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Abstract 

Lactation causes depletion of the maternal skeleton due to calcium resorption. Once 

lactation ceases, repair is achieved through bone remodeling, which involves 

communication between bone cell populations including bone-resorbing osteoclasts and 

bone-forming osteoblasts. Communication is mediated by factors such as insulin-

like growth factor 1 (IGF-1), whose bioavailability is controlled by pregnancy-

associated plasma protein A2 (PAPP-A2), which frees IGF-1 by cleaving of insulin-like 

growth factor binding protein 5 (IGFBP-5). The objectives of this study are to 

determine whether PAPP-A2 is involved in the recovery of bone after lactation and to 

test whether recovery is affected by age, using mouse models. PAPP-A2 knockout and 

control mice were bred at the ages of two, five and seven months and culled at wean 

or three weeks after to determine what bone traits were affected by breeding. 

Femurs were measured by microCT and blood was collected for measurement of 

IGF-1 and IGFBP-5. There was a significant decrease of trabecular BV/TV and 

trabecular thickness in bred mice compared to nulliparous controls. Trabecular 

spacing was not affected by breeding. Cortical bone area fraction and thickness was 

lower in lactating mice. Three weeks after the end of lactation, there was a partial 

recovery of cortical bone area fraction and cortical thickness, while trabecular bone 

did not recover. Deletion of Pappa2 did not affect bone recovery. Age affected 

the recovery of cortical thickness, which was impaired in mice at the age of five 

months compared with two or seven months. These results highlight the importance of 

age at reproduction for evaluation of bone recovery after lactation. 

Keywords: bone mineral density, pregnancy-associated plasma protein a2, PAPP- 

A2, IGF-1, IGFBP-5, bone recovery, bone remodeling, lactation, insulin- 

like-growth factor 1, insulin-like growth factor binding protein 5 
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Chapter 1. 

Introduction 

1.1. Lactation as a major reproductive investment 

Lactation is the secretion of milk from the mammary glands of mammals and is 

used to sustain neonates after birth. Lactation represents a major reproductive 

investment by females, as it requires the usage of finite resources (Jasienska, 

2009; Ziomkiewicz, Sancilio, Galbarczyk, & Klimek, 2016). Through 

breastfeeding, the developing neonate is provided with all the necessary 

nutrients and minerals that it needs to grow and thrive. One such mineral is 

calcium, which is needed to build the skeleton (Kovacs, 2016). Human neonates 

up to an age of six months require a calcium intake of 200 mg per day, out of 

which 120-140 mg are used to build up their skeleton (Kovacs, 2016). This 

heightened demand for minerals necessitates major changes in the mother’s 

metabolism to accommodate both the needs of her own body as well as those of 

the neonate. One such adaptation is an increased intestinal absorption of 

minerals (Boass, Toverud, Pike, & Haussler, 1981). This however isn't enough to 

supply the demands of the offspring, which leads to a second adaption: the 

utilization of minerals stored in the skeleton, with the major ones being calcium, 

magnesium and phosphorus (Confavreux, 2011). Bone loss even occurs in the 

presence of calcium supplementation. Because the mother's skeleton becomes 

the main source of calcium for the production of milk, it is depleted during 

lactation (Kovacs, 2016, 2017). The vast majority of calcium is stored in the bone 

matrix (Blair et al., 2011) and lactation thus may lead to a weakening of the bone 

microarchitecture (Salari et. al, 2014). 

Throughout life, the skeleton is remodeled through a balance of bone resorption 

and bone formation. During lactation, bone resorption is increased, leading to a 

loss in bone mineral density (BMD). Though bone formation is also increased 
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during lactation, the rate of bone resorption surpasses it, resulting in a net 

decline of bone mass. After six months of lactation, nursing women lose up to 7% 

of their bone mass. Similar findings in rodents indicate a loss of up to 30% over a 

period of three weeks due to a higher number of offspring. BMD decreases by a 

rate of 1-3% per month, even if calcium supplements are taken (Kovacs, 2017). 

For comparison, BMD density for menopausal women declines by 1.2% per year 

for the first 5 years of menopause (Prior, 1998). 

In contrast, after offspring are weaned and milk production ceases, BMD 

recovers rapidly due to a reduction in bone resorption and an elevated rate of 

bone formation (Liu, Ardeshirpour, VanHouten, Shane, & Wysolmerski, 2012). As 

reviewed by Kovacs (2016), over 50 studies have shown that bone recovery after 

weaning is complete, with no permanent reduction in BMD or increased risk of 

osteoporotic fracture later in life. The loss of 7% of bone mass is repaired during 

the first 12 months after weaning (Kovacs, 2016; Salari et al., 2014). In cases 

where osteoporosis is diagnosed during lactation, pharmacological treatments 

used to increase BMD (e.g., strontium ranelate, bisphosphonates and nasal 

calcitonin) have little effect on recovery compared to the effects of weaning alone 

(Kovacs, 2016). Exercise in such women also has no lasting effect on bone mass 

increase (Kouvelioti et al., 2018). These findings suggest that recovery after 

lactation is not matched by either drugs or exercise. The knowledge of the 

mechanisms underlying BMD recovery following lactation could prove useful for 

the design of more effective treatments to combat bone diseases, such as 

osteoporosis. 

1.2. Bone structure and function 

Bones have several functions: they support the body structurally, as muscles 

attach to our bones via tendons, and they also protect vital organs. While bones 

are thought of as static structures, this couldn't be further from the truth, as they 

serve as the site where immune cells and blood cells (i.e., red and white blood 

cells as well as platelets) are produced in a process called hematopoeisis 
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(Grabowski, 2009). Bones themselves have different structures - in long bones 

we find three different regions - the epiphysis at the ends of the bone, with a 

region called the metaphysis that transitions into the diaphysis, the middle of the 

bone. Depending on the bone region, we also find different types of bone tissue 

(Fig.1). Hard bone, or cortical bone, is most prevalent in the diaphysis, and is 

found as a ring-like structure of hard bone surrounding the inner bone marrow 

(Fig.1). 
 

The outer layer of hard bone is also known as the periosteum. In cortical bone, 

about 30% of the bone volume is occupied by vascular channels, like Haversian 

canals that allows for the presence of nerves and blood channels (Ott, 2018). 

Trabecular, or spongy bone, is most prevalent in the epiphysis, and is a porous 

structure with bone tissue connected to each other by thin rods called trabeculae 

(Fig. 1). Trabecular bone is able to absorb shock much better than cortical bone 

and is the main load bearing structure in vertebrae (Oftadeh, Perez-Viloria, Villa- 

Camacho, Vaziri, & Nazarian, 2015). Therefore, if trabecular bone were to lose 

its structure due to osteoporosis, this could make it a site that becomes more 

vulnerable to fractures due to a reduction in shock-absorbing trabeculae. Other 

differences between cortical and trabecular bone include the difference in 

calcium content, water content and surface area. For example, trabecular bone 

has more surface area and a higher turnover rate, but a lower calcium content 

than cortical bone (Ott, 2018). Trabecular bone also has a higher water content 

than cortical bones (with trabecular bones having as much as 27% of water as 

cortical bones with 23%) (Oftadeh et al., 2015). In addition to the aforementioned 

functions, bones also serve as a storage medium for minerals, such as calcium, 

phosphate and magnesium, which are used for the continued maintenance of our 

bodies (Florencio-Silva, Sasso, Sasso-Cerri, Simões, & Cerri, 2015a; Sarko, 

2005). 
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1.3. Bone remodeling: Communication between 
osteoblasts and osteoclasts 

 
There are four different types of bone cells: osteoblasts, osteoclasts, osteocytes 

and bone lining cells (Downey & Siegel, 2006), all of which are necessary to 

maintain the balance of bone metabolism, as bone is constantly being worn down 

and built up again in order to free necessary minerals, or adjust and repair 

damage. The extracellular matrix in bone becomes mineralized due to the 

deposition of calcium hydroxyapatite (Caetano-Lopes, Canhão, & Fonseca, 

2007). 
 

 
Figure 1:Bone structure, showing the different bone regions of a typical long bone and the 
different bone cell populations (picture modified after (Sims & Vrahnas, 2014)) 

 
 
 

Bone modeling is the deposition of bone tissue upon a surface that had no prior 

bone resorption and occurs primarily during growth, while bone remodeling 

encompasses the two processes of resorption and replacement of bone tissue in 

the same location without any additional growth occurring (Seeman, 2013). Bone 
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remodeling is a life-long process that ensures the repair of damage by removing 

old bone tissue through bone resorption, coupled with the process of bone 

formation, where new bone tissue is deposited. Osteoblasts are bone cells 

responsible for the formation of new bone tissue; they are specialized cells that 

have a large Golgi apparatus and abundance of rough endoplasmatic reticulum 

when active. Rough endoplasmatic reticulum with its ribosomes ensures the 

production of proteins necessary for the building of new bone tissue, while the 

Golgi apparatus sends these products for release outside of the osteoblast cell. 

Thanks to the Golgi apparatus, osteoblasts are specialized in vesicular transport, 

with mature osteoblasts being able to secrete bone matrix (Caetano-Lopes et al., 

2007). Originally, osteoblasts come from mesenchymal precursor cells which 

mature in response to two transcription factors called Osterix-1 (OSX1) and the 

runt-related transcription factor 2 (RUNX2) (Long, 2011). Osteoblasts secreting 

bone matrix eventually become entrapped in their own secretion, giving rise to 

osteocytes (Caetano-Lopes et al., 2007) (Fig. 1), which are the most abundant 

cell type found in bone. Osteocytes act as mechanosensors through their 

extensions of the plasma membrane and are thought to direct bone resorption as 

well as bone formation (Knothe Tate, Adamson, Tami, & Bauer, 2004). In 

contrast, osteoclasts are primarily responsible for the removal of old bone tissue, 

which is known as bone resorption (Teitelbaum, 2000). They are multinucleated 

cells that mature from hematopoietic stem cells of the monocyte-macrophage 

lineage after exposure to macrophage colony stimulating factor (M-CSF). 

Multinucleation, the formation of cells with more than one nucleus, occurs after 

induction with Receptor Activator of NF-κB Ligand (RANKL). Osteoclasts are 

able to remove bone tissue by using enzymes such as carbonic anhydrase (CA) 

(Asagiri & Takayanagi, 2007), which belongs to a family of metalloenzymes that 

catalyzes the interconversion between carbon dioxide, water and dissociated 

ions of carbonic acid, thus maintaining the acid-base balance in fluids (Badger & 

Price, 1994). In osteoclasts, carbonic anhydrase releases hydrogen ions through 

the ruffled border into the resorptive cavity, aiding in the dissolution of 

mineralized bone matrix into their base components. 
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Osteoclasts and osteoblasts have to communicate with each other for the correct 

maintenance of bone mineral density (BMD) (Florencio-Silva, Sasso, Sasso- 

Cerri, Simões, & Cerri, 2015b). It is thought that any miscommunication between 

these two cell populations can sway the maintenance of BMD into one of two 

directions: If osteoblasts are more active than osteoclasts, this can eventually 

lead to osteopetrosis, a bone disease characterized by the deposition of more 

bone tissue than can be resorbed (Teitelbaum, 2007). If, however, osteoclasts 

are more active than osteoblasts, this leads to a net loss of BMD, as more bone 

tissue is resorbed than can be deposited by osteoblasts, which eventually leads 

to osteoporosis (McClung, 2007). Bone remodeling through communication 

between osteoblasts and osteoclasts takes place in so-called basic multicellular 

units (BMUs) (Matsuo & Irie, 2008) and has three phases. In the first phase, 

osteoclast precursors are recruited to the site that is to be reabsorbed, where 

they differentiate and mature to begin bone resorption (Nakamura et al., 2007). 

