus. AgRP
binding suppresses MC4R activity and generates an orexigenic signal, while α-MSH
binding stimulates MC4R activity and generates an anorexigenic signal. Therefore,
leptin biding in the brain exerts inhibiting effect on feeding behaviour to regulate the
energy balance in the body.
Accumulating research suggests a similar role of insulin on feed behaviour.
Intracerebroventricular (ICV) administration of insulin inhibits hypothalamic
neuropeptide Y gene expression (133, 134) but increases the Pomc mRNA level (135),
thus suppressing feeding behaviour. The application of a melanocortin antagonist
prevents the insulin-induced reduction in food intake (135); however, the specific
deletion of insulin receptors in POMC neurons or AgRP neurons revealed a divergent
role of insulin. Using the Cre/loxP system, mice with the specific deletion of insulin
receptors in POMC neurons (POMC-Cre, IRflox/flox) or in AgRP neurons (AgRP-Cre,
IRflox/flox) were generated. Food intake and body weight are normal in those mice.
Insulin action in AgRP neurons is required for the insulin derived-suppression of
hepatic glucose production (136). The direct action of insulin and leptin together on
POMC neurons is required to maintain normal glucose homeostasis and reproductive
functioning (137).
1.5.2

Other nucleus in the brain involved in the regulation of energy balance
Besides the classic leptin-melanocortin pathway, neurons in the ARC project to

the lateral hypothalamic area (LHA) (138), parabrachial nucleus (PBN) (139), and
dorsomedial nucleus (DMH) (140-142) to modulate feeding related behaviour and
energy balance. Leptin treatments in LHA suppress food intake, affecting dopamine
production in the nucleus accumbens (NAc) through the ventral tegmental area (143).
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The NAc is considered to mediate most of the rewarding effects of food intake (144,
145). Food intake is not only driven by energy needs, it can also be motivated by
hedonics (144). LR-expression in the glucagon-like peptide-1 (Glp-1) neurons in the
hindbrain (129), steroidogenic factor-1 (SF-1) neurons in the ventromedial
hypothalamic nucleus (VMH) (146), and the LR-expressing neurons in LHA are also
involved in the regulation of feeding behaviours (143).The ablation of insulin
receptors in those neurons increases food intake and results in obesity of the animals.
1.5.3

Insulin and leptin mediated cellular pathway
Based on the analogous anorexigenic effect of leptin and insulin in CNS,

researchers speculated that the two hormones might share the same signal pathway. It
was soon proved that they both activate phosphatidylinositide 3-kinases/PI3K (147).
The activation of PI3K by leptin and insulin is only parallel in anorexigenic POMC
neurons, but not in AgRP neurons, where they have the opposite effect (148). In
POMC neurons, leptin and insulin both activate PI3K, which leads to the
accumulation of PIP3 and subsequent PDK1 activation (149). PDK1 can activate AKT
(150), AKT phosphorylates FOXO1 and expels it from the nucleus, allowing
phosphorylated STAT3 to bind to the Pomc promoters and stimulates transcription of
it(151) (Figure 1.4). Leptin and insulin signaling pathways converge on FOXO1 and
depend on it for their anorexigenic effect. Both leptin and insulin inactivate FOXO1
through nuclear exclusion as well as other mechanisms (152-154). FOXO1 acts as an
inhibitor of Pomc expression when leptin and insulin signaling leads to the
phosphorylation of FOXO1. In AgRP neurons, the nuclear export of FOXO1
abrogates Agrp expression because STAT3 is able to bind to the Agrp promoter and
inhibit its expression (155). The effects of these hormones on feeding are inhibited
when hypothalamic FOXO1 is inactivated (156). The ablation of Foxo1specifically in
AgRP (AgRP-Foxo1-/-) or POMC (POMC-Foxo1-/-) neurons reduces food intake and
fat mass in mice without affecting their energy expenditure (157, 158). Investigating
the underlying cause for the decreased food intake revealed new mechanisms
involved in the regulation of those neurons by FOXO1. In AgRP neurons, Grp17 is
regulated

by

FOXO1

and

is

responsible

for

reduced

food

intake.

Intracerebroventricular injection of Gpr17 agonists can increase food intake, whereas
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the Gpr17 antagonist suppress it (158). In the POMC-Foxo1-/-mice, the hypothalamic
anorexigenic α–MSH is increased due to the elevated expression and activity of
carboxypeptidase E (CPE), an enzyme that is responsible for processing POMC.
Other researchers have also found that mice lacking FOXO1 in steroidogenic factor 1
(SF-1) neurons of the VMH are lean due to increased energy expenditure (159).
Collectively, these studies indicate that FOXO1 is one of the chief regulators
mediating the shift to a negative energy balance, using various mechanisms in
different group of neurons.

Figure 1.4 Leptin and insulin signaling pathway in the arcuate nucleus.
Figure was adapted from Luis Varela and Tamas L. Horvath, 2012.
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1.6

Hippocampus formation

1.6.1

Functional differentiation of the hippocampus
The hippocampus is the region of the mammalian brain that is most easily

identified in an histological atlas, due to the tightly packed cell bodies in its subfields:
the granular layer of dentate gyrus and the pyramidal layer of the hippocampus proper
(Ammon’s horn [CA1, CA2, CA3]). Its role in learning and memory has been well
established through genetic, pharmacologic, and physical manipulations. The
hippocampus is also critical for regulation of stress response and emotions.
The hippocampus has two functionally distinct structures: the septal (dorsal) section
and the temporal (ventral) section, associated with the cognition and emotional
functions, respectively (160). This anatomical differentiation in function is supported
by substantial experiments, and it is evolutionarily conserved in rats (161), mice (162),
monkeys (163) and humans (164). First, the afferent input and efferent output
connections of the dorsal hippocampus (DH) and ventral hippocampus (VH) are
distinct (165-169). Second, lesion studies indicate that certain types of behaviour only
correlate with one part of the hippocampus and are not affected by the other part of
the hippocampus (170-173). Furthermore, the availability of a genome-wide atlas of
gene expression profile in the adult mouse brain (presented in a publicly accessible
digital library via Allen Brain Atlas:http://www.brain-map.org) allows for the
systematical analysis of hippocampal anatomy at the molecular level. In three
influential publications, authors systematically carried out high-resolution analysis of
gene expression profiles in the CA1 (162), CA3 (174), and the dentate gyrus (160)
using in situ hybridization data from the Allen Brain Atlas. The authors were able to
make a clear distinction between three portions of the hippocampus along its
longitudinal/septotemporal axis: the dorsal, intermediate and ventral portions.
Therefore, consistent evidences in molecular, anatomical and functional level have
been built for the anatomical separation of hippocampus for different function.
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1.6.2

Structural plasticity of the hippocampus
The hippocampus is one of the regions in the adult mammalian brain that has the

capacity for neurogenesis throughout life. Neurons generated in the adult subgranular
zone (SGZ) migrate into the granule cell layer of the dentate gyrus and become
dentate granule cells (175). This process is accompanied by the growth of their axon,
dendrites and synapses. Pyramidal neurons in the CA1 and CA3 regions also undergo
consistent modification in dendritic arborization and synapse density (176). The
hippocampal structural plasticity is regulated by various environmental and
physiological experiences, such as reproduction, maternal care received in early life,
exercise, stress, and cognitive training. The pyramidal cells of dorsal CA1 undergo
periodic changes in terms of dendritic spine density and synapse density through the
estrous cycle (177).Researchers compared the dendrite morphology and spine density
of nulli-, primi-, multiparity and mothering female in the CA1 and the CA3 regions of
the rat hippocampus (178). They found that primiparity and mothering could induce
the dendritic remodeling in both regions, and multiparity increases spine density in
the basal CA1 region. Maternal experience can suppress neurogenesis in the dentate
gyrus of postpartum rat dams, which is attributed to an elevated glucocorticoid levels.
Removal of the nursing pups reduces basal glucocorticoid levels and prevents the
suppression on neurogenesis in the dentate gyrus (178). Hippocampus volume
decreases during pregnancy as compared to nulliparous and lactating primiparous rats
(179). Similarly, there is a significant decrease in the number of newly formed
neurons in the dentate gyrus of late pregnant mice, as compared to the virgin control
animals (180, 181). Pups hippocampal gene expression is significantly correlated with
the frequency of receiving maternal care from the mother. Maternal licking and
grooming increases the hippocampal glucocorticoid receptor mRNA and suppresses
the hormonal stress response in the pups (182). In rats, total apical branch length and
the dendritic complexity of male offspring in the CA1 region are correlated
significantly and positively with licking and grooming received from the mother
during early life (183).
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Exercise training of senior adults increases hippocampal volume and serum
levels of BDNF, a mediator of neurogenesis in the dentate gyrus (184). Voluntary
exercise doubles the number of surviving newborn neurons in the dentate gyrus in
mice (185). As for the stress, five hours of restraint, bright light, unpredictable loud
noise, awareness of peer discomfort, and jostling treatment result in the disruption of
dendritic spine integrity in the commissural/associational pathways of the
hippocampal CA3 area and a decline in novel object recognition. This memory deficit
correlates significantly with the reduced density of apical dendritic spines in CA3
area(186). More than a decade ago, Glould et al. found that hippocampus-dependent
learning doubles the number of adult-generated neurons in the dentate gyrus of rats
(187). Recently, Sophie et al. showed that learning accelerates the maturation of the
dendritic trees of the newborn neurons and their integration into the hippocampal
network, and the effect of spatial learning on dendritic morphology is dependent on
the NMDA receptors (188). Collectively, the hippocampus is a very dynamic
structure constantly shaped by life experiences and environmental stimuli.
1.7

Rationales and objectives
LUMAN plays important roles in viral infection (31), cell migration (33-35) and

cellular transformation (38) in cell culture based studies. The protein is highly
conserved between human and mouse in the amino acid sequence (67%). To evaluate
the biological role of LUMAN directly at the mammalian organism level, we
generated Luman-/- mice on a congenic C57BL/6NTac background, which is, to our
knowledge, the first Luman gene knockout mouse strain.
The overall goals of this project are to:
1. Characterize the phenotype(s) of Luman-/- mice.
2. Determine the tissue and cell type where LUMAN is expressed in vivo.
3. Identify potential downstream targets of LUMAN and the molecular pathways
that LUMAN is involved in.
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Chapter 2.
2.1

Methods

Genotyping
Genomic DNA was extracted from mouse toe clip (seven to nine days old pups)

using KAPA Mouse Genotyping Kits (Kapa Biosystems, USA). Extracted DNA was
used as template for duplex-PCR based genotyping. We designed primers for
amplification of the wild-type and targeted alleles based on sequences within open
reading frame of Luman gene, or within the selection cassette and external to the
deleted region respectively. The PCR primer sequences are TDF, for wild-type allele,
forward, 5′-CACAGCATGAGTGGAGAGGGTAG-3′; TDR, for wild-type allele,
reverse, 5′- AAGAGACGAGAGGAGACGGTAG -3′; LacInf, for targeted allele,
forward, 5′- GGTAAACTGGCTCGGATTAGGG -3′; and LacInR, for targeted allele,
reverse, 5′-TTGACTGTAGCGGCTGATGTTG -3′. The expected sizes of PCR
products for Luman+/+ and Luman-/- alleles are 97 base pairs (bp) and 210 bp
respectively.
2.2