After bone resorption is finished, the osteoclasts undergo apoptosis, and 

osteoblasts are activated to deposit new bone tissue. Bone remodeling ends with 

mineralization of osteoblasts into osteocytes (Matsuo & Irie, 2008). 
 

Bone remodeling is a process that differs depending on the type of bone: 

trabecular bone is more active in remodeling, which is also the reason why it is 

less mineralized than cortical bone. The higher surface to volume ratio makes 

trabecular bone undergo far more remodeling than cortical bone, with up to 26% 

volume turnover per year, while cortical bone only has a turnover of 3% (Oftadeh 

et al., 2015). Additionally, differences in bone remodeling result from other 

structural differences - signals can more readily traverse the matrix volume in 

trabecular bone, as they are comprised of thin trabecular plates. Cortical bone by 

contrast has a smaller surface area and large matrix volume, which predisposes 

it to accumulation of microdamage as signals don't travel as quickly from the 

bone matrix to the surface where remodeling takes place (Li et al., 2017). 
 

There are many different methods of communication between osteoblasts and 

osteoclasts. Estrogen, a sex hormone necessary for the maintenance of the 



7  

female reproductive system (Archer, Zeleznik, & Rockette, 1988), slows down 

the rate of bone resorption (Almeida, 2016) (Fig.2). Estrogens promote 

osteoblastic function, particularly the growth and maturation of osteoblastic 

precursors. Estrogens also inhibit bone resorption through the control of 

osteoclasts, particularly by inhibiting cytokines that lead to osteoclast formation 

and maturation (Khosla, Oursler, & Monroe, 2012). 
 

The function of osteoclasts is promoted by the receptor activator of nuclear factor 

kappa-B ligand (RANKL), which is a protein of the tumor necrosis factor family 

(Kong et al., 1999) and thought to be connected to bone loss in cancer 

(Schmiedel et al., 2013). Osteoclast precursor cells and mature osteoclasts 

express the receptor activator of nuclear factor kappa-B (RANK) on their surface, 

which is the receptor for RANKL. When RANKL is produced and released by 

osteoblasts, it leads to the maturation of osteoclasts, which links bone formation 

with bone resorption (Ray, 2018). The successful binding of RANKL to RANK 

leads to the fusion of osteoclastic, mononuclear precursors into multinuclear 

osteoclasts through the activation of the NF-κB signaling pathway (Fig.2). In this 

pathway, the TNF Receptor associated factor 6 (TRAF6) is recruited and 

activates mitogen-activated protein kinase (MAPK) pathways (Abu-Amer, 2013). 

The importance of RANKL/RANK has been shown in studies where either one of 

them has been knocked out, which leads to an arrest of osteoclastogenesis and 

an increase in bone material deposition (Boyce, Xiu, Li, Xing, & Yao, 2015). 
 

Osteoprotegerin (OPG) is a protein that has bone-loss protective functions, which 

stem from its interference with RANKL binding to its receptor (Fig.2) (Boyce & 

Xing, 2008). OPG is very similar in structure to RANK (Kong, Boyle, & Penninger, 

2000), thus acting as a decoy receptor for RANKL. The binding of RANKL to 

OPG thus prevents the activation of multinucleation for osteoclastic precursors, 

leading to a reduction in bone resorption. If OPG is unavailable to control 

osteoclast maturation, estrogen can suppress the release of RANKL by mature 

osteoblasts (Streicher et al., 2017). Insulin-like growth factor 1 (IGF-1) is also 

known to reduce the expression of RANKL, as well as the M-CSF needed for the 
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production of osteoclasts (Wang et al., 2006). IGF-1 is one of many different 

factors that can be used by bone cells for communication and acts as a 

pleiotropic growth factor that mediates the anabolic and mitogenic activity of 

growth hormone (GH) (Laron, 1999). 
 

 
Figure 2: Factors participating in the communcation of osteoblasts and osteoclasts. 
RANKL is released by Osteoblasts, with the release increased if estrogen is low. If RANKL isn't 
stopped by OPG, RANKL binds to RANK on osteoclasts, activating the NF-kB pathway that leads 
to multinucleation of osteoclast precursors. Carbonic anhydrase (CA) is used by osteoclasts to 
break down bone, which releases IGF-1 that was trapped inside the bone matrix (Xian et al., 
2013).The now freed IGF-1 can then activate more osteoblasts. Picture modified after (X. Cao, 
2011; Han, You, Xing, Zhang, & Zou, 2018) 

 
1.4. The role of the IGF-1/IGFBP axis in bone metabolism 

 
IGF-1 is a polypeptide that is 70 amino acids long and weighs 7649 kDa, and, as 

the name suggests, belongs to the protein family of insulin-like peptides 

(Rinderknecht & Humbel, 1978). Structurally, it is very similar to insulin and thus 

has the ability to bind to the insulin receptor, though with low affinity. It can also 

bind to its own insulin-like growth factor 1 receptor (IGF1R). Many cell types in 

different tissues have IGF1R, and through binding to this receptor, intracellular 

signaling is initiated, which leads to the activation of pathways that stimulate cell 

growth and cell proliferation and inhibit apoptosis (Peruzzi et al., 1999). IGF-1 is 

best known as a growth hormone, and stunted growth occurs if there is a lack of 
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IGF-1 in the system, either through loss of function in IGF-1 or its receptor, 

leading to dwarfism in some cases (Laron, Pertzelan, Karp, Kowadlo-Silbergeld, 

& Daughaday, 1971). Recombinant human IGF-1 injections are currently used to 

help patients with growth deficiencies (Ren, Nie, & Wang, 2016). The IGF-1 that 

circulates via the blood stream comes in large part from the liver, but it can also 

be locally released by bone tissue, with both having growth-promoting effects 

(Ohlsson et al., 2009). Because of the stimulatory effect on different cell types in 

tissues, IGF-1 and its bioavailability needs to be tightly controlled. This is 

achieved by insulin-like growth factor binding proteins (IGFBPs), of which there 

are six (IGFBP-1 to IGFBP-6), though they are structurally very similar and are 

able to bind both IGF-1 and IGF-2 with high affinity (Forbes, McCarthy, & Norton, 

2012). The binding of IGFs to IGFBPs prolongs their half-life, but also inhibits 

their metabolic and proliferative actions (Bentov & Werner, 2013). For IGFs to be 

able to act and bind to their target IGFR receptor, their binding proteins must be 

cleaved. 
 

The loss of IGF-1 action leads to growth deficiency, and more specifically to 

shorter bones. Mouse studies have shown that IGF-1 deletion mice have 

significantly lower femur lengths, lowered cortical bone density and thickness, as 

well as lesser trabecular bone volumes (Baylink, 2003; Yakar et al., 2002). 

Similarly, human patients with osteoporosis have a significantly lower 

concentration of serum IGF-1 (Courtland et al., 2013). In bones, the IGF system 

consists of several components, which includes IGF-1, their respective type 1 

receptor as well as all six IGFBPs and IGFBP proteases (Yakar 2005). The two 

most abundant IGFPBs in bone are IGFBP-4 and IGFBP-5, with both of them 

being stored inside the bone matrix through their ability to bind to hydroxyapatite, 

the main mineral component of bones (Salih et al., 2005). During bone formation, 

IGF-1 binds to its type 1 receptor increasing the rate of proliferation, 

differentiation of osteoblasts by activating the MAPK (mitogen-activated protein 

kinase) and PI3K (Phosphoinositide 3-kinase) signaling pathways (Govoni, 

Baylink, & Mohan, 2005; Guntur & Rosen, 2013). This produces an environment 

in which recruited MSCs (mescenchymal stem cells) can differentiate into 
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osteoblasts, thus linking bone resorption with bone formation. The administration 

of GH and IGF-1 significantly increased both bone formation and bone 

resorption; patients with hip fractures that received treatment with IGF-1 

experienced increased bone healing. GH and IGF-1 therapies had a significant 

anabolic effect (Locatelli & Bianchi, 2014). 
 

Aside from their role in IGF-1 availability, IGFBPs also act independently of IGFs 

to increase certain parameters of bone formation. IGF-1, IGFBP-3, and IGFBP-5 

have a stimulatory effect on bones. Out of the stimulatory IGFBPs, IGFBP-5 is 

reported to have the most consistent stimulatory effect on bone formation in vitro 

(Govoni et al., 2005), as well as in vivo, and patients suffering from osteoporosis 

have lowered IGFBP-5 concentration in their serum (Jehle et al., 2003). 
 

In order to make IGF-1 available, its binding protein has to be cleaved. This is 

achieved with the use of proteases, including pregnancy-associated plasma 

proteins (PAPPAs), of which there are two family members, PAPP-A and PAPP- 

A2, sharing 45% similarity in amino acid structure. Pappa deletion mice have 

been shown to have shorter femurs and lower body weights than their wild-type 

counterparts, which is a result of the missing cleavage of IGFBP-4 by the PAPP- 

A protease (Laursen et al., 2001). IGFBP-4 is a negative regulator of IGF-1, 

which necessitates cleavage for successful bone growth (Conover, Kiefer, & 

Zapf, 1993; Mohan et al., 1995). Failure to cleave IGFBP-4 resulted in a loss of 

10-13% of volumetric BMD in femurs of Pappa knockout mice (Tanner, Hefferan, 

Rosen, & Conover, 2008). Bone turnover in trabecular bone mass was impaired, 

and the absence of PAPP-A had little impact on cortical bone modeling (Tanner 

et al., 2008). PAPP-A2 cleaves IGFBP-5, thus liberating IGF-1 for metabolic 

actions (Overgaard et al., 2001). The role of the IGFBP-5 protease PAPP-A2 in 

bone remodeling is not fully known. 

Studies focusing on quantitative trait loci (QTL) that affect adult body size have 

indicated that Pappa2 is a candidate gene affecting post-natal growth ( Christians 

et al.,2006). It was later confirmed that natural variation in Pappa2 contributes to 
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variation in growth, which might explain the association between Pappa2 SNPs 

and developmental hip dysplasia in humans and birthing in cattle (Christians et 

al., 2013). 

In humans, two homozygous mutations of PAPPA2 have been identified, 

p.D643fs25* and p.Ala1033Val. Both of these mutations result in the loss of 

proteolytic activity of PAPP-A2 due to creating a premature stop codon (Dauber, 

Muñoz-Calvo, et al., 2016), resulting in growth deficiencies. The role of PAPP-A2 

in the general human population has been largely unknown until one study 

measured the concentration of PAPP-A2 in plasma in the adult general human 

population. This study aimed to assess whether lifestyle or other biochemical 

parameters have an effect on this concentration. PAPP-A2 plasma 

concentrations tended to be higher in women in comparison to men and were 

positively correlated with age. There was no association between PAPP-A2 

plasma concentration and height, suggesting that the relationship between 

PAPP-A2 and growth does not persist into adulthood when growth ceases 

(Steinbrecher et al., 2017). 