RNA analysis and reverse transcriptase (RT-PCR)
Adult mice were euthanized by cervical dislocation. Brain, liver, heart, muscle

tissues were immediately collected in liquid nitrogen and stored in -80 °C for mRNA
extraction. Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA)
from adult mouse tissues. cDNA was synthesized from total RNA using SuperScript
III reverse transcriptase (Invitrogen) and oligo (dT) (Roche Diagnostics, Laval, QC,
Canada). Semi-quantitative reverse transcriptase PCR (RT-PCR) amplification of
endogenous

mouse

Luman

mRNA

GCTCAGTCCCTCAGTATCGC-3’
gapdh,

and

was

performed

using

primers

5’-

5’-TCCATGGGTAGCTCTGACGA-3’,

5’-TACCCCCAATGTGTCCGTCG-3’and

5’-

CCTGCTTCACCACCTTCTTG-3’.
2.3

Animals
The Knockout Mouse Project Repository generated the Luman gene modified

mice in a congenic C57BL/6 NTac background at University of California, Davis.
Littermates of two male Luman+/- and two female Luman+/+ mice were shipped to the
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Central Animal Facility at the University of Guelph. The Luman gene modified
mouse colony used in this research was established from these four mice. The colony
was maintained in one room on a 12-h light/dark cycle (10:00-22:00). Temperature
was maintained at 21-24°C. Food (2014 Teklad Global 14% Protein Rodent
Maintenance Diet) and tap water were provided ad libitum. Harlan 1/8 inch corncob
bedding, a clear square plastic mouse cage (13 x 7 x 6 cm) and nesting material
(cotton pad) were provided with the impoverished housing (cage of 32 x 20.2 x 13.5
cm). Nursing dams, pups within six weeks old, and mice used in breeding were
provided with 2018 Teklad Global 18% Protein Rodent Diet. Toe clipping was
performed when mice were seven to nice days old. The toes were used in genotyping
of the pups. All studies followed the Canadian Council of Animal Care guidelines and
were approved by the Animal Care Committee at the University of Guelph.
2.4

Determination of the stage of embryos
Three methods were combined to determine the stage of embryos. First, male

and female mice were placed together at the beginning of the active/dark period
(10:00a.m.-11:00a.m.). The plug was checked at the end of the active period
(21:00a.m.-22:00p.m.). Once the plug was seen, it was considered 0.5 days post coitus
(0.5dpc). Second, the body weights of the female mice that are housed with males
were tracked. Steady weight gain signals the successful pregnancy of the females, and
embryos were collected at 14.5 dpc. Once the embryos were collected, the stage was
determined again through the morphology and size of the embryos (189-193).
2.5

X-gal staining of embryos
Embryos were dissected free of their extra-embryonic membranes. Tails were

used for genotyping of the embryos. Embryos were fixed in 4% paraformaldehyde
(PFA) in 1XPBS for three hours, shaking in the cold room. Fixed tissues were rinsed
in rinse buffer (100 mM sodium phosphate, 2 mM MgCl2，0.1%( v/v) Triton X-100)
3 times for 30 minutes each time at room temperature. Samples were equilibrated in a
pre-stain solution (5 mM potassium ferrocyanide, 5mM potassium ferricyanide in
rinse buffer) for 1 hour at 37°C with gentle shaking. Embryos were then incubated in
embryo staining solution (rinse buffer plus 5mM potassium ferrocyanide，5mM
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potassium ferricyanide，2 mg/ml X-gal) overnight, and then post-fixed in PFA in 1x
PBS supplemented with 0.2% glutaraldehyde in the cold room. Post-fixed embryos
were sliced into two sagittal halves and embedded in a paraffin block. Paraffin
embedded embryos were sectioned into 10µm sections. Sections were de-paraffinized
and rehydrated prior to counterstaining with nuclear fast red. Sections were
dehydrated, cleared, and mounted. Images were captured with a Micropublisher 5.0
digital camera (QImaging, Surrey, BC, Canada) and Openlab software (QImaging)
under a Leica DMRA2 microscope.
2.6

Gross histological survey of neonatal pups
A litter of pups produced from Luman+/- (♀) ×Luman+/- (♂) matingcontained nine

pups, with three pups in each genotype (Luman+/-, Luman+/+, Luman-/-). The pups were
decapitated within 12 hours after birth and the bodies were fixed in Bouin’s solution
(Thermo Fisher, Canada) for 24 hours. Then the bodies and heads were cut sagittally
and post-fixed in 10% neutral buffered formalin (Thermo Fisher, Canada) for 6 hours.
Tissues were paraffin-embedded. H&E stained slides of 8 (10 µm thickness) from
each animal were process and evaluated. The organ formations were evaluated by a
pathologist through the H&E stained slides.
2.7

Growth curve analysis
Body weights of littermates were tracked in this experiment. All the pups used

were produced from Luman+/- mother mated with Luman+/- father. Pups were housed
with their mothers and maintained on a 12-h light/dark cycle (10:00a.m. -22:00p.m.)
after birth. Temperature was maintained at 21-24°C. Food (2018 Teklad Global 18%
Protein Rodent Diet) and tap water were provided ad libitum. Pups were identified by
toe clipping at seven to nine days old, and toes were used for genotyping. Pups were
weaned at four-week old and then housed with the same sex siblings. The 18%
Protein Rodent Diet was switched to 14% Protein Rodent Maintenance Diet two
weeks after weaning. Body weights of pups were recorded from week one to ten after
birth. All studies followed the Canadian Council of Animal Care guidelines and were
approved by the Animal Care Committee at the University of Guelph.
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2.8

Body weight tracking
All the body weights of the Luman-/- mice in our colony were tracked monthly,

as well as their littermates or age-matched counterparts. The effect of the Luman
phenotype on the body weight was not the priority in our study. Therefore, during the
time their body weights were tracked, these mice were also used as breeders, and they
were used in the study on reproduction, maternal behaviour and in buried foodfinding test. The body weights at seven-month old were compared, because there were
most bodyweights collected at that point from females that were neither pregnant nor
in lactation period.
2.9

Reproduction and maternal neglect
For the study of female fertility rate, age-matched females (two to six-month old)

were bred with males aged two to eight months. The date the breeding pairs were put
into the same cage, the date the females gave birth, and the number of pups born were
recorded. The time a breeding pair took to produce a litter after being placed together
were recorded and compared.
For maternal behaviour studies, age-matched (2.5 months old) naïve nulliparous
Luman+/+ and Luman-/- females were each paired with a sexually mature Luman+/+
male for two weeks and then separated. The number of pups born to each female was
recorded. Videotape recorders were used one to two days before parturition and dams
and pups were observed in their home cage until 48 hours after parturition.
2.10

Buried food finding test
Mice were deprived of food with water supplied ad libitum 24 hours before

testing. All mice were tested in the dark cycle (10:00a.m. -22:00p.m.). In the test,
individual mouse were placed into a clean cage (46x 24 x 14.5 cm) in which a food
pellet was hidden under 1.5 cm bedding at one corner of the cage. The mice was
positioned at the opposite end of the cage, and the time it takes to find the food, i.e.,
the time from the moment the mice was placed into the cage to the time it located the
pellet and initiated burrowing, was recorded. A fresh cage was used for each trial, and
all mice underwent identical testing procedures. The Luman+/+ and Luman+/- females
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used in the buried food-finding test were age-matched naïve littermates of 2.5 month
old. The Luman-/- females used included both naïve and parous females raging from
2.5 month to 6 month old.
2.11

Histological assessment of mouse mammary gland tissue
The right inguinal mammary gland was taken within 24 hours of parturition.

Tissues were fixed in 4% PFA in 0.1M PBS (pH 7.2) over 24 hours and embedded in
paraffin (melting point 56 °C, Fisher Scientific). Hematoxylin and eosin stains were
performed on 6-µm paraffin embedded sections (Leica RM2255). Images were
captured on a Leica DMRA2 microscope with a Hamamatsu ORCA-ER digital
camera and Openlab imaging software (PerkinElmer). Pictures of all mammary
tissues were blind coded and scored by a clinical pathologist. Alveolar branching and
complexity, ducts length, milk presence and alveolar density were evaluated. Each
item was given a score ranging from 1 to 4 based on minimal = <5% = 1, mild = 5-20%
= 2, moderate = 21-40% = 3, and marked = >40% = 4.
2.12

Behavioural tests
The same groups of littermate virgin naïve female mice were used in behavioural

tests including object placement/object identity test, elevated plus maze test,
light/dark transition test, forced swim test and tail suspension test, which were carried
out in order listed. Littermate controls and mutant mice were housed together with
three to four mice per cage before the study after weaning. Mice were tested in the
dark cycle (10:00a.m. - 22:00p.m.) between10:00a.m. and 18:00p.m. All the cages
containing mice were transferred to the behaviour testing room one hour before the
trial begins. Each experiment was arranged with an interval of at least a week. All
experiments were videotaped. Tests were performed and scored blind. Researchers
were given a numerical code for the mice’s ID during the testing and scoring.
Different researchers scored the video independently twice using a hand-held
stopwatch. Same researcher scored Numbers of entries in elevated maze tests twice.
The average was used for data analysis. Results of object placement/object identity
test were not reported due to technical error.
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2.12.1 Light/dark transition test
The apparatus used for light/dark transition test was a clear polycarbonate square
box divided by a black insert into dark and light rectangular compartments of equal
sizes (16" L x 8" Hx5" W) with an entry opening of 4" x 1.25" (AccuScan
Instruments, Colombus, OH, USA). Mice were released in a corner of the dark area,
and their horizontal activities (in centimeters) was tracked by a set of three photo
beam arrays for 10 minutes. After each trial, all chambers are cleaned with
75%ethanol to prevent a bias based on olfactory cues. All data was collected using the
VersaMax Analyser (AccuScan Instruments).
2.12.2 Elevated plus maze test
The elevated plus-maze consisted of 2 open arms (50 cm × 10 cm) and 2
enclosed arms of the same size with 30 cm walls. The arms were elevated 50 cm off
the floor. Mice behaviour was recorded for 10 minutes. Less time in the light is
interpreted as higher anxiety. Mice were allowed to move freely for 10 minutes in the
plus-shaped apparatus with 2 open and 2 enclosed arms. Each mouse receives one
trial in the test apparatus. Illumination at the center was maintained at 100 lux. Times
spent in the light arms, the numbers of entries into the light arms, and total numbers of
entries into all arms were recorded. The time and entries were counted when mice had
all four paws in the relevant area.
2.12.3 Forced swim test
The forced swim tests were carried out using a procedure modified from the
method reported by Adem et al. in 2012 (194). The mice were individually placed
into a glass cylinder (30 cm height, 20 cm diameter) containing 15 cm of water at 23
to 25°C. Behaviour was recorded for six minutes using a video camera placed to give
a side view of the cylinder. Only data from the last four minutes of a total of six
minutes were used for mobility evaluation, defined as any movements other than
those necessary to balance the body and keep the head above water. Small foot
movements to keep head above water are not scored as mobility. Drifting due to
earlier momentum is not scored as mobility. The time of immobility was determined
by: time of immobility (seconds) = 240 seconds – time of mobility (seconds).
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2.12.4 Tail suspension test
Mice were suspended 30cm above the service of the table by the use of adhesive
tape applied to the tail for a period of 6 minutes and observed for struggling
(mobility) vs. time of immobility. Because it is easier to mark and detect movements
(mobility) rather than the lack of movement (immobility), only the time of movement
was recorded. Time for immobility was calculated as: 360 seconds – time (seconds)
mobility = time (seconds) immobility. Longer periods of immobility are characteristic
of a depressive-like state (195). This experiment was therefore performed to assess
level of depression in Luman-/- female mice using Luman+/+ counterparts as controls.
2.13

Immunohistochemistry (IHC) staining of LUMAN
Brain tissues were harvested immediately following euthanasia, cut sagittally in

half and fixed for 24 hours in 4% paraformaldehyde, processed, and embedded in
paraffin. IHC staining for LUMAN (CREB3) was performed on 4µm tissue sections
(sagittal section) mounted on charged slides using an automated immunostainer
(DakoAutostainer,

Dako,

Mississauga,

ON,

Canada).

Following

manual

deparaffinization and rehydration, sections were treated with 3% hydrogen peroxide
to quench endogenous peroxidase activity and with Proteinase K (Dako) for antigen
retrieval. Sections were incubated with rabbit anti-LUMAN (7281.3) antiserum
(1:100 dilution; pacific immunology, USA) for 30 minutes. A goat anti-rabbit
polymer detection system (EnVision +Dako) was used with Nova Red (Vector
Laboratories, Burlington, ON, Canada) as chromogen. For negative reagent controls,
duplicate tissue sections were subjected to the same IHC staining procedure, with the
substitution of non-immune rabbit serum at similar protein concentration for the antiLUMAN rabbit polyclonal antiserum.
2.14

Nissl staining (cresyl violet)
Naïve male littermates of two-month old (one Luman+/+ and one Luman-/-) were

sacrifice by cervical dislocation. Brain tissues were harvested immediately following
euthanasia, cut sagittally and fixed for 24 hours in 4% paraformaldehyde, processed,
and embedded in paraffin (melting point 56 °C, Fisher Scientific). Sections of 4 µm
(sagittal section) mounted on charged slides were subjected to Nissl staining. Sections
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were first deparaffinized by soaking in xylene, rehydrated, and then stained in 0.02%
cresyl violet solution for 10 minutes. Slides were rinsed quickly with distilled water
and then dehydrated, cleared and mounted.
2.15

RNA analysis
Trizol (Invitrogen, Carlsbad, CA, USA) were used for total RNA extraction.

cDNA was synthesized from total RNA using Superscript III reverse transcriptase
(Invitrogen) and oligo (dT) (Roche Diagnostics, Laval, QC, Canada). Primers were
designed using Primer-Blast. All primers were purchased from Sigma (Canada)
(Table 2.1).
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Table 2.1 Sequence of primers
Gene
name

Forward

Reverse

Foxo1

5'-CGGAAAATCACCCCGGAGAA-3'

5'-TACACCAGGGAATGCACGTC-3'

Bim

5'-CTCAAACACCAAGCCCTCCT-3'

5'-CAAGGGTCGTGGAAGGTTGT-3'

Puma

5'-AGAAGAGCAGCATCGACACC-3'

5'-AGTTGGGCTCCATTTCTGGG-3'

Noxa

5'-GTGGAGTGCACCGGACATAA-3'

5'-GAGTTGAGCACACTCGTCCT-3'

Bcl2

5'-CCACCTGTGGTCCATCTGAC-3'

5'-CAATCCTCCCCCAGTTCACC-3'

Bcl-xl

5'-GCCTTTTTCTCCTTTGGCGG-3'

5'-CGACTGAAGAGTGAGCCCAG-3'

Bax

5'-CTCCGGCGAATTGGAGATGA-3'

5'-GAGGAAGTCCAGTGTCCAGC-3'

Jab1

5'-CGCCTTGAGAATGCAATCGG-3'

5'-GCCTGTGGTGTAGTCTGCAT-3'

Casp 3

5'-GCGGCCAGGAGGACACAT-3'

5'-ATGAGAGCCAGACGTGTTCG-3'

Casp 12

5'-GGGAGCAAGTCAGTGGACTC-3'

5'-CCGTACCAGAGCGAGATGAC-3'

Luman

5'-GCTCAGTCCCTCAGTATCGC-3'

5'-TCCATGGGTAGCTCTGACGA-3'

Lrf

5'-CTGCCAGCACTTCTGTTTCA-3'

5'-AAGCTCTGGATGCCAGCTTA-3'

Gapdh

5'-TACCCCCAATGTGTCCGTCG-3'

5'-CCTGCTTCACCACCTTCTTG-3'
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2.16

Protein extraction and western blot analysis
For the investigation of LUMAN expression profile in mouse tissues, three adult

Luman+/+ female mice were euthanized by CO2. For each animal, its liver, brain,
kidney, heart, spleen, lung, muscle, pancreas, uterus, ovary, mammary gland, and
adrenal gland were harvested and homogenized separately. Brains were separated into
different regions: olfactory bulb, hypothalamus, thalamus, cortex, hippocampus,
cerebellum, pons and midbrain. Each sample was homogenized separately in an icecold buffer (25 mM Tris-HClpH7.4, 50 mM H2Na207P2, 10 mM EGTA, 10 mM
EDTA, 1%Nonidet P40, 0.1%SDS, 100 mM NaF, 10 mM Na3VO4), and frozen at 80°C overnight. Samples were thawed and vortexed vigorously, and then centrifuged
(1500 g, 15 minutes, 4°C) twice to isolate the supernatant. Total protein was
quantified using Pierce® BCA protein assay reagent (Thermo Scientific, USA)
according to the manufacturer’s instructions. Whole tissue lysate protein (20 µg) was
solubilized in 2×sample buffer, boiled (5 minutes, 95°C), resolved by SDS-PAGE,
and transferred to polyvinylidenedifluoride membranes. Membranes were blocked for
one hour at room temperature, washed, and then incubated overnight at 4°C with
primary antibody (custom rabbit anti-LUMAN polyclonal antibody, Pacific
Immunology, California USA) for the full-length LUMAN. The immune complexes
were washed, incubated with the HPR conjugated anti-Rabbit IgG (Promega, Madison,
WI USA) for 1 h at room temperature, and detected using the Pierce® ECL2 western
blotting substrate (Thermo Scientific, USA). Equal loading was confirmed by probing
for β-actin (Sigma, USA).
2.17

Making mouse embryonic fibroblasts (MEFs)
Heterozygous males and females were paired to breed. Virginal plugs were

checked on a daily basis to decide the occurrence of coitus and, subsequently, the
stage of the embryos. Embryos were extracted at 11-12 dpc. Embryos were separated
into individual container, then the embryonic sac and placenta was removed. Embryo
head was cut off and red organs (liver, spleen) were removed. The rest of the embryo
was placed in a 60mm dish with 5ml of 0.05% trypsin solution, and quickly diced up
using a sterile razor blade. The dish was incubated at 37°C in a cell culture incubator
for 15-20 minutes for tissue digestion. Cells/tissue were transferred to a 15ml tube,
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5ml of warm DMEM was added, mixing by pipetting up and down and spinning
5minutes at 1,000 RPM, the supernatant was discarded, the pellet was resuspended in
10ml warm DMEM, the entire thing was then plated in a 100mm dish and incubated
at 37°C, After 8 hours, most cells were attached. Genotyping and western blot were
conducted to verify the genotype of the MEFs.
2.18

Data analysis
Body weights of pups at each week were analyzed by Kruskal-Wallis test. The

body weights of seven-month-old mice were analyzed by Mann-Whitney U test.
Ratios of genotypes generated from heterozygous pairings and differences from
expected Mendelian ratio were analyzed by using the χ2 test. Effects of Luman
genotype on the litter size and on the duration to produce pups after mating were
determined by two-way ANOVA. Pup survival rates of Luman+/+ and Luman+/females were analysed by two-tailed t test, unequal variances. Buried food finding test
was analyzed by using Kruskal-Wallis test. Forced swim test, tail suspension test,
light/dark transition test, and elevated plus maze test were analysed by Mann-Whitney
U test. Luman+/+ and Luman-/- MEFs and its growth proliferation data was analyzed
by two-tailed t test in each day.
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Chapter 3.
3.1

Results

Confirmation of Luman-/- mice
The Luman gene knockout mouse line was generated on a congenic

C57BL/6 NTac background by KOMP repository at the University of California,
Davis. In the modified null allele, the entire open reading frame encoding Luman was
deleted and substituted with a β-galactosidase (lacZ) gene and a neomycin resistant
(neor) gene driven by a promoter from the human ubiquitin c gene (hUbCpro) (Figure
3.1A). Genotyping was performed using primers designed specifically against Luman
genomic DNA or the modified allele. The presence of a 97-bp band identifies a wildtype (WT) allele; the 210-bp band identifies the modified null allele (Figure 3.1-B).
Confirmation of the functional Luman knockout was accomplished by duplexpolymerase chain reaction (PCR) using DNA sample and reverse transcription
polymerase chain reaction (RT-PCR) using RNA sample from animals. Luman
transcripts were only expressed in brain, liver, heart and muscle tissues of Luman+/+
mice, and it was absent in any tissues from Luman-/- mice (Figure 3.1-C).
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Figure 3.1 Generation and confirmation of Luman-/- mice.
(A) Luman gene targeting design and genotyping strategy. There are 9 exons in the
Luman+/+ allele. The entire open reading frame was deleted in the modified (null)
allele and substituted with a β-galactosidase (lacZ) expression cassette. The expected
sizes of the duplex-PCR products for Luman+/+ (using primers TDF and TDR) and
Luman-/- (using primers LacInF and LacInR) alleles are 97-bp and 210-bp,
respectively. (B) A typical genotyping PCR result. (C) Luman mRNA detection by
RT-PCR in tissues from adult Luman+/+ and Luman-/- mice. Luman transcripts were
only found in tissues from Luman+/+ mice but not in any tissues from Luman-/- mice.
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3.2

LUMAN expression profile in embryonic mouse tissues
It is critical to put LUMAN in a pertinent context in vivo to investigate its

biological function. In the Luman-/-animals, LUMAN expression would be substituted
with the expression of β-galactosidase. Therefore, presence of β-galactosidase
indicates the expression of LUMAN. X-gal is an organic compound used to detect the
presence of β-galactosidase. A blue color is produced as a result of enzyme-catalyzed
hydrolysis in the presence of both X-gal and β-galactosidase (196). X-gal staining for
β-galactosidase activity was performed to examine LUMAN expression in embryonic
tissues. LUMAN was highly expressed in the trigeminal ganglion (Figure 3.2-a1 and
a2), the neural layer of the retina (Figure 3.2-b1 and b2), and the roof of the neopallial
cortex (future cerebral cortex) (Figure 3.2-c1 and c2).
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Figure 3.2 X-gal staining of 11-12.5 dpc. mouse embryos for β-galactosidase (lacZ)
activity.
Black arrow points to the trigeminal ganglion (a1, a2 and a3), the neural layer of the
retina (b1, b2 and b3), and the roof of the neopallial cortex (c1, c2 and c3). n = 3 for
each genotype. Magnification × 200.
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3.3

Born ratios and postnatal growth curve
To investigate whether LUMAN is necessary for embryonic development,

genotype distribution in F1 progenies of Luman+/-(♂) x Luman+/-(♀) was calculated.
Pups from 37 breeding pairs were genotyped (most of the litters born died two days
within parturition). The ratios of genotypes produced were as expected Mendelian
ratios (p = 0.05, D.F. = 72 in a χ2 test). Luman-/- pups made up 23%of the total pups
produced, which is similar to the expected 25% (Table 3.1). Pathologist Dr. Patricia
Turner from Ontario Veterinarian School conducted a gross histological survey of
neonatal pups of three genotypes (Luman+/+, Luman+/- and Luman-/-). No apparent
abnormality was reported.
At birth, Luman-/- mice were visibly indistinguishable from Luman+/+ or Luman+/littermates, with no obvious defects in suckling ability. Weight of the pups was
tracked from week one until week ten after birth (Figure 3.3). Pups were kept with
their mother for four weeks, and then male and female pups were weaned and housed
separately. Luman+/+ female pups displayed a significantly lower rate of weight gain
in every time point we analyzed except for week one (p < 0.05, Kruskal-Wallis test)
(Table3.2). The average body weight of male Luman-/- pups was lower than those of
Luman+/+ male pups, although the difference was only statistically significant in the
first, third, and sixth week (p < 0.05, Kruskal-Wallis test) (Table 3.3). Thus, deletion
of Luman affected female mice more than male mice in terms of their body weight.
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Table 3.1 Luman genotype ratios produced by heterozygous breeding pairs.

Luman-/- pups were produced as expected Mendelian ratio. Data were analyzed by χ2
test. Total chi-square = 80.35, critical chi-square = 92.81, (0.05, D.F. = 72)
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Figure 3.3 Growth retardation in Luman-/- littermates.
(A) Female mice growth curves. (B) Male mice growth curves. Both male and female
Luman-/- littermates displayed a range of significant weight reduction (p < 0.05,
Kruskal-Wallis test). Littermates were used in this experiment and all the pups used
were produced from Luman+/- females mated with Luman+/- males. Luman+/+(♀), n =
6; Luman+/-(♀), n = 10; Luman-/-(♀), n = 7;Luman+/+(♂), n = 4; Luman+/-(♂), n = 3;
Luman-/-(♂), n = 3. Values are mean ± SD.
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Table 3.2 Descriptive statistics (female pups)
Descriptive
statistics

IQR1

Median

Genotype
Age(week)

WT

HET

KO

WT

HET

KO

Sig.