Deletion of Pappa2 in mice leads to a reduction in IGF-1 bioavailability and an 

increase in IGFBP-5 concentration, which leads to reduced postnatal growth 

(Christians et al., 2013; Conover et al., 2011). Pappa2 deletion in osteoblasts led 

to a significant decrease in body mass and skeletal size in mice, indicating that 

postnatal growth of bones is affected by osteoblast-produced PAPP-A2 (Amiri & 

Christians, 2015; Fujimoto et al., 2019). A constitutive deletion of Pappa2 in mice 

of both sexes led to an increase in femoral cortical area fraction. Trabecular bone 

was reduced by Pappa2 deletion in young mice. Pappa2 knockout mice had 

reduced bone formation markers and reduced bone resorption, which indicated 

subtle changes in bone morphology due to the resulting increase in IGFBP-5 

concentrations (Christians, Amiri, Schipilow, Zhang, & May-Rashke, 2019). An 

overexpression of IGFBP-5 may reduce BMD via the reduction of bioavailable 

IGF-1 (Fig.2) (Salih et al., 2005). PAPP-A2 is also a factor in skeletal growth in 

humans, and decreases from childhood to adolescence. Total IGF-1 increased 
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from childhood into adolescence, and free IGF-1 levels increased with age 

(Fujimoto et al., 2020). Many growth disorders are monogenic in nature, and can 

result in a visible phenotype (Jee, Baron, & Nilsson, 2018). Growth retardation 

through mutations in the PAPPA2 gene have also been reported for humans. A 

homozygous mutation in PAPP-A2 p.D643fs25* lead to a complete lack of 

circulating PAPP-A2 in two prepubescent children born to nonconsanguineous 

parents. While their bone length and weight at birth were normal, they showed 

post-natal and continous growth velocity retardation, in a small chin, moderate 

microcephaly and long thin digits (Dauber, Muñoz-calvo, et al., 2016). Their 

growth deficiencies were treated for two years by injection with recombinant 

human IGF-1, which led to an increase in height and whole-body BMD (Hawkins- 

Carranza et al., 2018; Mastrangelo et al., 2018). This shows that short stature 

can be treated with exogenous IGF-1 to elevate the level of free IGF-1 in blood 

(Le et al., 2017). Alternatively, recombinant human PAPP-A2 can be injected, 

which results in a dose-dependent increase of IGF-1 (Andrew et al., 2018). While 

many studies have measured a reduction of free IGF-1 concentrations in 

Pappa2-deficient patients, there aren't many studies that have focused on 

measuring the concentration of serum PAPP-A2 in humans. Female children 

experienced a marked pubertal peak in IGF-1 concentrations that may have 

further effects on their bone structure (Fujimoto et al., 2020). It is not known if 

PAPP-A2 plays a role in the recovery of BMD after lactation, which warrants 

further investigation. 

 
 
 

1.5. Recovery after lactation and changes with age 
 

It is unknown whether the recovery of BMD after lactation is affected by the age 

of the nursing mother, but BMD accretion rates are known to vary over the 

lifespan. 90% of peak BMD in human women is reached by the age of 18 years 

(National Institutes of Health, 2015). Studies on mothers around and above this 

age have found a complete recovery of the maternal skeleton after weaning and 
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that there are no long-term effects of lactation and parity on the risk of developing 

low BMD in menopausal age (Kovacs, 2016). However, it has been hypothesized 

that pregnancy prior to reaching peak BMD may have a negative effect on the 

maximum mineralization achieved. Some studies have found evidence for this 

hypothesis (Cho et al., 2012; Schnatz, Barker, Marakovits, & O’Sullivan, 2010), 

while others show the opposite pattern (Chantry, Auinger, & Byrd, 2004). Only a 

few studies have looked at the effects of lactation on adolescent mothers under 

the age of 18, and so more research is necessary whether early lactation may 

have adverse effects on the recovery of BMD. On the opposite end of the 

spectrum, there have been almost no studies of the effects of lactation on 

mothers with an advanced age. Given that the age at first pregnancy is 

increasing (Lampinen, Vehviläinen-Julkunen, & Kankkunen, 2009), further 

research into this is needed. One short-term study found that bone recovery after 

lactation at an older maternal age could be impaired (Hopkinson, Butte, Ellis, & 

Smith, 2000). With increased age, BMD naturally decreases, with women over 

the age of 40 experiencing BMD loss (Berger et al., 2010, 2008). However, more 

studies need to be undertaken to confirm whether age has a negative effect on 

the recovery after lactation in first-time mothers of advanced age. The exact 

mechanisms that are impacted by increased age also need to be further 

elucidated. Given known changes in bone with age, it is expected that the 

recovery following lactation might be impaired at older maternal ages. The 

properties of bone change with increased age as well. 
 

While the different components of bone are maintained to minimize fractures and 

increase strength, the properties of the bone geometry and the tissue level 

geometry of the bones are what determines fracture risk. A shift towards higher 

mineral content results in stiffer, but more brittle bones, due to changes in the 

collagen structure of the bone (Boskey & Coleman, 2010). BMD is known to 

decrease with age and is often used as a marker for possible future fractures in 

bone health screenings. Cortical bones become weaker and more brittle with age 

(Tommasini, Nasser, & Jepsen, 2007), as does trabecular bone (Nagaraja, Lin, & 

Guldberg, 2007). This is caused by the reduced availability of sex hormones with 
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older age, particularly in females with the onset of menopause. Estrogen is 

necessary to maintain balance between osteoblasts and osteoclasts and to 

decrease bone resorption by inhibiting osteoclast formation (Almeida, 2016) and 

inducing osteoclast apoptosis (Khosla et al., 2012) while also stimulating 

osteoblastic precursors towards growth and maturation. With these functions of 

estrogen decreased in older women, the balance in bone maintenance shifts 

towards more bone resorption than formation, which leads to an increase in 

fractures in the elderly population (Yates, Karasik, Beck, Cupples, & Kiel, 2007). 

A decrease in bone density is also observed in mice, where BMD and bone 

elasticity decreases with age, with the effect being most pronounced older than 

50 weeks (Kavukcuoglu, Denhardt, Guzelsu, & Mann, 2007). Age also affects the 

expression levels of RANKL as well as OPG in both mice and humans. RANKL 

mRNA levels increase by 4.4-fold in old mice which shifts the balance to 

increased bone resorption (J. Cao, Venton, Sakata, & Halloran, 2003). OPG 

levels also decrease, which leads to the activation of more osteoclasts and thus 

further bone loss (Chung et al., 2014). The decreasing concentrations of IGF-1 

with age also affect the balance between osteoclast and osteoblast function. 
 

Genotype also may have a different effect on skeletal growth depending on the 

age of the subject. In one study, Pappa2 knockout mice were compared to 

wildtype mice at three different ages. It was found that knockout mice at the age 

of ten weeks had increased femoral cortical area fraction, but reduced trabecular 

thickness. At the age of nineteen weeks, female mice experienced a further 

increase in cortical area fraction and thickness, as well as a non-significant 

decrease in trabecular thickness. At thirty weeks of age, these Pappa2 knockout 

mice showed further increase in cortical bone parameters, but no further effect 

on trabecular parameters was observed (Christians et al., 2019). Changes that 

were observed with increased age may be connected with subtle changes in 

bone morphology as a result of changed IGFBP-5 levels in knockout mice. 
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1.6. Pros and cons of the mouse model 
 

In this study, mice were used as a model. Mouse models have been a popular 

choice for the study of bone fracture healing and bone remodeling research. The 

benefits of using mice include the easy availability of test subjects, the possibility 

of genetic modification, easy handling, shorter breeding cycles and fast 

regeneration. The sequencing of of the mouse genome also revealed a high 

number of orthologs and homologs to human genes, which makes the mouse a 

good study model (Haffner-Luntzer et al., 2016). Mice have been used 

extensively in studies of bone fracture healing, as both mice and humans show 

an initial inflammatory reaction to bone damage as well as a course of fracture 

healing with intramembraneous or endochondral ossification (Haffner-Luntzer et 

al., 2016). The bone regeneration process itself has been found to differ among 

the available inbred mouse strains. C57BL/6 mice have demonstrated a more 

rapid bone healing than the DBA/2 or C3H mouse strains (Manigrasso & 

O’Connor, 2008). 
 

Mice do not show menopause as humans do, and so a special mouse model was 

created for such research. To study the induction of postmenopausal 

osteoporosis, ovariectomy is performed in female mice (also known as OVX 

mice), thus inducing a lack of ovary-derived estrogen. OVX mice show a rapid 

loss of trabecular bone, shifting the mechanism of bone remodeling towards 

increased bone resorption, which mimics the human situation of high bone 

turnover in early menopause (Bain et al., 1993). The one drawback of this 

method is that the total BMD loss is less than in human patients (Thompson, 

Simmons, Pirie, & Ke, 1995). The mouse is also used as a model for age-related 

research on changes in bone since, like aging humans, mice also display a 

progressive decrease in total bone mass (Silbermann et al., 1987; Weiss et al., 

1991). 
 

Though mammals all show the same mechanism of mineral resorption from the 

maternal skeleton to provide calcium in milk (Kovacs, 2016), one key difference 
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will be the demand. Mice have a higher demand for calcium delivery due to their 

larger litter sizes (with around eight to twelve pups per litter), whereas humans 

typically only give birth to one or two offspring (Kovacs, 2017). Mice also nurse 

their pups for a shorter amount of time (up to three weeks of lactation), which 

puts a more intense strain on the maternal skeleton, such that the effects of 

lactation on bone microarchitecture is more prominent in mice. This has been 

demonstrated in rodents that were fed a low-calcium diet or had to nurse more 

pups than normal, which resulted in lowered bone strength (Peng, Garner, Kusy, 

& Hirsch, 1988). Humans instead have a longer nursing time of between six to 

twelve months, with the baby requiring around 200 mg of calcium daily in the first 

six months, and then 120 mg daily in the second six months after (Kovacs, 

2016). Human women also experience a negative calcium balance while 

breastfeeding (Hunscher, 1930). Both humans and rodents also share the 

mechanism of BMD recovery once lactation ceases. Mice have shown to recover 

BMD within a timespan of two to four weeks (Ardeshirpour et al., 2007). DXA- 

measurements during and after lactation in human women showed that BMD- 

loss caused by lactation is reversed after twelve months post-weaning in most 

women (Kovacs, 2016) 

 
 

The focus on mice in my study also enables comparisons with similar studies of 

bone recovery. One study conducted by Bornstein et al. focused on the skeletal 

remodeling during and after lactation in mice (Bornstein et al., 2014). The mice 

used by Bornstein were of the C57BL/6 mouse strain, which is why I used this 

strain in my own studies. My experiments on recovery after lactation were also 

modeled after a study conducted by Liu et al.. Though this study used CD1 mice 

as the experimental animals, the goal of their study was to research bone 

recovery after lactation at three different bone sites, which included the tibia, third 

lumbar vertebra and femur. Mice in lactation groups were sacrificed on either the 

12th day of lactation or 28 days after weaning (Liu et al., 2012) 
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1.7. Objectives of this study 
 

The objectives of this study are to determine whether PAPP-A2 is involved in the 

recovery of bone after lactation and to test whether recovery is affected by age, 

using mouse models. As mentioned in the previous section above, PAPP-A2 

loss-of-function leads to a reduction in skeletal size in mice (Amiri & Christians, 

2015). In humans, short stature and reduced bone density have been found to be 

caused by loss-of-function PAPP-A2, which were improved by IGF-1 treatment. 
 