1

3.90

3.70

2.70

1.17

0.80

0.50

0.270

2

7.20

6.50

4.80

2.15

1.50

1.20

0.008*

3

9.50

9.30

4.50

5.10

1.85

1.80

0.025*

4

15.20

14.10

9.30

4.45

2.75

3.30

0.018*

5

17.35

15.90

12.10

3.10

1.40

3.20

0.003*

6

17.95

16.50

14.10

2.15

0.70

1.70

0.002*

7

19.15

17.10

14.40

1.50

1.45

2.00

0.002*

8

19.60

17.50

14.90

1.47

0.90

1.80

0.001*

9

20.70

18.00

15.60

2.95

0.80

0.70

0.002*

10

21.20

18.50

15.80

3.7

1.15

1.40

0.001*

1. IQR: interquartile range. *p<0.05
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Table 3.3 Descriptive statistics (male pups)
Descriptive
statistics

Median

IQR
Sig.

Genotype
WT

HET

KO

WT

HET

KO

1

4.15

3.70

2.90

0.10

NA1

NA

0.023*

2

5.60

5.80

3.80

1.50

NA

NA

0.453

3

8.30

6.20

4.80

0.68

NA

NA

0.030*

4

14.10

14.30

9.00

0.80

NA

NA

0.095

5

18.30

17.00

13.70

1.32

NA

NA

0.089

6

20.50

19.10

16.80

0.28

NA

NA

0.024*

7

21.55

22.50

18.60

0.62

NA

NA

0.150

8

22.25

22.50

19.60

1.10

NA

NA

0.219

9

23.25

23.50

20.20

0.73

NA

NA

0.095

10

23.60

23.50

20.20

1.18

NA

NA

0.139

Age(week)

1.

NA: not available. *p<0.05
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3.4

Luman-/- mice were spontaneously lean
After 8-10 weeks after birth, mice are fully grown. The wild-type mice in our

colony continued to gain body weight over time, while the body weights of both
Luman-/- males and Luman-/- females remained very stable around 20 grams (except in
the case of pregnancy in the females). During the time of this research, none of the
Luman-/- mice in our colony gained any substantial body weight with the passage of
time as their wild-type control did (n = 7 for Luman-/-, figure 3.4-C). At the week 28
(7 months), the body weights of Luman-/- females were significantly lower than the
Luman+/+ controls (p < 0.05, U = 0, Mann-Whitney U test) (Figure 3.4-A). The
difference between Luman-/- and Luman+/+ males were not statistically significant (p >
0.05, U = 0, Mann-Whitney U test) (Figure 3.4-B). There was scarcely any
subcutaneous and visceral fat in every Luman-/- mouse we dissected including both
genders (Figure 3.4-C), however, visceral fat are clearly visible in our Luman+/+ mice
as reported in the literature (197).
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Figure 3.4 Female Luman-/- mice were spontaneously lean.
(A) Body weights of adult male mice. p > 0.05, U = 0 in a Mann-Whitney U test. n =
3 for each genotype. (B) Body weights of adult female mice. p < 0.05, U = 0 in a
Mann-Whitney U test. n = 6 for Luman+/+(♀), n = 4 for Luman-/-(♀). Body weight of
each subject was presented with median and interquartile range. (C) There was no
visible abdominal fat in every Luman-/- mouse (>7 months old) we dissected including
both male and female (n=7).
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3.5

The effect of Luman genotype on reproduction
Since all the dates of mating and the dates of delivery were recorded in our

colony. We subsequently compared the time the female mice took to produce pups
after mating. This can roughly estimate whether the estrous cycle and gestation period
of the Luman mutant females is normal. There is no difference in the length of time to
produce litters after mating among three genotypes (p > 0.05, one-way ANOVA)
(Figure 3.5-A). The potential effect of parental genotypes on litter size was also
examined (Figure3.5-B). The paternal genotype had no effect on litter size (p > 0.05,
two-way ANOVA), while the litter sizes of Luman+/+ dams were significantly larger
than those of Luman+/- and Luman-/- dams (p < 0.01, two-way ANOVA).
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Figure 3.5 Effects of Luman genotype on reproduction.
(A) Luman genotype has no effect on the length to produce pups after mating. There
was no statistically significant difference between groups as determined by one-way
ANOVA (p > 0.05). n = 75 parities for Luman+/+(♀); n = 78 parities for Luman+/-(♀);
n = 14 parities for Luman-/-(♀). Days from mating are the time a breeding pair takes to
produce a litter after being placed together in a cage. Values are mean ± SEM. (B)
Effect of Luman genotype on the litter size. The male’s genotype had no effect on the
litter size determined by two-way ANOVA (p > 0.05). The litter size of the Luman+/+
dams was significantly larger than those of Luman+/- and Luman-/- dams determined
by two-way ANOVA (p < 0.01). Luman+/+(♀) × Luman+/+(♂), n = 51 parities;
Luman+/+(♀) × Luman+/-(♂), n = 30 parities; Luman+/-(♀) × Luman+/+(♂), n = 12
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parities; Luman+/-(♀) × Luman+/-(♂), n = 66 parities; Luman-/- (♀) × Luman+/+ (♂), n =
9 parities. Values are mean ± SEM.
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3.6

Poor survival rate of offspring born to Luman+/- and Luman-/-female mice
In the process of breeding to maintain Luman mutant mouse colony, there was a

high mortality rate of newborn pups to Luman+/- dams. There was no significant
difference in the pup survival rate between Luman+/+(♀) × Luman+/+(♂) breeding and
Luman+/+(♀) × Luman+/-(♂) breeding (p > 0.05, two tail t test, 77% and 88%,
respectively, Figure 3.6-A). The pup survival rate dropped dramatically to 17% for
Luman+/-(♀) × Luman+/+(♂) parents (p < 0.001, two tail t test, Figure 3.6-B). Among
litters born to Luman+/- dams, the survival of pups in a litter was usually “all or none”,
regardless of the genotype of the pups. As Luman+/-(♀) × Luman+/+(♂) parents would
produce pups of the same genotype as Luman+/+(♀) × Luman+/-(♂) parents, which had
a very low mortality rate, the poor pup survival rate of Luman+/- dams can be
attributed to the maternal genotype, not the genotype of the pups. We then compared
the pup survival between five pairs of naïve nulliparous age-matched Luman+/+ and
Luman-/- females. Each female was paired with a Luman+/+ male for two weeks and
then separated. There were 37 pups in total born to the 5 Luman+/+ females; out of 37
pups, 30 pups survived until weaned. A litter of pups died unexpectedly in the
perinatal period. There were 28 pups in total born to the 5 Luman-/- females and all the
pups died within 48 hours after birth (3.7-A). Nests of Luman-/- female son
postpartum day one were built loosely, but the pups were born in the nest and were
clean (Figure 3.7-B), indicating normal maternal plancentophagia. Although the nests
of the Luman-/- dams were not as neat as those built by the Luman+/+ dams (figure 3.7B), their high-wall corner nests, which are characteristic of late pregnancy and
postpartum nests, were significantly different from the flat sleeping mat of the nonpregnant females (122). This suggested that Luman-/- dams displayed nest-building
behaviour to prepare for the arrival of the pups. In the Luman+/+ cages, nests were
well built, with walls; Pups were organized in a bundle to maintain the pups’ body
temperature (Figure 3.7-B). Pups born to Luman-/- dams were never organized in a
huddle, but were scattered around the edges of the nests or buried underneath the
nesting material, with the dams lying in the center of the nests, ignoring the pups.
Such maternal neglect can directly lead to the deaths of neonatal pups. In postpartum
day two, pups in thecages of Luman-/- dams were often found dead, buried underneath
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the nesting material with dehydrated and bruised bodies (Figure 3.7B-b2，b3). Most
of the dead pups were not cannibalized. The poor survival of the pups of Luman-/dams did not improve with multiple pregnancies.
Due to the consistent observation of destroyed nests and dead pups buried
underneath the nesting materials in the cages of Luman-/- and Luman+/- dams, we
monitored dams in their home cages by videotaping just before and soon after
parturition to carefully examine any abnormal behaviour that might have caused the
deaths of the pups. During the pre-parturition and post-parturition periods, both
Luman+/+ and Luman-/- dams displayed nest building and maintaining behaviours, and
nests with walls were built in their home cages. In the video taken on postpartum day
one in the dark cycle, Luman+/+ dams behaved normally, spending most of the time in
the nests with the pups and wandering out of the nests occasionally for water and food.
In contrast, Luman-/- dams displayed hyperactive or impulsive activity: running
around the cage without purpose during a 10-minute observation, moving quickly
back and forth, tramping through the nests, and jumping down from the top of cage
directly onto their pups. None of these behaviours were observed in the Luman+/+
dams

in

the

peripartum

period

(Videos

are

available:

https://www.youtube.com/playlist?list=PLXFsQtQvEbWjsjijHXU7o5LYyb2QYDwb
p). The abnormal behaviour of Luman-/- dams observed in the videos explained the
observations on postpartum day two: in the cages of both the Luman-/- and the poor
Luman+/- dams, the walls of the nests were usually trodden down and all the pups
were buried underneath the bedding material with bruised bodies. Collectively, all our
Luman-/- dams and some of the Luman+/- dams abandoned their pups. Their maternal
neglect and hyperactive behaviour could have been the direct cause of the deaths of
their pups.
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Figure 3.6 Luman+/- dams had significant lower pup survival rate.
(A) Paternal genotype had no effect on the pups’ survival rate. p > 0.05 in a two-tailed
t test. (B) Luman+/- dams had a significantly lower pup survival rate. *** p < 0.01 in a
two-tailed t test. Pup survival rate = No. of pups born/No. of pups weaned (%). WT ×
WT indicates a Luman+/+(♀) mouse bred to a Luman+/+ (♂) mouse. Females were all
age-matched (2-4 months old) and primiparous. Luman+/+ (♀) × Luman+/+ (♂), n = 33
parities; Luman+/+(♀) × Luman+/-(♂), n = 22 parities; Luman+/-(♀) × Luman+/+(♂), n =
12 parities. Values are mean ± SEM.
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Figure 3.7 Abnormal maternal behaviour observed in Luman mutant mice.
(A) Deficits in the survival of offspring born to Luman-/- dams. Age-matched
Luman+/+ and Luman-/- females were paired with a Luman+/+ male for two weeks. The
numbers of pups born were recorded. n = 5 for each genotype. (B) Typical
observation of the cage at postpartum day one and day two. n = 5 for each genotype.
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3.7

Buried food finding test
Buried food finding test were performed to rule out the possibility that an

olfactory defect was the cause of the maternal failure. Luman-/- female mice were able
to locate a buried food pellet using an olfactory cue as fast as Luman+/+ female mice
(p > 0.05 in a Kruskal-Wallis test). All mice tested were able to locate the food pellet
within five minutes (Figure 3.8).
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Figure 3.8 Buried food-finding test.
The time from the moment the mouse was placed into the cage to the time it located
the pellet and initiated burrowing was recorded as latency to find. There was no
difference in latency to find a buried food pellet amongmice of three genotypes. p >
0.05 in a Kruskal-Wallis test.n = 5 for Luman-/-(♀), n = 8 for Luman+/-(♀), n = 10 for
Luman+/+(♀). Values for each subject are presented with median and interquartile
range.
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3.8

Histological assessment of mammary gland of postpartum dams
Lactation defect are the direct cause of pups’ death in some genetically modified

mice (198). Histological analysis of mammary glands collected within 24 hours after
parturition revealed that development of mammary glands and milk production were
intact in Luman+/- and Luman-/- dams. The secretory alveolar structure was observed
in all genotypes (arrowheads, Figure 3.9-a, b, and c). The white lactiferous ducts full
of milk and the gland cistern filled with milk were grossly visible in the mammary
glands of Luman-/- and Luman+/- dams (Figure 3.9-d). Quantitative analysis of the
alveolar branching and complexity, the ducts length, the milk presence, and the
alveolar density showed that there were no significant differences on these factors
among dams of three genotypes (p > 0.05 in all the Kruskal-Wallis tests) (Table 3.4).
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Figure 3.9 Mammary gland development and milk production is intact in Luman
mutant mice (postpartum day one).
Panels a–c were stained with hematoxylin and eosin. The presence of alveolar luminal
secretions (arrowhead) in all three genotypes suggests that milk production in Luman
mutant mice is intact. The images were obtained at x100 magnification. Panel d offers
a representative gross picture of the mammary glands of Luman+/- and Luman-/- dams.
A visible white milk spot (black arrowhead) on the mammary gland was observed. n
= 4 for Luman+/+, n = 4 for Luman-/-, n = 3 for Luman+/-.
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Table 3.4 Evaluation of mammary gland on postpartum day one.
Genotype