This suggests that PAPP-A2 may also play a role in the recovery of BMD after 

lactation. Since experiments with humans are not readily possible, mice are 

instead used as the model organism, for reasons described above. I used 

Pappa2 knockout mice to determine if the loss of PAPP-A2 and the subsequent 

lower availability of IGF-1 leads to an impairment of BMD recovery after lactation. 

Furthermore, I assess whether age impairs bone recovery in very young and very 

old first-time mothers. 
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Chapter 2.      Methods 
 

2.1. Mouse work 
 

Two groups of mice with a C57BL/6 background were used: one is homozygous 

for a deletion of the Pappa2 gene, while the second group is homozygous for the 

intact, floxed allele of the gene, as described in (Christians et al., 2013). The 

Cre/lox recombining system was used for generating knockout mice, with this 

method being based on Cre, a recombinase protein originating from 

bacteriophage P1, and loxP, a 34 BP long genetic recognition sequence for Cre 

(Akagi et al., 1997). Transgenic mice with mouse exon 2 flanked by loxP sites 

(referred to as flox mice) were developed as previously described (Christians et 

al., 2013). Flox mice were subsequently mated with mice expressing Cre 

recombinase, resulting in offspring that have their exon 2 deleted by splicing 

exon 1 and 3 together to create an early stop codon, resulting in constitutive 

Pappa2 knockout mice, meaning mice that show whole-body knockout of this 

gene (Fig. 3). The Cre transgene was subsequently removed by breeding to 

produce mice with stable, constitutive Pappa2 deletion. In this study, flox mice 

were used as controls to maintain the lines. Previous tests have found no 

difference between flox and wildtype mice in postnatal growth (Christians, Bath, 

& Amiri, 2015). At the age of three weeks, mice were weaned and earclipping 

was performed as a form of identification of individuals. Earclips were stored in 

Eppendorf tubes at -4°C until DNA extraction. DNA was extracted by adding 60 

μl of proteinase K lysis buffer (1 M Tris (pH 8.5, 100 mL), 0.5 M EDTA (10 mL), 

5M NaCl (40ml), 20% SDS, 10 mL, 990 mL distilled water) to the earclip samples 

and incubating those for three to four hours at a temperature of 55°C. The 

samples were then centrifuged at 13000 rpm for 2 minutes. For inactivation of 

proteinase K, the samples were incubated at 95°C for ten minutes, flicked and 

then centrifuged for ten minutes to obtain the supernatants. These were collected 

with a pipette and mixed with 1 mL distilled water. 
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Figure 3: Creation of a Pappa2 knockout mouse by pairing a mouse with LoxP sites flanking 
exon 2 of the Pappa2 gene with a mouse containing the gene for Cre recombinase, resulting in 
offspring with their Pappa2 knocked out.

2.2. Polymerase Chain Reaction (PCR) 

Polymerase chain reaction (PCR) was used to determine Pappa2 genotype (flox 

vs knockout). The primers used for the PCR were Prox (5’ CAG CAA AGG AAA 

TTT GTG CT 3’), Exon2 (5’ GGT CAA ATG AAA CTT CCC TCC 3’) and Dist2 (5’ 

CTC TTG CAT GCC TCC ACT AC 3’). For the PCR reaction, each sample has to 

be set up as Table 1 describes. The specific PCR program that was used is
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described in Table 2. The thermal cycler used for the PCRs was the MyCycler 

Thermal Cycler by BioRad. 

 
Table 1: Composition for the PCR-setup. The recipe given here is for one DNA sample of 3 

µl 

Components Amount for one DNA sample of 3µl 

Primer 1 µl 

dNTP 2µl 

Buffer 2µl 

MgCl2 1.8µl 

H2O 9.1µl 

Taq-Polymerase 0.1µl 

 
 
 

Table 2: PCR-program used for genotyping. Steps 2 to 4 are repeated for 40 cycles. 
 

Stages Temperature Time (in seconds) 

1. Initial denaturation 95 °C 240 

2. Denaturation 95 °C 30 

3. Annealing 55 °C 30 

4. Elongation 72 °C 30 

5. Final Elongation 72 °C 420 
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2.3. Agarose gel electrophoresis 
 

A 1% agarose gel is prepared using 1x TBE-Buffer (108g Tris, 55g Boric Acid, 9.5g 

EDTA (0.5M)) in order to separate DNA according to size. As a dye, 20 µl of GelRed is 

added to 200 ml of the liquid gel solution before it polymerizes. Before loading 20 µl of 

the samples onto the gel, they receive 4 µl of 6x Loading Buffer (Thermo Scientific 

#R0611). 4 µl of the 100 BP ladder (FermentasGeneRuler, #SM0323) is loaded on the 

gel along with the samples. The run time for the gel electrophoresis is 40 minutes at 120 
V. After the run time, the gel can be photographed with the use of UV light (Fig. 4). 

 
 

 
Figure 4: Example of agarose gel used to genotype Pappa2 alleles. 

 
 
 

2.4. Bone Work 
 

Mice were bred at the ages of 2 months, 5 months or 7 months to study the effect 

of age on bone recovery after lactation. Female mice at the age of two months 

have yet to reach peak BMD, as this occurs at an age of 4 months (Beamer, 

Donahue, Rosen, & Baylink, 1996), while maximum trabecular bone is achieved 
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at an age of around 6 to 8 weeks (Glatt, Canalis, Stadmeyer, & Bouxsein, 2007). 

Therefore mice at 2 months old are comparable to a human of around the age of 

18 or less. Mice at the age of 5 months are comparable to a human in their 

twenties to early thirties, as they have achieved peak BMD and show trabecular 

bone loss. 7-month-old mice show a further decline in BMD and are reaching the 

end of their reproductive capabilities, equivalent to a human in their mid-forties. 

Female littermates that weren’t bred served as age-matched controls (AMCs) to 

assess the effects of breeding and control for age. Litter sizes of bred mice were 

adjusted so that lactating mice nursed 7 pups. Females were either culled when 

the pups were three weeks of age, at weaning, or three weeks after weaning to 

allow for recovery after lactation (Bornstein et al., 2014). At cull, blood was 

collected by heart puncture and the serum extracted. Culled mice were stored at 

-20°C until organ removal was carried out. The carcasses were dried at 60°C for 

two weeks, then given to dermestid beetles to remove soft tissue and obtain the 

skeleton. 
 

The left femur was obtained after exposure to dermestid beetles and its length 

was measured using calipers. Bone bundles were created by wrapping three 

mouse femurs in masking tape, with tiny copper strips used to mark each 

individual bone. Micro-CT scanning was performed at the Centre for High- 

Throughput Phenogenomics at the University of British Columbia (UBC), using 

an an isotropic voxel size of 7.4 μm (Scanco Medical μCT100, Switzerland; 70 

kVp, 114 μA, 100 ms integration time). Around 5% of the total bone length was 

measured to analyse the trabecular (starting at the distal metaphysis) and 

cortical (starting at the bone mid-shaft) bone (see Fig.5). The region of the 

trabecular bone scanned was proximal to the distal growth plate which on the 

micro-CT was 30 layers (222 μm) below from where the four sections of the bone 

began to fuse, creating a bridge. In the cortical bone, the region scanned was 

immediately distal to the third trochanter which on the micro-CT was where cross 

section transitioned from a sharp teardrop shape and began to become rounder. 

Images were contoured and standard measurements taken, while blinded to the 

genotype and breeding status of the samples. Cortical measurements included 
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cortical area fraction (Ct.Ar/Tt.Ar, %), average cortical thickness (Ct.Th, mm), 

and cortical porosity (Ct.Po, %). Cortical porosity is measured with the formula 1- 

Bone Volume (BV)/Total Volume (TV), where BV/TV represents the percentage 

occupied by bone, which would be 100% if the cortical bone was solid and with 

no pores. Trabecular measurements included bone volume fraction (BV/ TV, %). 

For trabecular bone, BV represented the volume occupied by bone, whereas TV 

represented the total volume of the analysed region (including non-bone space). 

Further trabecular measurements included trabecular number (Tb.N, mm−1), 

trabecular thickness (Tb.Th, mm), and trabecular separation (Tb.S, mm) 

(Bouxsein et al., 2010). 
 

 
Figure 5: Investigated bone sites of the mouse femur bundles. Highlighted in green is the 
trabecular site with spongy bone tissue, with the corresponding cross-sections shown to the right. 
The cortical bone site is marked with pink, showing the cross-section to the right of a hollow 
cylinder of compact bone around empty space. 
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2.5. Enzyme-linked Immunosorbent Assay (ELISA) 
 

Serum was kept at -80°C until used for ELISAs. Serum concentrations of total 

IGF-1 and IGFBP-5 were measured using the IGF-1 DuoSet ELISA kit (#DY791, 

R&D Systems) and the IGFBP-5 DuoSet ELISA kit (#DY578, R&D Systems), 

respectively, following the kit procedures. For the IGF-1 ELISA, the first antibody 

used was the hamster-anti-mouse IGF-1 capture antibody that was provided with 

the kit and reconstituted with 1 mL PBS. For the IGFBP-5 ELISA, the first 

antibody used was goat anti-mouse IGFBP-5 antibody, provided with the kit and 

reconstituted with 1 mL PBS. : 

 
The steps for both ELISAs were the same, with only slight differences in the 

sample preparation between the IGF-1 and IGFBP-5 kits. The 96-well microplate 

was prepared for the ELISA a day before the experiment by coating it with 100 

μL of the working concentration of the capture antibody and incubating it 

overnight at room temperature. After the end of the incubation period, each well 

was washed with wash buffer (0.05% Tween in PBS, pH= 7.2-7.4) three times. 

Any remaining liquid was removed after the last wash by aspiration. In the next 

step, the plate was blocked with 300 μL of Reagent Diluent in each well and 

incubated at room temperature for 1 hour. Before the assay procedure, the 

washing step from before was repeated. For the assay, 100 μL of each sample 

and IGF-1 standard was added to each well, then the plate was sealed and 

incubated at room temperature for two hours. The wash step with aspiration was 

repeated after this incubation step. Next, 100 μL of the detection antibody 

(biotinylated goat anti-mouse IGF-1 detection antibody for IGF-1 ELISA or 

biotinylated goat anti-mouse IGFBP-5 detection antibody for IGFBP-5 ELISA) 

was added to each well and incubated for two hours at room temperature, then 

the washing step was repeated. Afterwards, 100 μL of the working dilution of 

streptavidin-HRP was added to each well and incubated for 20 minutes at room 
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temperature in darkness. The wash/aspiration step was repeated, then 100 μL of 

the substrate solution provided in the kit was added to each well and incubated 

for 20 minutes at room temperature. 50 μL of stop solution (2 N H2SO4) was 

added to each well, which turned the blue solution in the well yellow. Gentle 

tapping of the plate ensured proper mixing. A microplate reader set to 450 nm 

wavelength was used to measure the optical density of each well. With the help 

of the IGF-1/IGFBP-5 standard curve run in every microplate, a standard curve 

was constructed in order to determine the concentration of the protein in the 

serum samples. 
 

All samples were measured in triplicate, and the concentration was calculated 

using simple regression, as recommended by the manual. In order to maintain 

quality between different plates, a control sample was run on each plate. This 

control sample consisted of a composite of several samples of 30 week old 

female mice. 