Age

Parity

(month)

Alveolar

Ducts

Milk

Alveolar

branching

Length

Presence

Density

Total

and
complexity

Luman

+/+

5

1

4

2

2

4

12

Luman

+/+

4.5

1

2

1

2

2

7

Luman

+/+

3

1

4

3

2

4

13

Luman

+/+

9.5

4

2

2

1

2

7

+/-

8

2

2

1

2

1

6

Luman+/-

3

1

3

3

3

3

12

+/-

4

1

3

2

3

3

11

Luman-/-

7.5

2

2

3

3

2

10

Luman

-/-

5.5

1

2

2

2

2

8

Luman

-/-

3

1

4

3

3

3

13

Luman

-/-

8.5

3

2

2

3

2

9

p>0.05

p>0.05

p>0.05

p>0.05

p>0.05

Luman
Luman

Kruskal-Wallis testacross genotypes

Key: minimal=<5% = 1; mild = 5-20% = 2; moderate = 21-40% = 3; marked = >40% = 4
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3.9

Virgin Luman-/- female mice displayed reduction of anxiety-like behaviour

and associated hyperactive activity
We noticed the hyperactive and neglecting behaviour in Luman-/-dams around
parturition, and the high mortality rate of their newborn pups can be directly attributed
to this abnormal behaviour. Therefore we want to know whether there is an intrinsic
behavioural abnormality in Luman-/- females or this abnormal behaviour is only
limited to the particular period around parturition. Previous researchers have reported
several knockout mice models (e.g. STOP-/- and LRF-/-) that lack the nurturing
behaviour and result in the deaths of pups (199, 200). These mice also displayed an
alteration in emotionality. We subjected naïve virgin Luman+/+ and Luman-/- female
mice in a battery of behavioural tests that evaluate the level of emotionality including
the level of anxiety and depression. In the elevated plus maze test, mice were placed
in an elevated apparatus with two opens arms (illuminated) and two closed arms (dark)
forming a “plus” for 10 minutes. The test is based on the mice’s natural aversion for
the open and elevated areas (201). Wild-type C57BL/6J mice prefer to stay in the
closed arms than the open arms. Anxiety-like behaviour is manifested by a decrease in
the time spent in the open arms. Clinically effective anxiolytic drugs are able to
increase the time spent in the open arms in laboratory mouse (202). In our
experiments, Luman-/- female mice spent significantly more time in the open arms
than did their Luman+/+ counterparts (U = 0, p < 0.01 in a Mann-Whitney U test)
(Figure 3.10-A). Meanwhile, the ratios of open-arm entries of Luman-/- females were
significantly higher than those of Luman+/+ females (U = 0, p < 0.05 in a MannWhitney U test) (Figure 3.10-B). The results indicated thatLuman-/- female displayed
less anxiety-like behaviour. The total entries in elevated plus maze test are often used
as a useful index of general locomotor activity (201). Luman-/- femalemice made
significantly more entries into the four arms than did their Luman+/+ counterparts (U =
0, p < 0.05 in a Mann-Whitney U test) (Figure3.10-C). It suggested that Luman-/females are more hyperactive in the experimental conditions than Luman+/+ females.
Light/Dark transition test (LDT) is another widely used behavioural test that
measures the level of anxiety in laboratory mice. It measures the different aspect of
anxiety comparing with EPM test due to the different design of the apparatus. The
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EMP test measures the open-space anxiety, while LDT test measures bright-space
anxiety (203). Mice are allowed to move freely in an apparatus that contain one dark
chamber and one light chamber of equal size. The two chambers are separated and
have door to connect them. The time spent in the light chamber is used as index of
bright-space anxiety. Treatment of clinical effective anxiolytic drug like diazepam can
increase the time spent in the light chamber and locomotor activity in LDT test (204).
We recorded and compared the distance traveled in each chamber, the total distance
traveled, the total number of transitions, and the time spent in the each chamber
between Luman-/- and Luman+/+ females in our LDT tests. There were no difference in
the time spent in the light and dark chambers between Luman-/- and Luman+/+ females
(U = 7, p > 0.05in both Mann-Whitney U tests) (Figure 3.11-A and B). There was no
difference in the distance travelled in the dark box between the two genotypes (U =3,
p > 0.05in a Mann-Whitney U test) (Figure 3.11-D). Luman-/- females travelled
significantly longer distance than did Luman+/+ controls in the light chamber as well
as in the whole test (U = 0, p < 0.01 in both Mann-Whitney U tests) (Figure 3.11-C
and E). No difference was found in the number of transitions between light/dark
boxes between Luman-/- and Luman+/+ females (U = 11.5, p > 0.05in a Mann-Whitney
U test) (Figure 3.11-F). In our LDT tests, Luman-/-females displayed higher locomotor
activity and less light-space anxiety behaviour.
Forced swim test and tail suspension test are two mostly used methods for the
evaluation of depressive-like behaviour in laboratory rodents. Mouse is put into an
aversive environment (i.e. putting into water or suspended upside down). It will try to
escape the aversive stimulus by active swimming and struggling. When the mouse
stops swimming or struggling and stays in immobility, it is considered to have “given
up”. An animal that gives up relatively quickly is thought to be displaying
characteristics similar to human depression. The time of immobility in these tests is
used as a measurement for the level of depression (194, 205-207). Luman-/-females
showed a significantly shorter period of immobility than did Luman+/+ females in the
forced swim test (U = 0, p < 0.01 in a Mann-Whitney U test) (Figure 3.12-A). There
were no significant difference between Luman+/+ and Luman-/- females in the time
spent in immobility in the tail suspension test (U = 4,p > 0.05 in a Mann-Whitney U
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test) (Figure 3.12-B). Male mice were not tested in behavioural tests since the number
of Luman-/-male mice was very low.

Figure 3.10 Elevated plus maze (EPM) test.
(A) Summed time spent in the open arms. Luman-/- mice spent significantly more time
in the open arms than did Luman+/+ mice. U = 0, p < 0.01 in a Mann-Whitney U test.n
= 6 for Luman+/+, n = 4 for Luman-/-. Values are median ± IQR. (B) Ratio of open arm
entries indicated by open-arm entries/total entries. The ratios of open-arm entries of
Luman+/+ mice were significantly lower than those of Luman-/- mice. U = 0, p < 0.05
in a Mann-Whitney U test. n = 4 for each genotype. Values are median ± IQR. (C)
Total numbers of entries into each of the arms. Luman-/- mice made significantly more
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entries into the four arms than did Luman+/+ mice. U = 0, p < 0.05 in a Mann-Whitney
U test. n = 4 for each genotype. Values are median ± IQR. Due to deflection of the
camera, in the videos of two Luman+/+ mice, one entry into the dark arm did not
display in the video. Therefore, only four animals were scored.
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Figure 3.11 Light/dark transition test.
(A) Duration in the light chamber. There was no difference in the time spent in the
light chamber between Luman-/- and Luman+/+ females. U = 7, p > 0.05 in a MannWhitney U test. (B) Duration in the dark chamber. There was no difference in the
time spent in the dark chamber between Luman-/- and Luman+/+ females. U = 7, p >
0.05 in a Mann-Whitney U test. (C) Distance travelled in the light chamber. There
was no difference in the distance travelled in the light chamber between Luman-/- and
Luman+/+ females. U = 3, p > 0.05in a Mann-Whitney U test. (D) Distance travelled in
the dark chamber. Luman-/- females travelled significantly longer distance than did
Luman+/+ females. U = 0, p < 0.01 in a Mann-Whitney U test. (E) Total distance.
Luman-/- females travelled significantly longer distance in the light/dark transition test
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than did Luman+/+ females. U = 0, p < 0.01 in a Mann-Whitney U test. (F) Transitions
between the two chambers. There was no difference in the number of transitions
between light/dark chambers between Luman-/- and Luman+/+ females. U = 11.5, p >
0.05 in a Mann-Whitney U test. n = 6 for Luman+/+ females, n = 4 for Luman-/females. Values are median ± IQR.
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Figure 3.12 Forced swim test and tail suspension test.
(A) Summed immobility scores for female Luman+/+ and Luman-/- mice in forced
swim test. Luman-/- mice showed a significantly shorter period of immobility than did
Luman+/+ mice. U = 0, p < 0.01 in a Mann-Whitney U test. (B) Summed immobility
scores for female Luman+/+ and Luman+/- mice in the tail suspension test. There was
no significant difference between Luman+/+ and Luman-/- females in the time spent in
immobility. U = 4, p > 0.05 in a Mann-Whitney U test. n = 6 for Luman+/+ females, n
= 4 for Luman-/- females. Values are median ± IQR.
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3.10

LUMAN expression profile in mouse tissues
Western blot analysis of Luman+/+ adult mice tissues showed that LUMAN were

expressed in the muscle, heart, liver, kidney, brain (olfactory bulb), and mammary
gland (Figure 3.13). The cleaved LUMAN at 40kD and a new isoform of LUMAN at
around 54kD were expressed in almost all of the brain parts detected, including the
hypothalamus, thalamus, pons, cortex, cerebellum, hippocampus, and midbrain. The
only exception was the pituitary, in which reduced expression of LUMAN (detected
at 40kD and 55Kd) was noted. In addition, a unique band at 17kD was seen in the
pituitary (Figure 3.14-A, labeled with asterisk). Full-length LUMAN that usually runs
at 62 kD was barely detected in the brain (Figure 3.14-A). Immunohistochemistry
(IHC) staining results are consistent with Western blot results. LUMAN was found
specifically in the nuclei; and LUMAN-positively neurons were scattered throughout
almost all of the brain regions, including the cortex, hippocampus hypothalamus,
thalamus, cerebellum, and olfactory bulb. Strongly positively labeled neurons were
found aggregated in four regions of the brain where the cell bodies of the principle
neurons are located: the mitral cell layer of the olfactory bulb, the stratum pyramidale
of the hippocampus, the stratum granulosum of the dentate gyrus region of the
hippocampus, and the Purkinje cell layer of the cerebellum (Figure 3.14-B, 3.15, 3.16
and 3.17).
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Figure 3.13 Western blot analysis of LUMAN expression in adult mice tissues.
LUMAN were found in the muscle, heart, liver, kidney, brain (olfactory bulb), and
mammary gland. The blot is a representative of three independent experiments.
Tissues were harvested from three virgin Luman+/+ females. For each animal, its liver,
kidney, heart, spleen, lung, muscle, pancreas, uterus, ovary, mammary gland, and
adrenal gland were harvested.
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Figure 3.14 LUMAN expression pattern in adult mouse brain.
(A) Western blot analysis of LUMAN expression in brains of Luman+/+ females. The
blot represents three independent experiments. Cleaved LUMAN at 40kD and a new
isoforms of LUMAN at around 54kD were detected in almost all of the brain parts
except for the pituitary. (B) Immunohistochemistry analysis of LUMAN in the brains
of Luman+/+ mice (thalamus). The picture represents three independent experiments.
LUMAN-positive neurons (black arrowhead) were found in almost all areas in the
forebrain, midbrain, and cerebellum. Unlabeled glial cells were found directly beside
neurons in purple. Not all data is shown. Magnification × 400. (C) LUMAN
expression increased in postpartum pituitary. The lysate was pooled from three
animals for each experimental group and the western blot was performed twice with
consistent results.
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Figure 3.15 LUMAN-positive neurons were found aggregated in four areas of the
mouse brain.
The red arrows (c1 and c2) highlight the Purkinje neurons in the Purkinje layer of the
cerebellum. Black arrows (d1 and d2) highlight mitral cells in the mitral cell layer of
the olfactory bulb. Picture a1and a2 are pyramidal neurons in the stratum pyramidale
of the CA1 region of the hippocampus.b1and b2 are granule neurons in the stratum
granulosum of the dentate gyrus region of the hippocampus. Brains of 8-week
Luman+/+ C57BL/6NTac mice were used. Picture a1, b1, c1 and d1 were stained with
anti-LUMAN rabbit polyclonal antibody 81.3 in immunohistochemistry staining; a2,
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b2, c2 and d2 were stained with non-immune rabbit serum. Magnification × 200.
Three Luman+/+ adult females and one Luman+/+ adult male mice were used in this
experiment.
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3.11