 
 
 

2.6. Statistical Analysis 
 

All data were analyzed using general linear models in JMP15 (JMP, version 

15.0.0, 390308, SAS Institute), as described in further detail below. Bred mice 

that lost their pups before weaning, or had less than 5 pups weaned were 

excluded from the analysis. An alpha level of 0.05 was used to establish 

significance. Tables containing all relevant information such as reproductive state 

(bred versus non-bred AMCs), age, weight, pairings, collection date (at wean 

versus 3 weeks post) and bone data from microCT scans were used in the 

analysis and loaded in JMP15. General linear models were constructed using fit 

model, picking the bone data needed (for example trabecular porosity) as the Y 

value and the traits (state, collection date, genotype) as the model effects. 

Crosses between traits were also utilized to determine any interactions between 

different factors. For example, a state*collected interaction tested whether the 
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effect of breeding state (bred or AMC) depended on the time of collection (i.e., at 

wean vs. three weeks later), i.e., whether bone recovery had taken place after 

three weeks of recovery time. Whether deletion of Pappa2 affected recovery was 

tested by crossing the model effects of state, collection date and genotype with 

each other (state*collected*genotype interaction). The model effect of 

genotype*age was used to determine whether the effect of Pappa2 deletion at 

different ages was consistent with previous work. When analyzing only mice 

collected three weeks after wean, the model effect of state*age answers the 

question of whether age affects recovery of bone after lactation. Additionally, a 

comparison of three different groups was made with mice that lost their litter 

during pregnancy, with mice that successfully bred and lactated as well as with 

AMCs. 
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Chapter 3.      Results 

 
3.1. Traits affected by breeding 

 
To identify traits that were affected by lactation and that showed recovery 3 

weeks after lactation, we focused on controls (flox mice) at two months of age to 

facilitate comparison with previous work. Trabecular bone fraction (BV/TV) 

decreased between wean and 3 weeks later (p<0.0001), and was lower in bred 

mice than in AMCs (p=0.03; Table 3; Fig. 6A). Thus, trabecular bone fraction 

decreased with age and with breeding. However, there was no interaction 

between reproductive state and collection date, thus no evidence of recovery. 

Trabecular thickness showed a similar pattern as trabecular bone fraction, 

showing an effect of breeding and an effect of age, but no interaction between 

the two (Table 3). Trabecular number and spacing were not affected by breeding 

(Table 3). Cortical area fraction was significantly reduced by breeding and 

increased following weaning, but the increase was significantly greater in bred 

mice (interaction between reproductive state and collection date, showing 

recovery p=0.046; Table 3; Fig. 6B). Cortical thickness showed a similar pattern 

of recovery as cortical area fraction (interaction p=0.006; Table 3; Fig. 6C). 

Breeding also increased cortical porosity (p=0.04) and decreased serum IGF-1 

concentration (p=0.03; Table 3). logIGFBP-5 concentrations showed a marginally 

non-significant effect of breeding (p=0.08; Table 3). Overall, cortical but not 

trabecular bone showed recovery from lactation after 3 weeks. In subsequent 

analyses, I focus on traits affected by breeding in control, two month old mice. 
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Table 3:Effects of breeding and 3 weeks of recovery on trabecular and cortical bone traits. Analyses include flox mice at 2 months of age 
(n=61, 30 mice collected at three weeks post (14 are AMC, 16 are bred), and 31 mice collected at wean (16 mice are AMC, 15 are bred)). P 
values are from a general linear model including effects of state, collected and state*collected interactions. Significant effects are shown in bold. 

 
 
 

 Bred at 

wean (mean 

+/- s.e.) 

Bred after 3 

weeks (mean 

+/- s.e) 

AMC at wean 

(mean +/- s.e.) 

AMC after 3 

weeks (mean 

+/- s.e.) 

State (Bred 

vs. AMC) 

Collection 

date (at 

wean vs. 

after 3 

weeks of 

recovery) 

State*Collec 

tion date 

     P P P 

Trabecular        

Trabecular 
Bone Volume 
Fraction 
(BV/TV (%)) 

6.5 ± 0.4 4.1 ± 0.4 7.2 ± 0.4 5.1 ± 0.4 0.0267 <0.0001 0.75 

Trabecular 
number 
(Tb.N (mm-1)) 

2.23 ± 0.11 1.56 ± 0.11 2.26 ± 0.11 1.68 ± 0.11 0.49 <0.0001 0.66 
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Trabecular 
Thickness 
(Tb.Th (mm)) 

0.027 ± 

0.001 

0.025 ± 0.001 0.03 ± 0.001 0.029 ± 0.001 <0.0001 0.0049 0.34 

Trabecular 
Spacing 
(Tb.Sp (mm)) 

0.45 ± 0.03 0.63 ± 0.03 0.44 ± 0.03 0.59 ± 0.03 0.45 <0.0001 0.62 

Cortical        

Cortical Area 
Fraction 
(Ct.Ar/Tt.Ar 
(%)) 

38.2 ± 0.8 43.3 ± 0.7 45.2 ± 0.7 47.2 ± 0.8 <0.0001 <0.0001 0.0457 

Cortical 
Thickness 
(Ct.Th (mm)) 

0.153 ± 

0.003 

0.180 ± 0.003 0.183 ± 0.003 0.194 ± 0.003 <0.0001 <0.0001 0.0057 

Cortical 
Porosity 
(Ct.Po (%)) 

5.7 ± 0.4 6.0 ± 0.4 5.0 ± 0.4 5.2 ± 0.4 0.0426 0.48 0.91 

logIGF-1 
Conc. 

4.03 ± 0.04 3.87 ± 0.05 4.04 ± 0.05 4.07 ± 0.06 0.03 0.18 0.07 

logIGFBP5 4.83 ± 0.04 4.83 ± 0.04 4.90 ± 0.04 4.91 ± 0.04 0.08 0.93 0.95 



30  

 
 
 

Conc.        

 
 

 

Figure 6A:Effects of breeding, lactation and recovery time on trabecular bone fraction in 2 month old flox mice, AMC are shown in blue 
while their bred counterparts are shown in red. The error bars show the standard error from the mean. P-values for state, collection date and 
state*collection date test whether there is an effect of state, collection date, and whether the effect of state differs between collection date, 
respectively. 
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Figure 6B:Effects of breeding, lactation and recovery time on area fraction in 2-month old flox mice. AMC are shown in blue while their 
bred counterparts are shown in red. P-values for state, collection date and state*collection date test whether there is an effect of state, collection 
date, and whether the effect of state differs between collection date, respectively. 
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Figure 6C: Effects of breeding, lactation and recovery time on trabecular cortical thickness in 2-month old flox mice. AMC are shown in 
blue while their bred counterparts are shown in red. P-values for state, collection date and state*collection date test whether there is an effect of 
state, collection date, and whether the effect of state differs between collection date, respectively. 
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3.2. The effects of Pappa2 deletion on bone recovery 
 
To test the effect of Pappa2 deletion on bone recovery, I examined mice at the 

age of two months and at the age of five months (Fig. 7A-7G) and tested effects 

of breeding state (bred or AMC), collection date (at wean or 3 weeks after), 

genotype (flox or knockout), the two-way interaction between state and collection 

date (to test for recovery) and the three-way interaction between state, collection 

date and genotype (to test whether recovery differed between genotypes). 

Trabecular bone volume fraction (BV/TV) is shown in Fig. 7A. As in controls, 

there was no recovery for mice at the age of two months (state*collection date 

p=0.50), and there was no difference in recovery between genotypes (three-way 

interaction p=0.83). Both flox and ko mice show a decline in trabecular BV/TV in 

the three weeks after wean (p < 0.0001), with age-matched controls showing 

higher BV/TV values than their bred counterparts (p = 0.0006 Fig. 7A, top). At the 

age of five months, we see a similar decline in trabecular BV/TV in the three 

weeks after wean (p = 0.1), with no difference between bred mice and age- 

matched controls (p = 0.37). Bred mice show a decline in trabecular BV/TV, 

though the interaction between state and collection date (p = 0.388) and the 

interaction between state, collection date and genotype (p = 0.819) was not 

significant (Fig.7A, bottom). 
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Figure 7A:Effect of Pappa2 deletion and lactation on trabecular bone volume fraction. AMCs are shown in blue, bred mice are shown in red. 
Bone parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts (17 
bred mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 
months of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 
knockout mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, 
collection date, genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, 
genotype, whether the effect of state differs between collection date, and whether the latter difference depends on genotype, respectively. 
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Figure 7B: Effect of Pappa2 deletion and lactation on trabecular bone thickness (in μm). AMCs are shown in blue, bred mice are shown in 
red. Bone parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts 
(17 bred mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 
months of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 
knockout mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, 
collection date, genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, 
genotype and whether the effect of state differs between collection date and genotype, respectively. 
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Trabecular thickness for two month old mice was higher for AMC mice than bred 

counterparts (p <0.0001; Fig. 7B, top). There was a significant interaction 

between breeding state and collection date (p = 0.006), where the decrease in 

trabecular thickness after wean was greater in bred mice than AMC. However, 

this interaction did not differ between genotypes (three-way interaction p = 0.19). 

In five month old mice, trabecular thickness was higher in AMC mice than in bred 

mice (p = 0.002), but there was no decline after wean (p = 0.97), in contrast to 

two month old mice (Fig.7B, bottom). There was no state by collection date 

interaction for trabecular thickness in 5 month old mice (p = 0.80) and the 

interaction between state, collection date and genotype was not significant (p = 

0.85). 

In two month old mice, cortical bone area fraction (BA/TA in %) was significantly 

affected by breeding (p <0.0001) and genotype (p <0.0001). Bred mice show 

lower cortical bone volume fraction than their AMCs. Knockout mice have a 

higher values than flox mice (Fig. 7C, top). Mice that had been collected three 

weeks after weaning showed higher cortical BA/TA than mice collected at wean 

(p <0.0001), with a greater increase in bred mice, indicating recovery (interaction 

p = 0.0022), but this recovery did not differ between genotypes (p = 0.68). 

In five month old mice, there was a significant effect of reproductive state, with 

AMC mice having a higher cortical BA/TA than their bred counterparts (p 

<0.0001). BA/TA did not change with collection date (p = 0.15), though there was 

a significant difference between genotypes (p = 0.044), with higher values in 

knockout mice (Fig.7C, bottom). Overall however, there was no significant 

recovery observed (p = 0.21), and there was no significant difference in recovery 

between genotypes (p=0.76). 
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Figure 7C: Effect of Pappa2 deletion and lactation on cortical bone area fraction. AMCs are shown in blue, bred mice are shown in red. 
Bone parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts (17 
bred mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 
months of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 
knockout mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs).A general linear model 
including effects of State, collected, genotype and State*Collected, Genotype*state*collected interactions was used. Significant effects are shown 
in bold. P-values for state, collection date, genotype and state*collection date and state*collection date*genotype test whether there is an effect of 
state, collection date, genotype and whether the effect of state differs between collection date and genotype, respectively. 
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Cortical thickness in two month old mice was significantly lower in bred mice than 

in AMCs (p <0.0001; Fig. 7D). Mice collected three weeks after wean showed 

higher cortical thickness than mice collected at wean (p <0.0001), and this 

increase was greater for bred mice, indicating recovery (interaction p = 0.0006). 

There was no significant difference between the two genotypes (p = 0.28), and 

no effect of genotype on recovery (p = 0.90) (Fig. 7D, top). In five month old 

mice, cortical thickness was significantly higher in AMCs than in bred mice (p 

<0.0001). Mice collected three weeks after weaning showed an increase in 

cortical thickness (p= 0.0161). While this increase tended to be greater for bred 

mice, the interaction was marginally non-significant (p = 0.08) and the interaction 

between state, collection date and genotype was not significant (p= 0.72). 

Knockout mice showed higher cortical thickness than flox mice (p= 0.0066; 

Fig.7D, bottom). 

 
Bred mice showed significantly higher cortical porosity at two months than AMC 

mice (p <0.0001), and porosity declined three weeks after wean (p < 0.0001; Fig. 

7E, top), with the decline being greater in bred mice (interaction p = 0.0106), 

such that bred mice and AMC had similar porosity after three weeks of recovery. 

There was no significant difference between genotypes, and no interaction 

between state, collection date and genotype (p = 0.74). In five month old mice, 

bred mice had higher cortical porosity than AMCs (Fig. 7E, bottom) (p <0.0001). 

There was no change in cortical porosity over three weeks (p = 0.10), and no 

interaction between breeding and collection date (p = 0.12). There was a 

significant effect of genotype (p <0.0001), with flox mice displaying higher cortical 

porosity than ko mice. 
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Figure 7D: Effect of Pappa2 deletion and lactation on cortical thickness (in mm). AMCs are shown in blue, bred mice are shown in red. Bone 
parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts (17 bred 
mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 months 
of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 knockout 
mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, collection date, 
genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, genotype and 
whether the effect of state differs between collection date and genotype, respectively. 
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Figure 7E: Effect of Pappa2 deletion and lactation on cortical porosity (%). AMCs are shown in blue, bred mice are shown in red. Bone 
parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts (17 bred 
mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 months 
of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 knockout 
mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, collection date, 
genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, genotype and 
whether the effect of state differs between collection date and genotype, respectively. 
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In total IGF-1 serum concentrations measured in two month old mice (Fig.7F, 

top), there was no significant effect of breeding (p = 0.77). However, mice 

collected at the later time point showed lowered concentrations (p= 0.0494). 

There was also a significant effect of genotype on IGF-1 concentrations - 

knockout mice had a lower total IGF-1 serum concentration (p = 0.0006). There 

was no interaction between state and collected, and no interaction between 

state, collected and genotype (Fig. 7F, top row). 

At the age of five months, there was no significant effect of breeding (Fig. 7F, 

bottom) (p = 0.45). Mice collected three weeks later showed increased IGF-1 

concentrations (p = 0.0066). Knockout mice have a lower IGF-1 concentration 

than flox mice do (p <0.0001). There was no interaction between state and 

collected, and no interaction between state, collected and genotype (Fig. 7F, 

bottom row). 

The only factor with a significant effect on IGFBP-5 concentration was genotype 

at five months of age (Fig. 7G). Pappa2 knockout mice have a higher IGFBP-5 

concentration than flox mice (p = 0.0122). 
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Figure 7F: Effect of Pappa2 deletion and lactation on logIGF-1 serum concentrations. AMCs are shown in blue, bred mice are shown in red. 
Bone parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts (17 
bred mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 
months of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 
knockout mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, 
collection date, genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, 
genotype and whether the effect of state differs between collection date and genotype, respectively. 
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Figure 7G:Effect of Pappa2 deletion and lactation on logIGFBP-5 serum concentrations. AMCs are shown in blue, bred mice are shown in 
red. Bone parameters were measured at 2 months of age (n=128, 64 mice collected at 3 weeks post (30 flox (16 bred, 14 AMCs), 34 knockouts 
(17 bred mice, 17 AMCs); 64 mice were collected at wean (31 flox (16 being AMC, 15 bred) and 33 knockouts (18 bred mice, 15 AMCs)) and at 5 
months of age (n=51, 21 flox mice with 6 collected at 3 weeks post (3 bred and 3 AMCs) and 15 collected at wean (7 AMCs and 8 bred), 30 
knockout mice, with 14 collected at 3 weeks (7 bred and 7 AMCs) post and 16 collected at wean (8 bred and 8 AMCs). P-values for state, 
collection date, genotype and state*collection date and state*collection date*genotype test whether there is an effect of state, collection date, 
genotype and whether the effect of state differs between collection date and genotype, respectively. 
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3.3. Effects of Pappa2 deletion 
 
Next, to compare with results of a previous study (Christians et al., 2019), I 

assessed the effects of Pappa2 deletion in AMC mice at all three ages (two 

months, five months and seven months old), pooling mice collected at wean or 3 

weeks later (Table 4). Trabecular bone volume fraction was not significantly 

affected by genotype (p = 0.53) (see Table 4, Fig 8A). Mice of both genotypes 

showed a higher BV/TV at two months than at the ages of five and seven months 

(p <0.0001), but there was no significant interaction between genotype and age 

(p = 0.20). Similar results were seen with trabecular thickness, with no significant 

difference between flox and knockout mice (p = 0.88, Table 4). Trabecular 

thickness was lower at two months than at the ages of five and seven months (p 

<0.0001), though the interaction between age and genotype was non-significant 

(p = 0.45). 
 
Trabecular spacing was significantly affected by genotype (p <0.0001) and a 

genotype by age interaction (p <0.0001), with knockout mice showing higher 

trabecular spacing at seven months of age (Fig. 8B). Trabecular spacing also 

increased with age (p <0.0001) (Fig. 8B). 
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Table 4: Effects of Pappa2 deletion. Shown are bone parameters of mice at 2 months (62 mice total, with 31 being collected at wean (16 flox 
and 15 ko mice) and 31 collected 3 wks post (14 were flox and 17 were ko)), 5 months (25 mice total, with 15 collected at wean (7 mice were flox, 
8 mice were ko), and 10 collected 3wks post (3 flox mice and 7 ko mice)) and 7 months of age (14 mice total, with 1 collected at wean (which was 
flox), and 13 mice collected at 3wks post (6 mice were flox, 7 were ko)), of mice that were not bred. A general linear model including effects of 
genotype, sex, and the genotype*sex interaction was used. Traits where the effect of genotype is significant are shown in bold. P-values for age 
reflect the test of variation among all 3 ages, and not pair-wise comparisons between ages. 

 
 
 

 2 months 5 months 7 months Genotype (flox 

vs. knockout) 

Age (2 months 

vs. 5 months 

vs. 7 months) 

Genotype* 

Age 

 Flox 

(mean +/- 

stderr) 

KO 

(mean 

+/- 

stderr) 

Flox 

(mean 

+/- 

stderr) 

KO 

(mean 

+/- 

stderr) 

Flox 

(mean 

+/- 

stderr) 

KO 

(mea 

n +/- 

stderr 

) 

P P P 

Trabecular          

BV/TV (%) 6.26 ± 5.9 ± 4.41 ± 4.06 ± 4.34 ± 2.24 0.53 <0.0001 0.20 
 0.32 0.3 0.56 0.46 0.63 ±    

      0.67    
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Tb.Th (mm) 0.0297 ± 0.0296 0.0337 0.0347 0.0353 0.033 0.88 <0.0001 0.45 
 0.0006 ± ± ± ± 7±    

  0.0005 0.001 0.0008 0.0011 0.001    

      2    

Tb.Sp (mm) 0.51 ± 0.54 ± 0.81 ± 1.06 ± 0.87 ± 1.87 <0.0001 <0.0001 <0.0001 
 0.06 0.06 0.11 0.09 0.12 ±    

      0.13    

Cortical          

Ct.Ar/Tt.Ar (%) 46.14 ± 49.97 ± 47.38 48.02 43.60 52.22 0.95 0.0001 0.0381 
 0.82 0.79 ± 1.50 ± 1.16 ± 1.59 ±    

      1.83    

Ct.Th (mm) 0.188 ± 0.187± 0.200± 0.209± 0.194± 0.214 <0.0001 0.002 0.0099 
 0.002 0.002 0.004 0.003 0.004 ±    

      0.005    

Ct.Po (%) 5.08± 0.11 4.99 ± 5.22 ± 4.65 ± 5.15 ± 4.50 0.0049 0.48 0.14 
  0.11 0.21 0.16 0.24 ±    

      0.24    
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logIGF-1 
Conc. 

4.05 ± 

0.05 

3.84 ± 

0.04 

4.16 ± 

0.05 

3.80 ± 

0.05 

4.33 ± 

0.09 

3.95 

± 

0.07 

<0.0001 0.0081 0.20 

logIGFBP5 

Conc. 

4.91 ± 

0.03 

4.92 ± 

0.03 

4.75 ± 

0.04 

4.86 ± 

0.05 

4.84 ± 

0.07 

4.77 

± 

0.09 

0.72 0.0086 0.32 
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Cortical bone area fraction was not significantly affected by genotype (p = 0.95), 

although there was a significant interaction between age and genotype (p = 

0.0381), with knockout mice having higher cortical BA/TA than flox mice at two 

and seven months (Fig. 8C, red lines). Age has a significant effect on cortical 

BA/TA (p= 0.0001). (Fig. 8C). 

 
Cortical thickness differed significantly between genotypes (p < 0.0001), and 

there was a significant interaction between genotype and age (p = 0.0099), with 

with knockout mice having a higher cortical thickness at older ages. Age was 

also a significant factor (p= 0.002), as cortical thickness increased with 

increasing age (Fig. 8D). The logarithmic values of the IGF-1 concentrations 

show that flox mice in general have a significantly higher IGF-1 concentration 

than their knockout counterparts (p <0.0001, Table 2). IGF-1 concentrations also 

increased with age (p = 0.0081), though the interaction between age and 

genotype was non-significant (p = 0.199). IGFBP-5 concentrations did not differ 

significantly between genotypes (p = 0.72), though they were higher at two 

months that at older ages (p = 0.0086). There was no significant interaction 

between genotype and age (p = 0.32). 
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Figure 8A Effects of Pappa2 deletion on trabecular bone volume fraction (BV/TV) in %. Flox mice are marked with a blue color, while 
knockout mice are marked with red. P-values for age, genotype and age*genotype test whether there is an effect of genotype and age and 
whether the effect of genotype differs between ages, respectively 
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Figure 8B: Effects of Pappa2 deletion on trabecular spacing (in mm). Flox mice are shown in blue while their knockout counterparts are 
shown in red, all mice seen here were unbred. P-values for age, genotype and age*genotype test whether there is an effect of genotype and age 
and whether the effect of state differs between age and genotype, respectively 
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Figure 8C: Effects of Pappa2 deletion on cortical bone area fraction (BA/TA) in %. Flox mice are marked with a blue color, while knockout 
mice are marked with red, all mice seen here were unbred. P-values for age, genotype and age*genotype test whether there is an effect of 
genotype and age and whether the effect of state differs between age and genotype, respectively 
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Figure 8D: Effects of Pappa2 deletion on cortical thickness (in mm). Flox mice are marked with a blue color, while knockout mice are marked 
with red, all mice seen here were unbred. P-values for age, genotype and age*genotype test whether there is an effect of genotype and age and 
whether the effect of state differs between age and genotype, respectively 
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3.4. The effect of age on recovery 
 
To investigate the effect of age on recovery in mice, I examined mice at two, five 

and seven months of age collected three weeks after weaning (7 month females 

were not collected at wean) (Fig. 9A-G). Since this analysis focused on females 

at one time point after weaning, recovery was assessed by the effect of 

reproductive state (i.e., a difference between bred mice and AMCs, both three 

weeks after weaning), and effects of age on recovery would be reflected by the 

reproductive state by age interaction. 