LUMAN expression increased in postpartum brain.
Due to a developmental defect associated with a lack of LUMAN, mutant dams

may be predisposed to displaying a maternal behaviour defect. Alternatively,
LUMAN expression is required for the onset and establishment of maternal behaviour
around parturition. To test the latter hypothesis, the induction of LUMAN expression
in the brain of postpartum Luman+/+ was compared with brain from virgin Luman+/+
female. LUMAN expression increased in several brain areas after parturition,
including in the pituitary (Figure 3.14-C), some areas of the hippocampus
(Figure3.16), the thalamus, and the hypothalamus (Figure3.17); however, LUMAN
expression was reduced in the cortex after parturition as compared with virgin female
(Figure 3.17, bottom panel).
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Figure 3.16 LUMAN expression increased during postpartum in most region
examined in the hippocampus.
Immunohistochemistry staining of LUMAN was performed in the hippocampus. The
number of LUMAN-positive neurons (in brown) increased in the Ammon’s horn
(CA1, CA2, CA3 areas) of the postpartum dam compared with that of the virgin
female. Brain tissues from one postpartum Luman+/+ female and one virgin Luman+/+
female were used in this experiment. Magnification × 400.
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Figure 3.17 LUMAN expression increased in the thalamus, hypothalamus, and
decreased in the cerebral cortex during postpartum period.
Immunohistochemistry staining of LUMAN was performed using paraffin-embedded
whole brain slides. The intensity of LUMAN labeling (in brown) increased in the
thalamus and hypothalamus regions and decreased in the cerebral cortex. Brains
tissues from one postpartum Luman+/+ female and one virgin Luman+/+ female were
used in this experiment. Magnification × 400.
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3.12

Nissl staining of the hippocampal neurons of Luman-/- and Luman+/+male

mice
Male mice were used in this experiment due to the availability of Luman-/- and
Luman+/+ littermates. Nissl staining was originally performed to evaluate cell density
in the hippocampus region, but due to differences in the areas displayed in the
sections, no conclusion can be drawn. The purple substance presented by the staining
is the rough endoplasmic reticulum in the neurons. The colour is fainter and
dispersive in almost all of the neurons located in the granular cell layer in the dentate
gyrus of Luman-/- male mice, as compared to same group of neurons in the Luman+/+
male mice (Figure 3.18).
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Figure 3.18 Nissl staining (cresyl violet) analysis of the hippocampal granule cells of
Luman+/+ and Luman-/- males.
The black arrows highlight the granule cell bodies in the granule cell layer of the
dentate gyrus. Staining of the Nissl substance in the Luman-/-(KO) brain was more
dispersive and fainter as compared to that in the Luman+/+(WT) mice. The asterisks
highlight cells outside of the granule cell layer of the dentate gyrus in Luman-/- mice.
One pair of littermates (one Luman+/+ and one Luman-/- male mice) was used. The
pictures given are each a representative of three slides at different depths.
Magnification × 400.
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3.13

LUMAN protects cells from apoptosis under stress
Mouse embryonic fibroblasts (MEFs) were generated as tools to screen for

molecular pathways that LUMAN may be involved in. Western blot was performed to
detect the endogenous LUMAN in MEFs and to verify the genotype of the cells.
Luman mRNA was not detected in Luman-/- MEFs under any conditions (Figure 3.20).
Full-length LUMAN was detected in small amount in Luman+/+ MEFs but not in the
Luman-/- MEFs. No cleaved LUMAN were detected in Luman+/+ and Luman-/- MEFs
(Figure 3.19-A). Luman-/- MEFs proliferated at the same speed as the Luman+/+ MEFs
(p > 0.05, two-tailed, on the four time points) (Figure3.19-B).
LUMAN’s effect on behaviour is likely mediated through its transcriptional
activation ability. Since LUMAN is an ER stress-related protein, RT-PCR was
performed using Luman+/+ and Luman-/- MEFs treated with ER stressors and synthetic
glucocorticoid dexamethasone (DEX) to screen for the targets of LUMAN. Several
genes displayed differential expressions between Luman-/- and Luman+/+ MEFs
(Figure 3.20). Bax and Noxa were upregulated in Luman-/- MEFs as compare to
Luman+/+ MEFs with the exception in MG132 treatment. Puma and Caspase 3 were
upregulated in Luman-/- MEFs as compare to Luman-/- MEFs in every treatment. Bclxl was upregulated in Luman+/+ MEFs in every treatment with the exception of
BFA.Bcl-2 was upregulated in Luman+/+ cells with the exception of DEX. Expression
of Foxo1 followed the trend of Luman expression in all the treatments we performed.
The mRNA of Foxo1 was maintained at relatively low level and was indistinguishable
between control and different treatments in Luman-/- MEFs. In Luman+/+ MEFs, BFA,
the most potent activator of LUMAN, strongly induced the Foxo1 mRNA expression.
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Figure 3.19 Verification of the Luman+/+ and Luman-/- MEFs and their growth curves.
(A) Western blot of MEFs lysate using anti-CREB3. Experiments were performed
three times and representative data are shown. (B) Growths curve of MEFs. There
were no significant difference between the Luman+/+ (WT) and Luman-/- (KO) MEFs,
p > 0.05 at each day in two-tailed t test. n = 3, values are mean ± SEM.
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Figure 3.20 mRNA levels of genes screened in Luman-/- and Luman+/+ MEFs under
stress.
mRNA levels of genes were determined byreverse transcription polymerase chain
reaction (RT-PCR). Luman-/- and Luman+/+ MEFs were treated with Tm 2 µg/ml, 300
nM thapsigargin, brefeldin A (BFA) 1 µg/ml, MG132 4µM and 100 nM
dexamethasone (DEX) for 15 hours. The picture is a representative of two
independent experiments.
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Chapter 4.
4.1

Discussions

Significance of the research
When we commenced this research project, there is no research reporting

biological function of LUMAN at the level of organism. This thesis established the
first gene knockout mouse model for the biological functional study of LUMAN. We
found that LUMAN plays an important role in the regulation of anxiety, locomotor
activity, maternal response, and energy balance. This work presented the first in vivo
protein expression information for LUMAN in embryos and adult mouse tissues. We
also identified a potential neuronal protective role played by LUMAN in the central
nervous system and identified Foxo1 as potential downstream targets of LUMNA.
The Luman gene knockout mouse model provides a valuable animal model for the
study of neuropsychiatric diseases.
4.2

LUMAN’s role in development and energy balance
Luman knockout mouse colony was developed on a congenicC57BL/6NTac

background. The birth ratio of Luman-/- pups follows the Mendelian ratio (Table 3.1),
suggesting that LUMAN does not have an irreplaceable role in prenatal tissue
modeling or organogenesis. Growth retardation is common in mice with targeted gene
deletion and often leads to death during the first few weeks after birth (208-212),
however, there is no unexpected death associated with Luman mutant mice before
juvenile. LUMAN is not required for fundamental growth and development before
puberty.
C57BL/6NTac mouse develops obesity in a time-dependent manner and offers a
suitable animal model for research on obesity-related disease (213). C57BL/6NTac
mice fed a standard lab rodent chow continue gaining weight steadily over time and
the average weight of the male mice reaches around 38 grams at week 26 (214). The
average body weight of male Luman+/+ mice at week 28 was 38.10 ± 3.65 g, which is
comparable to the reported value. Surprisingly, the Luman-/- mice displayed
conspicuous leanness on the C57BL/6NTac background. The male mice should have
a greater propensity to gain body weight and have a higher body weight as compared
with female mice (215). The leanness phenotype of Luman-/- mice was so severe that
it masked the difference between sexes. Body weight of male and female Luman-/-
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showed no difference and consistently fell into the range of 18.7-21.8 g. This striking
phenotype implies that LUMAN plays a critical role in the regulation of body weight.
Genes regulating the body weight usually fall into two scopes. Deletion of the genes,
which are involved in lipid metabolism, adipocyte differentiation and function, basal
energy metabolism, and thermogenesis, can affect the adipose mass and body weight.
Examples include Cav1, Scd1, UCP1, Vdr, Atg7, and Cidea (216-222). Deletion of
these genes results in a similar lean phenotype. No researchers have reported that
LUMAN is expressed in fat tissue, or is involved directly in lipid metabolism,
adipocyte differentiation, and thermogenesis so far.
Deletion of the genes that disturb the regulation of energy balance in the central
nervous system can also produce the lean phenotype. Feeding behaviour is one of the
key factors determining the body weight and fat mass. The leanness is usually
accompanied by an altered metabolism and hypophagia in genetically modified mice
including muscarinic acetylcholine receptor M3 deficient mice (M3r-/- mice), NYP
receptors Y2Y4 double knockouts (Y2Y4-/-), and melanin-concentrating hormone
deficient mice (Mch-/- mice). Reduced food intake is the main cause for the leanness
in these mice (223-225). Feeding behaviour of Luman-/- and Luman+/+ mice haven’t
been studied in our research, and should be measured to see if it plays a role in the
leanness of Luman-/- mice.
Alternatively, hyperactive behaviour and associated high energy expenditure can
also lead to leanness. Mch1r-/- mice are lean and hyperactive, and increased energy
expenditure caused by higher locomotor activity might account for their leanness
(226); The leanness of Luman-/- mice can be caused by hyperactivity or high general
locomotor activity, since Luman-/- mice displayed hyperactive behaviour in three
behavioural tests: elevated plus maze test, light/dark transition test, and forced swim
test. Nevertheless, the general locomotor activity of Luman mutant mice and their
wild-type controls needs to be decided in their home cage to further support this
hypothesis. To summarize, the underlying mechanisms of leanness is under intense
investigation from three points of view focusing on: (1) the effects on behaviours like
food intake and general locomotor activity, (2) the effects on the autonomic nervous
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system which regulates energy expenditure and other basal metabolism (such as
respiratory quotient, and thermogenesis), and (3) the effects on the neuroendocrine
system through the: secretion of hormones (leptin, insulin, MCH growth hormone,
thyroid hormones) and neurotransmitters such as GABA (123, 226-230). To separate
the role of LUMAN between the peripheral system and the central nervous system,
mice with neuronal-specific deletion of Luman need to be generated and investigated.
LUMAN is highly expressed in the developing nervous system as well as in the adult
mouse brain; therefore we favor the point that LUMAN is involved in the regulation
of energy balance in the central nervous system.
4.3

The role of LUMAN on fertility
Female mice normally display signs of estrus every four or five days. Gestation

in the non-suckled mice lasts 19 to 21 days. Depending on the stage of the estrus
cycle the females are at, it takes 19 to 26 days for a healthy female mouse to give
birth to a litter of pups after paired with male mice. The average length for Luman-/and Luman+/- females to deliver pups after paired with males are within this range,
and are similar to that of Luman+/+ females (Figure 3.5-A). This suggested that Luman
mutant mice are able to maintain a normal estrus cycle and their reproduction system
are able to carry out pregnancy normally. We noticed that the maternal genotype has a
Luman gene dosage effect on the litter size (Figure 3.5-B). One possible explanation
is that the Luman mutant mice have a reduced ovulation rate. This speculation can be
confirmed through the examination of ovaries and oviducts to count the numbers of
corpora lutea and cumulus-enclosed oocytes following mating; Number of embryos in
different stages of pregnancy can be counted too (231, 232). Ovulation is regulated by
hormones released from the hypothalamic–pituitary–ovarian axis (HPO axis) in
rodents as well as in humans (233, 234). Primary follicles of mice are released daily
from the primordial follicle pool and grow in response to the pituitary gonadotropins:
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). The synthesis and
secretion of FSH and LH in the gonadotropic cells in the anterior pituitary is under the
control of the pulsatile gonadotropin-releasing hormone (GnRH) produced in the
hypothalamus GnRH neurons. Frequency and amplitude of the GnRH/LH release are
modulated by changes in steroid hormones, growth factors, diurnal rhythm, metabolic
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cues, nutritional status, and other factors throughout the female reproductive cycles.
Surges in GnRH and LH near the end of the follicular phase lead to ovulation (233,
235-237). Thus, the number of oocytes ovulated is influenced by GnRH and LH
levels. Therefore, examination of the levels of GnRH and gonadotropins in Luman
mutant mice is worthwhile. This examination determines if the reduced litter size
originates from the reduced ovulation rate driven by an impaired HPO axis. The local
environment in ovary can affect ovulation rate as well. Plasminogen activation plays a
crucial role in the degradation of the follicular wall during ovulation (238, 239). Mice
deficient in plasminogen activators show a 26% reduction in ovulation rate as
compared with the wild-type controls (240). If LUMAN plays a role in regulating the
number of oocytes ovulated, both mechanisms, occurring through the central nervous
system or a local event, are possible.
4.4