 
At two months, trabecular BV/TV is significantly lower in bred mice than in AMC, 

suggesting incomplete recovery, whereas there is little difference between bred 

mice and AMC at five and seven months, although trabecular BV/TV is lower at 

these ages compared with AMC at two months (p = 0.0008) (Fig. 9A).Trabecular 

BV/TV showed a significant interaction between state and age (p=0.02; Fig. 9A), 

suggesting that the extent of recovery differs between ages. The interaction 

between reproductive state, age and genotype was non-significant (p= 0.73). 

Trabecular thickness also showed a significant interaction between state and age 

(p= 0.0057; Fig. 9B), suggesting that the extent of recovery differs between ages. 

Trabecular thickness is significantly lower in bred mice than in AMC at two 

months, with a smaller difference at five months and almost no difference at 

seven months (Fig. 9B). Age showed a significant effect (p <0.0001), with 

trabecular thickness increasing with age. 

Cortical bone area fraction did not show a significant interaction between state 

and age (p = 0.29; Fig. 9C), suggesting no effect of age on recovery. Cortical 

bone area fraction was significantly affected by reproductive state (p <0.0001), 

age (p=0.002) and genotype (p <0.0001) (Fig. 9C). 
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Figure 9A: The effect of age on recovery of trabecular bone volume fraction. Presented are mice at the ages of 2 months, 5 months and 7 
months who have been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts 
and AMCs, 17 were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were 
flox and AMCs, 7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice 
being flox and AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). P-values for state, 
genotype, age, state* age and state*age*genotype test whether there is an effect of state, genotype and age and whether the effect of state differs 
between ages, and whether the latter effect depends on genotype, respectively. 
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Trabecular thickness is significantly affected by the reproductive state of the 

mice, with flox mice in general showing an increased thickness (blue lines, Fig. 

9B). Genotype played no significant role on trabecular thickness, which is visible 

by the very similar graphs for both genotypes shown (p= 0.92, Fig. 9B). Age 

showed a significant effect (p <0.0001), with trabecular thickness increasing with 

age. There is a form of bone recovery that is dependent on the interaction of 

state and age (p= 0.0057), though the addition of genotype as a factor does not 

make their interaction significant (p= 0.90). AMC mice showed an increase in 

trabecular thickness, though it plateaus out somewhat at the age of 7 months 

(Fig.9B, left). Bred mice show a higher recovery than nulliparous mice, and their 

means even surpass that of their AMCs. 

Cortical bone area fraction is significantly affected by reproductive state (p 

<0.0001), age (p=0.002) and genotype (p <0.0001) (Fig. 9C). However, the effect 

of breeding didn't significantly differ with age (p=0.29) and the interaction 

between state, age and genotype was non-significant (p=0.09). Nulliparous mice 

show higher cortical BA/TA than bred mice at all measured ages and between 

different genotypes, though knockout mice have a higher cortical BA/TA than flox 

mice. Knockout mice at the age of two months have a similar difference between 

AMC and bred mice as at five months. At seven months, the difference between 

AMC knockout mice and bred knockout mice is the highest (Fig. 9C, right). In flox 

mice, at the ages of two and seven months, the difference between bred and 

AMC mice is similar, but at the age of five months, the difference in cortical 

BA/TA is the highest (Fig. 9C, left). 
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Figure 9B: The effect of age on recovery of trabecular thickness. Presented are mice at the ages of 2 months, 5 months and 7 months who 
have been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts and AMCs, 
17 were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were flox and 
AMCs, 7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice being flox 
and AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). P-values for state, genotype, age 
and state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state differs between 
age and genotype, respectively. 
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Figure 9C:The effect of age on recovery of cortical bone area fraction. Presented are mice at the ages of 2 months, 5 months and 7 months 
who have been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts and 
AMCs, 17 were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were flox 
and AMCs, 7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice being 
flox and AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). P-values for state, genotype, 
age and state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state differs 
between age and genotype, respectively. 
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Cortical thickness showed a significant interaction between state and age 

(p<0.0001; Fig. 9D), with a greater difference between bred and AMC mice at 5 

months of age. Genotype also had a significant effect (p=0.0479), with knockout 

AMC mice having a higher cortical thickness than flox mice (Fig. 9D). 

Cortical porosity showed a significant interaction between state and age (p = 

0.0132), with no effect of breeding at 2 months, but higher porosity among bred 

mice at 5 and 7 months (Fig. 9E). Between the two genotypes measured, 

knockout mice showed lower cortical porosity than flox mice (p = 0.021). Age had 

no significant effect on cortical porosity (p = 0.09). IGF-1 concentrations showed 

no interaction between state and age (p = 0.22; Fig. 9F), but increased with age 

(p <0.0001), and were lower in knockout mice (p <0.0001). For IGFBP-5 

concentrations, the interaction between state and age was non-significant (p = 

0.72; Fig. 9G), but IGFBP-5 decreases with age (p = 0.0124). 
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Figure 9D:The effect of age on recovery of cortical thickness. Presented are mice at the ages of 2 months, 5 months and 7 months who have 
been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts and AMCs, 17 
were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were flox and AMCs, 
7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice being flox and 
AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). P-values for state, genotype, age and 
state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state differs between age 
and genotype, respectively. 
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Figure 9E:The effect of age on recovery of cortical porosity. Presented are mice at the ages of 2 months, 5 months and 7 months who have 
been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts and AMCs, 17 
were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were flox and AMCs, 
7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice being flox and 
AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). P-values for state, genotype, age and 
state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state differs between age 
and genotype, respectively. 
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Figure 9F: The effect of age on recovery of serum logIGF-1 concentrations. Presented are mice at the ages of 2 months, 5 months and 7 
months who have been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts 
and AMCs, 17 were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were 
flox and AMCs, 7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice 
being flox and AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred). ). P-values for state, 
genotype, age and state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state 
differs between age and genotype, respectively 
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Figure 9G:The effect of age on recovery of serum logIGFBP-5. Presented are mice at the ages of 2 months, 5 months and 7 months who have 
been given a time of three weeks for recovery after lactation (n= 111; 64 mice at the age of 2 months (17 mice were knockouts and AMCs, 17 
were knockouts and bred, 14 mice were flox and AMC, 16 mice were flox and bred), 20 mice at the age of 5 months (3 mice were flox and AMCs, 
7 mice where knockout and AMCs, 7 mice were knockout and bred, 3 mice were flox and bred), 26 at 7 months old (with 6 mice being flox and 
AMC, 6 mice being flox and bred, 7 mice being knockout and AMC and 7 mice being knockout and bred).P-values for state, genotype, age and 
state* age and state*age*genotype test whether there is an effect of stategenotype and age and whether the effect of state differs between age 
and genotype, respectively. 
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3.5. How does lactation, independent of pregnancy, affect 
bone? 

 
To investigate whether effects of reproductive state were due to lactation or 

pregnancy, I examined females who gave birth to a litter but did not lactate 

because their litter did not survive longer than 1 day. These females were 

collected 3 weeks after the birth of their litter (i.e., the time when pups would 

have been weaned) and each female that lost a litter was matched with 2 bred 

females and 2 AMC females of the same age and genotype collected at wean in 

the same cohort (Table 5). There were therefore three different groups: 

Successfully bred mice, their AMCs, and bred mice of the same age who had lost 

their litters right after birth, so that no lactation has taken place. 

Trabecular bone volume fraction differed significantly between groups, although 

post hoc tests (between pairs of groups) did not reveal any pair-wise differences 

(Table 5). Mice that lost their litters had the lowest trabecular fraction and AMCs 

had the highest. Trabecular spacing also differed between groups, with mice that 

lactated having significantly lower spacing than mice that lost their litter (Table 5). 

Cortical bone area fraction as well as thickness were significantly different 

between the groups (Table 5), with mice that lactated having significantly lower 

values than AMC and mice that lost their litters, reflecting an effect of lactation 

rather than pregnancy. 
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Table 5:The effect of lactation on bone independent of pregnancy. Presented are bred mice at 2 and 5 months of age that were collected at 
wean or who lost their litters (n=33, 19 of these were 2 months old (1 mouse flox + AMC; 2 mice flox and successfully bred; 1 mouse flox and lost 
litter; 6 mice were ko + AMC, 6 mice were ko and successfully bred, 3 mice were flox and lost their litter) and 14 mice were 5 months old (3 mice 
were flox + AMC, 4 mice flox and successfully bred, 2 mice were flox and lost their litter; 2 mice were ko + AMC, 2 mice were ko and successfully 
bred and 1 mouse was ko and lost their litter)). P-values for group reflect the test of variation among all 3 groups. Pair-wise tests between groups 
were performed using Tukey HSD analysis; means sharing a superscript letter are not significantly different. 

 
 
 

 AMC Bred but lost litter Bred and lactated Groups 

 Mean + Std.Err Mean + Std.Err Mean + Std.Err P 

Trabecular     

BV/TV (%) 0.066 ± 0.005A 0.041 ± 0.006A 0.055 ± 0.005A 0.0245 

Tb.Th (mm) 0.032 ± 0.001A 0.029 ± 0.002A 0.029 ± 0.001A 0.209 

Tb.Sp (mm) 0.570 ± 0.052A,B 0.761 ± 0.059A 0.541 ± 0.043B 0.0161 

Cortical     

Ct.Ar/Tt.Ar (%) 0.493 ± 0.010A 0.485 ± 0.012A 0.360 ± 0.009B <0.0001 

Ct.Th (mm) 0.194 ± 0.004A 0.195 ± 0.005A 0.138 ± 0.004B <0.0001 
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Ct.Po (%) 0.049 ± 0.025A 0.111 ± 0.029A 0.080 ± 0.021A 0.288 

logIGF-1 Conc. 3.955 ± 0.089A 4.156 ± 0.167A 4.061 ± 0.061A 0.486 

logIGFBP5 

Conc. 