Luman-/- females bear an intrinsic behavioural problem that lead to the

maternal failure
Although the Luman-/- and Luman+/- females gave birth to pups as expected after
mating, they displayed severe maternal deficits that resulted in a dramatic drop in the
survival rate of pups born to Luman+/- dams (Figure 3.6) and the deaths of all pups
born to Luman-/- dams (Figure 3.7). Obvious defects in lactation (102, 198, 241)or in
olfaction(85, 86, 242)，which are known causes for maternal behavioural deficits in
other genetically modified mouse models, were ruled out as the causes (Figures 3.8
and 3.9). According to our observations, we inferred that the distinctive hyperactive,
impulsive and neglecting behaviour in Luman-/- dams directly caused the death of
their pups. The anxiety-like behaviour is positively correlated to the amount of
maternal care in rat dams (243, 244). Mouse model of postpartum depression results
in deaths of their newborn pups (111). To further clarify whether the maternal failure
of Luman-/- dams is consequence of mis-regulation of emotion i.e., anxiety and
depression in Luman-/- mice, we measured the level of anxiety and depression in naïve
Luman-/- females in a battery of behavioural tests. The forced swim test (FST) is a
standard test developed to measure the effect of antidepressant drugs on the behaviour
of laboratory rodents. Mouse will try to escape an aversive stimulus. If the escape is
futile, the animal eventually stops trying and gives up. Tested animal is placed in a
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cylindrical container of water from which it cannot escape. Most animals will attempt
to escape by actively swimming. When the animal stops swimming and floats on the
surface of the water, it is considered to have “given up”. An animal that gives up
relatively quickly is thought to be displaying characteristics similar to human
depression (206, 245). The deaths of the whole litter pups within 48 hours postpartum
from the mutant Luman mice lead us to consider the related human disease:
postpartum depression. Contrary to our prediction, Luman-/- female mice displayed
less immobility (struggle longer) in the FST. The direct explanation would be deletion
of Luman rendered the animal anti-depressive-like behaviour. Tail suspension test
(TST) is another standardized test for depression behaviour in rodents. The results of
TST didn’t support the anti-depressive-like behaviour of Luman-/- mice. The second
possible explanation for less immobility of Luman-/- females in FST is that it is more
hyperactive. Distance traveled in light/dark transition (LDT) test, the total number of
entries in elevated plus maze (EPM) can be used as indicators of locomotor activity
(246). Luman-/- mice are more hyperactive indicated by longer distance traveled in
LDT and higher number of total entries in EPM. The third possible explanation for
less immobility in the Luman-/- mice is that they have higher level of fear or anxiety.
Their fear and anxiety could be reflected by more swimming and less immobility
(247). Elevated plus maze and Light/dark transition test are both widely used methods
to evaluate anxiety-like behaviour in rodents, and our data from EPM and LDT denies
the third possibility. Luman+/+ controls behaved similar as the wild-type mice in
C57BL/6NTac background did in the literature in EPM (201, 248), showing an
aversion of the open arms and spent relatively less time there, whereas Luman-/females displayed less anxiety-like behaviour indicated by both more time spent in the
light arms and higher ratio of open arm entries. The time spent in the light chamber is
the indicator of anxiety in LDT test. There was no significant difference in the time
spent in the light chamber between Luman-/- and Luman+/+ females in LDT. At the
same time, Luman-/- females travelled significantly longer distance in the light
chamber compared with Luman+/+ females (Figure 3.11-A). This result could
represent a less-anxiety like behavior in Luman-/- females, since LDT test and EMP
test are considered to measure different aspects of anxiety (249). Thus Luman-/females have less bright-space anxiety (displayed in LDT) and possibly have less
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open-space anxiety (displayed in EPM). Lastly, less immobility of Luman-/- females in
FST may imply compromised learning ability (250). Wild-type mice learned that it
was impossible to escape after a flurry of struggling and stayed quiet to save energy,
while the mutant mice didn’t cope with stress by the learned behavioural adaptation.
Morris water maze, radial arm maze, contextual and cued fear conditioning should be
performed to further assess the cognitive ability of Luman mutant mice.
Taken together, our results clearly showed that there are intrinsic behavioural
problems for Luman-/- females. They are hyperactive and have less anxiety-like
behaviour. The reduced level of anxiety observed in Luman-/- virgin females and the
neglecting behaviours of Luman-/- dams are consistent with the reported positive
correlation between the amount of anxiety and maternal care (105, 243). We propose
that LUMAN is involved in the regulation of the anxiety and locomotor activity. The
observed abnormal maternal failure can be secondary to the intrinsic behavioural
problems of the mice.
4.5

LUMAN might be involved in the dendrite formation and spinogenesis
Four structures stood out in terms of staining intensity in immunohistochemistry

staining of LUMAN (Figure 3.15). These structures share one thing in common: the
place where the cell bodies of the principal neurons are located. Our results are
consistent with LUMAN expression patterns reported by the Allen Brain Atlas
generated through massive data of in situ hybridization (251). Different from
interneurons that only synapse within the local brain region, principal neurons can
integrate information from local region and project out of the region where their cell
bodies lie in. Principle neurons achieve this through their prominent structure: an
elaborate dendrite arbor characterized by a large number of dendritic spins and
extremely long axons. Therefore proteins required for dendrite development and
spinogenesis will be highly expressed in those cells. LUMAN is likely involved in the
regulation of dendrite morphology. This has been proven for CREB3 homolog in
Drosophila CREBA which are important in regulating dendrite development through
COPII secretory machinery (252). The ability of CREB3 proteins to activate
transcriptions of secretory genes is conserved between Drosophila and humans (61,
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69), and is likely conserved in mice as well. Arf4 is a downstream target of LUMAN
identified in human cell lines (37, 43). Arf4+/-mice have a decreased spine density of
granule neurons and are defective in dentate gyrus-dependant pattern separation tasks
(253). Luman-/- mice are possible also defective in dendrite development and
spinogenesis, which will affect neuronal communication and lead to impairments in
the control of emotion, locomotor activity, and the secondary maternal defect (199,
254, 255). The pattern separation ability and other aspects of cognitive ability of
Luman-/- mice were not tested in this study. Analysis of cognitive ability and dendritic
spine morphology in Luman-/- mice is currently under way in our lab.
4.6

Possible link between Luman and attention deficit hyperactivity disorder

(ADHD)
The observed behavioural traits of Luman-/- mice are reminiscent of ADHD,
which is characterized by hyperactivity, impulsiveness and inattentiveness (256-258).
ADHD is a heterogeneous neurological disease attributed to various risk factors,
including genetic factors, perinatal risks, postnatal psychosocial factors, and
environmental toxins. No single risk factor has been found to account for the
morbidity of the disease so far (259). The current Luman-/- mouse model showed that
the Luman gene mutation might contribute to the development of ADHD behavioural
symptoms, which results in disastrous life consequences in terms of mothering. To be
a valid mouse model of human disorders, it is preferably to show face validity,
construct validity and predictive validity (260). Face validity usually refers to the
similarity of behavioural phenotypes between the mouse models and the symptoms of
human diseases modeled. In the case of ADHD, we showed the hyperactivity in our
Luman mutant mice in experimental conditions and observed the impulsiveness and
inattentiveness behaviours during postpartum period. We haven’t quantified and
concluded on these behaviours. Methylphenidate and amphetamine are two drugs
used for human ADHD for alleviating symptoms (261). If these drugs reduce the
similar symptoms in a mouse model, it has high predictive validity of ADHD. The
effects of these two drugs on Luman-/- mice need to be evaluated. Construct validity
focus on the analogy of molecular and cellular changes that is caused by the genetic
manipulation in mice or human diseases modeled. For both sides, it is blurring right
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now. With the more assessment of behavioural phenotypes of Luman mutant mice,
Luman is possibly a candidate genetic factor that can be used for prediction, genetic
testing for nervous system disorders like ADHD.
4.7

Increased LUMAN expression after parturition in certain areas of the

brain
Since gene manipulation is permanent throughout the life of Luman mutant mice,
we need to differentiate between the effects at the time of testing and those that occur
during the development of the mice. The presence of LUMNA in embryonic neuronal
tissues indicates that LUMAN might be involved in modulating the embryonic brain
development; However, The gross histological analysis of newborn Luman mutant
mice didn't find difference between Luman-/- and Luman+/+ brains. We didn’t compare
the adult brains of different genotypes; it is highly possible that they are different in
brain anatomy.
LUMAN was induced during postpartum in the pituitary, the hippocampus, the
thalamus, and the hypothalamus, whereas expression was reduced in the cerebral
cortex during the same period of time (Figure 14-17). The role of the gene expression
in the cerebral cortex with regards to the establishment of maternal response and pup
survival are not very well characterized; Gene expression and activation in the
hypothalamus and pituitary around parturition is essential for the onset of the maternal
response and the consequent survival of pups. Expression of immediate early gene
FosB in the preoptic area (POA) of the hypothalamus is induced after exposure to
pups. Mice with the deletion of FosB are defective in nurturing, and their pups die
shortly after birth (119). Similarly, phosphorylation of the cAMP response elementbinding protein (CREB) increases three fold in mice brains following exposure to
pups, and 40% of pups born to the mice lacking the major form of CREB die within a
few days after birth (120). The release of oxytocin via the pituitary around parturition
is essential for milk ejection and the pups’ survival (102). The induction of LUMAN
in the postpartum hypothalamus and pituitary indicates that LUMAN might be
involved in building dynamic neural circuits required for maternal response through
activating gene expression in these parts of the brain.
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The role played by the hippocampus in the establishment of maternal response
and reproductive success is not well documented; however, substantial research has
shown that pregnancy and mothering result in a number of structural changes in the
hippocampus region (178, 180, 181, 262-264). The hippocampus is one of the brain
regions where neurogenesis is ongoing throughout life. The neurogenesis of granule
neurons in the dentate gyrus is inhibited during late pregnancy until parturition and
lactation for mice and rats (180, 181, 264). Spine density increases in lactating dams
and females rats during late pregnancy, compared to virgin rats at different estrus
cycles (262). The relationship between the structural modulation of the hippocampus
and the reproductive success is not well documented. The modulation is often linked
to the altered non-reproductive behavioural performance including learning and
memory ability (264-267). LUMAN expression in the hippocampus indicates that
LUMAN might be involved in the structural modulation of the hippocampus that is
associated with pregnancy and mothering, and may subsequently be involved in the
regulation of learning and memory.
4.8

Nissl staining of the hippocampus neurons
The processing of the tissue and the staining of the slides from two male

littermates (a Luman+/+ and a Luman-/-) were performed side by side. The fainter and
more dispersive Nissl staining in Luman-/- granule cells could represent a reduction of
rough ER or a difference in the rough ER morphology caused by the loss of Luman.
First, the difference in the morphology of the ER was only limited to the granule cells
where LUMAN is highly expressed. Outside the granule cell layer of the Luman-/animal, there were several neurons with condensed blue staining analogous to the
staining of the granule cells observed in the Luman+/+ brain. Second, images of Nissl
staining covering all depths of the hippocampus in sagittal and coronal sections are
displayed in the Allen Brain Atlas, and the intensity and morphology of the Nissl
substances are very similar among granule cell layer sat different cross sections in the
wild-type mice (251). This is also the case in our experiment: the intensity and
morphology of Nissl substances are very similar among different cross sections of the
same animal, and the difference between Luman+/+ and Luman-/- granule neuronswas
consistent. Lastly, distorted and expanded ER is a phenotypic feature of proliferating
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chondrocytes of Creb3l2-/- mice and the osteoblasts of Creb3l1-/- mice (63, 65).
Therefore, the distorted and expanded ER is highly possible to be a defective
phenotype in the granule of Luman-/- mice.
4.9

LUMAN might play a neuronal protective role in central nervous system
Although controversies still exist regarding the detailed mechanisms, Puma,

Noxa, Caspase3 and Bax are considered to play a pro-apoptotic role, whereas Bcl-2
and Bcl-xl are considered to play an anti-apoptotic role during apoptotic cell death
(268-270). Compared with the Luman+/+ MEFs, pro-apoptotic genes were upregulated
and anti-apoptotic genes were downregulated in the Luman-/- MEFs with a few
exceptions (Figure 3.20). Our primary results also indicated that Luman-/- MEFs were
more sensitive to stress treatment in terms of cell death. Luman-/- MEFs may be
defective in protecting itself from stress-induced apoptotic death. Therefore, we
propose that LUMAN plays a protective role for neurons.
4.10

Potential downstream targets of LUMAN
The effect of LUMAN is mediated through its transcriptional activation targets.

We found that Foxo1 was downregulated in Luman-/- MEFs.Foxo1is possibly
transcriptionally activated by LUMAN, although several experiments will be
necessary to prove their connection. We need to: first, to test if the overexpression or
restoration of LUMAN in the Luman-/- MEFs can restore Foxo1 expression; second,
to test if the difference in Foxo1 expression in MEFs is consistent in the mouse tissues;
third, to test the binding of LUMAN to the promoter region of Foxo1. FOXO1 is one
of the chief regulators of energy balance in the central nervous system in response to
hormonal signals like insulin and leptin (156). The inhibition of Foxo1 in the
hypothalamus decreases food intake and body weigh of mice. Knockout of Foxo1 in
AgRP neurons, steroidogenic factor 1 (SF-1) neurons, or POMC neurons, respectively
is able to reduce the fat mass or body weight in mice (157-159). The differences in
terms of body weight reported by previous researchers in other knockout mouse
models are not as severe as Luman mutant mice. It is partly because we tracked the
body weight until 7-month old and the other mice were tracked at early stage of life.
Furthermore, it is a complete removal of the gene in the Luman mutant mice versus
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deletion of the gene in specific neurons in other knockout mouse models. Collectively,
it is possible that the reduced body weight and fat mass in Luman-/- mice are mediated
by a reduction of Foxo1 expression in the hypothalamic region.
Other targets of LUMAN might contribute to the phenotypes observed in Luman
mutant mice. Murine LUMAN strongly binds to an AP-1 like site in the promoter of
prodynorphin (Pdyn) (44). The mRNA of Luman and Pdyn overlaps in many regions
of the central nervous system, including the hippocampus, the olfactory bulb, and the
cortex in a mouse brain (251). This led us to consider a possible connection between
prodynorphin and LUMAN. Prodynorphin is a precursor of opioid peptides including
dynorphin A/B and α/β-neo-endorphin (271). Dynorphin (dyn), acting at the kappa
(κ)-opioid receptor, plays a strong orexigenic role in the regulation of energy balance
and feeding behaviours in animals. Intracerebral administration of dynorphin or κopioid receptor agonists increases feeding in rats, and this effect is abolished through
the administration of κ-opioid receptor antagonists (272-274). A palatable diet with
fat and sucrose stimulates dynorphin expression in the hypothalamus, which results in
over consumption of high-fat diet and obesity(275). Furthermore, knocking out the
prodynorphin gene (Pdyn-/-) in mice on a C57BL/6–129/SvJ background significantly
reduces white fat mass and increases weight loss during fasting (276). The possible
mechanism for this phenotype is that dynorphin regulates the activity of POMC and
NPY neurons in the ARC. The expression of the orexigenic NPY in the ARC is
reduced in Pdyn-/- mice, and dynorphin A directly inhibits POMC neurons through the
activation of the κ2 opioid receptor (276, 277). Knocking out the κ-opioid receptor (κOR-/-) gene in mice on a 129S6 background reduces body weight and fat mass in those
mice fed a high energy diet (278). Due to different feeding regimes, it is difficult to
compare Luman-/- mice with κ-OR-/- mice. In our study, Luman-/- mice displayed a
more severe decrease in body weight, as compared to Pdyn-/- mice reported in the
literature (276). If Pdyn is one of the downstream targets of LUMAN, as an upstream
regulator, then Luman-/- mice are supposed to show a more severe phenotype.
Similar to Luman-/- mice, Pdyn-/- mice display anxiolytic behaviour and higher
level of locomotor activity in an elevated plus maze test. Treatment of selective κ-
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opioid receptor agonist fully reverses the anxiolytic phenotype in Pdyn-/- mice (279,
280). It would be interesting to know if the same κ-opioid receptor agonist is able to
reverse the anxiolytic behaviour in Luman-/- mice. Coincidently, Pdyn mRNA levels
are upregulated three- to four-fold in the intermediate lobes of postpartum females as
compared to pregnant or non-pregnant female rats (281), following the trend of
LUMAN protein expression in the pituitary found in our mice. Therefore, Pdyn is
possibly one of the downstream targets of LUMAN and mediates at least part of
LUMAN’s effect in the regulation of energy balance and anxiety; however, more
evidences are required to verify the connection between LUMAN and Pdyn.
ADP-ribosylation factors (ARFs) are ubiquitously expressed guanosine
triphosphatase in either a soluble inactive GDP-bound form or a membrane-associated
active GTP-bound form (282, 283). Six highly conserved ARF proteins (ARF1-6)
have been identified in the mammalian system. ARF proteins are major regulators of
the vesicle biosynthesis and the trafficking between the ER and the Golgi by
recruiting the coat proteins (284-291). The activation of ARF proteins requires
assistance of several guanine nucleotide exchange factors (GEFs) (292). Brefeldin A
inhibits the formation of transport vesicles by directly targeting ARF-GEFs
complexes and stabilizing ARF in an inactive GDP-bound form (293). Recently the
LUMAN-ARF4 signaling pathway was identified to mediate the Golgi stress using
various human cell lines. ARF4 is one of LUMAN’s transcriptionally activated targets
demonstrated by two independent research groups (37, 43). In the brains of 8-weekold male C57BL/6 mice, the sites with strong Arf4 expression perfectly match the
sites where LUMAN is strongly expressed: pyramidal neurons in the hippocampus
proper, granule neurons in the dentate gyrus(DG), Purkinje cells in the cerebellum,
and mitral cells in the olfactory bulb (251). Therefore, LUMAN are highly possible to
activate Arf4 in mice as well. Arf4+/− mice have significantly fewer dendritic spines in
the granule cells in the dentate gyrus area and therefore suffer impairment in the DGmediated memory tasks (253). It would be interesting to know whether LUMAN is
involved in the regulation of spinogenesis.
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4.11

LUMAN and neurotransmission
The ability of eukaryotic cells to adjust their secretion capacity in response to

various physiological and pathological stimuli is critical to the cell fate as well as the
individual’s health. Secretion involves the movement of cargos through a linear
assembly of membrane compartments including the ER, Golgi apparatus, and transGolgi network (294, 295). The identification of CREB3 family proteins offers insight
into how a transcriptional regulatory program orchestrates secretory events in an
individual’s development, metabolism, and inflammatory response. In osteoblasts of
Creb3l1-/- mice with osteopenia, extracellular bone matrix protein is jam-packed in an
expanded ER. Col1a1, a component of the bone matrix, is a transcriptional target of
CREB3L1 and is downregulated in Creb3l1-/- bone tissue (65). Creb3l2-/- mice die
shortly after birth from suffocation. Sec23a, which is responsible for ER-Golgi traffic
and vesicle transport, is the target of CREB3L2. Creb3l2-/- mice display severe
chondrodysplasia due to failures in sorting, transporting, and secreting matrix proteins
in chondrocytes (63). Creb3l3-/- mice suffer hypertriglyceridemia, partly due to the
decreases in several plasma proteins (Apoa4, Apoa2, and Apoa5) that are responsible
for lipid clearance (62). CREB3L3 also interacts with ATF6 to synergistically activate
the transcription of other hepatic plasma proteins such as serum amyloid P-component
(SAP) and C-reactive protein (CRP). Since LUMAN plays a role in the regulation of
anxiety and locomotor activity, and it is strongly expressed in neurons in CNS. This
leads us to connect LUMAN with the secretory function of neurons. LUMAN might
be involved in activating general secretory machinery or specific neurotransmitters in
neurons.
4.12

LUMAN and hippocampus-associated cognitive ability
The higher locomotor activity of Luman mutant mice in the forced swim test

may imply the compromised learning ability of those mice (250). Wild-type mice
learned that it is impossible to escape after a flurry of struggling, and thereafter they
stayed quiet to save energy, while the Luman mutant mice can’t cope with the stress
using learned behavioural adaptation. The hippocampus is one the brain regions
where the learning ability dwells (176). Due to the density of its principle neurons, the
hippocampus generates one of the largest electroencephalography (EEG) signals in
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the brain. The oscillatory pattern in an EEG signal is usually referred to as the
hippocampal theta rhythm. This rhythm is related to different behavioural patterns
such as motion, learning and memory (296-298). LUMAN affects the hippocampal
theta rhythm in mouse brain (299). The strong presence of LUMAN in the
hippocampal neurons suggests that LUMAN might play a role in the hippocampusassociated cognitive function. The Morris water maze, radial arm maze, and
contextual and cued fear conditioning should be performed to further assess the
hippocampus-associated cognitive ability of Luman mutant mice.
4.13

LUMAN and lactation
We inferred that the lactation defect is not the major reason for the deaths of

pups born to Luman mutant mice; however, it is still possible that oxytocin-mediated
milk letdown is compromised in the Luman mutant mice. Milk is accumulated in the
ducts of the mammary glands of oxytocin-deficient female mice postpartum (102),
which is similar to what we found in Luman mutant mice. Although oxytocindeficient dams display normal maternal behaviour, they are unable to nurse pups due
to the defect in milk ejection. Postpartum secretion of oxytocin from the pituitary
gland is responsible for milk ejection (300, 301). LUMAN is induced during the same
period of time in the pituitary in our wild-type mice, suggesting that LUMAN plays a
physiological role in the pituitary. The failure of LUMAN induction in the Luman
mutant dams might compromise oxytocin production or transmission and
consequently produce a similar phenotype to oxytocin-deficient mice.
4.14

General discussions
Gene-targeting techniques are widely used to delete or manipulate a specific

gene in mice. Histological, histopathological, physiological, biochemistry, and
behavioural analyses of the mutant mice can then determine the function of a given
gene. The investigation of these genetically manipulated mice also provides us with
valuable information on the molecular mechanism of human diseases. We identified
two disparate phenotypes in the Luman-/- mice: resistance to spontaneous obesity and
abnormal behaviour (hyperactive and less-anxious behaviour) exhibited in the
postpartum period and laboratory behavioural tests. The distinctive nucleic presence
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of LUMAN in neurons in many regions of mouse brain strongly supports that
LUMAN is involved in regulating basic function of neurons and subsequently affect
the regulation of energy balance and behavior in the central nervous system.
Accumulating evidences suggest that LUMAN might regulate the outgrowth of
axonal or dendritic architecture in mouse brain. Luman protein is present in the axonal
endoplasmic reticulum (ER) of rat dorsal root ganglion neurons and plays an
important role in injury-induced axonal regeneration (302); Our Nissl staining
revealed a possible reduction of rough ER in Luman-/- mice; CREBA, the only
homologue of CREB3 in Drosophila, transcriptionally activate the COPII secretory
pathway to direct dendrite development; number of satellite ER and Golgi outposts
localized to the dendrite increases at the same time (303). Luman is a transcription
regulator capable of both repressing and activating gene transcription (36, 40). The
downstream target of Luman in the neuron is still unknown. Foxo1 mRNA level is
linked with LUMAN in our RT-PCR; And FOXO1 is the key regulator of energy
balance in mouse brain (156, 158, 159); LUMAN mediates ARF4 induction in
response to BFA in several human cell lines (43); And Arf4 deficient mice suffer
dendritic spin loss spine loss (253). Therefore, FOXO1 and ARF4 are two potential
targets worth further probing.
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