4.913 ± 0.063A 5.015 ± 0.126A 4.873 ± 0.061A 0.599 
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Chapter 4.      Discussion 
 
4.1. Traits affected by breeding 

 
Lactation can lead to dramatic changes in bone microarchitecture, with women 

losing up to 7% of their bone mass within the first 6 months of lactation, and mice 

losing between 20 to 30% of bone mass during lactation due to the increased 

number of offspring (Liu, Ardeshirpour, Vanhouten, Shane, & Wysolmerski, 

2012). First, I sought to identify traits affected by breeding and lactation, including 

changes in the microarchitecture of the cortical and trabecular portion of the 

femurs, as well as the serum concentrations of IGF-1 and IGFBP-5. To facilitate 

comparison with other literature, I first analysed 2 month old flox-mice, which are 

comparable with young, wild-type mice. Bred mice showed a lower trabecular 

BV/TV and trabecular thickness than their non-bred sisters, but showed no signs 

of recovery after three weeks. While we observed significant differences in mice 

when comparing between their reproductive state (bred vs. non-bred), and their 

recovery time (at wean vs. three weeks after), we found no interaction between 

both reproductive state and recovery time for trabecular bone values, i.e., the 

effect of breeding on trabecular bone did not diminish after 3 weeks. This 

reduction in femoral trabecular BV/TV for 2 month old mice has also been found 

by Bornstein et al. (2014), who reported that total femoral BV/TV was lower in 

lactating mice versus non-bred sisters no matter if collected seven days into 

lactation, at wean or three weeks later. Seven days into lactation, they found that 

trabecular number had already decreased for bred mice, and noted an increase 

in trabecular spacing as well as thinner trabeculae (Bornstein et al., 2014). In 

both my results and those of Bornstein, trabecular bone was reduced by lactation 

and had not recovered after three weeks. The study of Liu et al. used different 

mice (CD-1 mice instead of C57BL/6 mice), with the addition of two more skeletal 

sites (tibia and L3 vertebra). Mice were bred at the age of 10-13 weeks, had 

nulliparous controls, and were collected either at day 12 of lactation, or 28 days 

after lactation. This study found a similar negative effect of breeding on 



67  

trabecular femoral bone. Lactating mice showed compromised bone architecture 

and lowered trabecular BV/TV than in nulliparous controls. At the distal femur, 

bred mice showed a decrease of 29% in rod bone volume fraction, but no 

difference in trabecular number. Trabecular thickness was also reduced (Liu et 

al.2012). The only parameter that recovered after 28 days was femoral trabecular 

thickness, which was comparable to nulliparous mice. 
 
In mice bred at the age of two months, I found that most cortical bone 

parameters (such as cortical area, Ct.Ar/Tt.Ar and cortical thickness) were lower 

in bred mice than in unbred controls. One trait that did not show recovery was 

cortical porosity, which was higher in bred mice collected at wean, but not three 

weeks later (Bornstein et al., 2014). However, some recovery took place over the 

span of three weeks in cortical BA/TA and cortical thickness. Similarly, in 

Bornstein et al.'s study, cortical thickness was significantly lower in bred mice 

that were collected at wean, but not in mice collected three weeks later. Cortical 

area fraction was significantly lower in bred mice but showed no recovery. 

Similarly, Liu et al. showed that cortical thickness was lower in lactating mice 

than in nulliparous controls. Recovered mice never quite reached the level of 

nulliparous mice in terms of cortical thickness, but had higher cortical thickness 

than mice collected at wean (Liu, Ardeshirpour, Vanhouten, et al., 2012). Cortical 

bone area and cortical thickness were decreased by about 30% in lactating mice, 

while cortical porosity was 36% higher in lactating than in nulliparous mice, but 

following 4 weeks of recovery, cortical area and thickness were 18% lower and 

cortical porosity 16% higher than in nulliparous mice (Liu, Ardeshirpour, 

Vanhouten, et al., 2012). This is consistent with my results; even though some 

recovery has taken place after three weeks, the bred mice did not reach the 

same level as the AMCs. 
 
IGF-1 concentrations are expected to be lower in Pappa2 knockout mice than in 

flox mice, because more IGF-1 will be bound to IGFBP-5 (as it was not cleaved 

by PAPP-A2). An increase in IGF-1 is hypothesized to contribute to the recovery 

of BMD after lactation (Bornstein et al., 2014). I found that bred mice at the age 
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of 2 months have lower total IGF-1 serum concentrations than their AMC. 

Bornstein found that bred mice at the seventh day of lactation have a lowered 

IGF-1 concentration than their 12 week old controls (Bornstein et al., 2014). In 

my study, mice given a recovery time of three weeks did not show a significant 

change in their total IGF-1 concentrations. In contrast, Bornstein et al. showed 

that IGF-1 concentrations at wean were lower (445.9 ng/mL) than 3 weeks after 

wean (646.2 ng/mL) (Bornstein et al., 2014). In human subjects, it has been 

found that longer lactation time reduces IGF-1 concentrations, with women that 

lactated for more than four months having markedly reduced levels (Møller et al., 

2013) that increase once lactation ceases. 
 
IGFBP-5 needs to be cleaved in order to make IGF-1 biologically available (Duan 

& Allard, 2020) for the communication between osteoclasts and osteoblasts. 

Though there is no significant effect of reproductive state, the timepoint of 

collection and their interaction, a trend can still be seen whereby nulliparous mice 

have a higher IGFBP5-concentration than bred mice, while mice collected at 

wean don't show a significantly different concentration than those collected after 

3 weeks. The non-significant results here may indicate that other IGFBPs are 

involved to a greater degree in bone remodelling after lactation, or that IGFBPs in 

general aren't important for the recovery of bone after lactation. IGFBP-3 is 

another binding protein that can bind IGF-1 and is also prominently found in 

bones. IGFBP-3 is a major actor in the activation of osteoblasts and thus bone 

formation (Locatelli & Bianchi, 2014). 

 
 
 
4.2. The effects of genotype on recovery after lactation 

 
One of my goals was to test whether PAPP-A2 is involved in the process of bone 

recovery, as its main role is the cleaving of IGFBP-5 in order to make IGF-1 

available. Given that IGF-1 is important in the communication between 

osteoblasts and osteoclasts, PAPP-A2 could be involved in post-lactation bone 
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remodeling. I found that trabecular bone (especially in BV/TV and trabecular 

thickness) showed an effect of breeding, but no recovery. In contrast, cortical 

bone (CtAr/TtAr and cortical thickness) showed an effect of breeding as well as 

partial recovery, which is why I focused on mainly these four traits in the 

analyses of genotype. 
 
Overall, the lack of interactions between genotype, collection date and 

reproductive state indicates that the deletion of Pappa2 did not affect recovery in 

trabecular bones, although trabecular bones didn’t show any recovery in the wild 

type. As in the analyses of flox mice only, AMCs in general had a higher 

trabecular BMD than their bred counterparts, and mice that had been collected 3 

weeks after weaning had a trend toward lowered trabecular thickness than mice 

that were collected at wean, thus indicating that mice do lose some trabecular 

BMD due to breeding and are unable to recover to the level of AMCs. This is 

consistent with previous findings that trabecular bone is the site most affected by 

bone resorption, although this isn't specific to breeding (Glatt et al., 2007). 
 
While no significant effects were observed for IGFBP-5, the serum concentration 

of IGF-1 was significantly affected by both collection date and genotype. I 

expected that our Pappa2 knockout mice would have a lowered overall 

concentration of IGF-1. Our results confirm this, as knockout mice indeed show 

an overall lower concentration of IGF-1 than flox mice. Furthermore, mice 

collected 3 weeks after lactation had a lower concentration of IGF-1 than at 

wean. This is the opposite to what was observed by Bornstein, who noted that 

IGF-1 concentrations were lower at wean that in mice collected 3 weeks after 

wean (Bornstein et al., 2014). During lactation, bone resorption is very active, 

which means an increased activity of osteoclasts over osteoblasts. This 

necessitates an increase in osteoclastogenesis, which is regulated by IGF-1 by 

promoting the differentiation of osteoclasts (Wang et al., 2006). Thus it is 

expected that mice collected at wean would show a higher concentration of IGF- 

1 due to the increased bone resorption necessary for lactation. 
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4.3. The effects of age on recovery after lactation 
 
There have been few studies of whether age has any effect on recovery after 

lactation, even though this is important in the light of the increasing age at which 

first reproduction and lactation occurs, with more women increasingly having 

children at older ages (Stein & Susser, 2000). Lactation is the cause of 

fundamental changes in bone microarchitecture, and I hypothesized that the 

ability to recover from these changes would be affected by age. 90% of peak 

BMD in human women is reached by the age of 18 years (National Institutes of 

Health, 2015), and this maximum BMD is retained until the age of 50. However, 

during their lifetime, women will lose a substantial amount of bone by their late 

thirties or early forties, when many of them will lactate for the first time due to 

childbirth. 
 
Earlier studies (Bornstein et al., 2014; Liu, Ardeshirpour, VanHouten, et al., 2012) 

looked at the effects of lactation on bone microarchitecture, but only measured 

mice around the age of 8 weeks old (in the case of Bornstein) and 10-13 weeks 

old (in the case of Liu). I therefore looked at the effects of age on lactating mice 

by comparing three different age groups, breeding them at the ages of two 

months, five months and seven months. In mice, peak BMD is achieved at an 

age of 4 months (Beamer et al., 1996), though trabecular bone peaks at an age 

of 2 months and declines further with age (Glatt et al., 2007). This means that 

mice bred at an age of 2 months are young breeders who haven't achieved their 

peak BMD. In humans, 90% of peak BMD is reached at an age of approximately 

18 years, while BMD starts to decline around the age of 40 (Berger et al., 2008). 

Mice bred at 5 months have reached their peak BMD, though show some loss in 

their trabecular bones, while 7-month-old mice show a further decline in BMD 

and are reaching the end of their reproductive capabilities. Thus, two month old 

mice are comparable to young teenage mothers, 5 month olds to women in their 

mid-twenties, and 7 month old mice are comparable to women over the age of 

35. 



71  

Mice grow with age and this can lead to an increase in cortical thickness (Fig. 

8D). Trabecular spacing was the lowest for two month old mice, with bred mice 

having a slightly higher trabecular spacing than their AMCs. At five months, the 

trabecular spacing increased for both groups, with bred mice having increased 

trabecular spacing than AMCs. Trabecular BMD in AMC mice is higher than in 

bred mice at 2 months, but not at 5 or 7 months, suggesting either improved 

recovery at older ages, or that trabecular spacing has been reduced by age in 

such a manner that it cannot be further reduced by the effects of lactation. 

Trabecular bone peaks at an early age, sometime before the age of 2 months, 

after which is steadily declines. This age-related decline in trabecular BV/TV has 

been shown to be caused by a decrease in trabecular number and an increase in 

trabecular thickness, found especially in long bones such as the femur (Halloran 

et al., 2002). In general, trabecular bone deteriorates faster within the femur than 

in bones of the vertebral body in mice, which makes the femur a good target if 

one wishes to see more marked changes, especially in female mice, which show 

greater trabecular decline than males (Glatt et al., 2007). 
 
Cortical bone area fraction was consistently lower in bred mice than their AMCs 

at all ages, with no effect of age on recovery. In contrast, cortical thickness 

showed impaired recovery at 5 months compared with 2 and 7 months. 
 
I found that a recovery time of three weeks was not sufficient for bred mice to 

reach the levels of trabecular and cortical BMD seen in their never-bred sisters. 

In general, it has been found that time of approximately 2 to 4 weeks is required 

by bred mice to acheive a full recovery in bone volumes and mineral content 

(Bornstein et al., 2014; Liu, Ardeshirpour, VanHouten, et al., 2012). My results 

indicate that at the age of 2 months, 3 weeks is not sufficient for recovery. 
 
In the literature, IGF-1 concentrations are often studied in relation to longevity 

and fitness, and it has been noted that the reduction of IGF-1 leads to an 

increased lifespan in yeast, worms and flies (Altintas, Park, & Lee, 2016). In 

humans, a gradual fall in plasma IGF-1 concentrations occurs with age, which is 
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known as somatopause (Lombardi et al., 2005). In rodents, such as mice, serum 

IGF-1 levels have been shown to be high throughout their life, with a forced, late- 

life reduction of serum IGF-1 levels leading to increased liver inflammation and 

accelerated bone loss (Gong et al., 2014). My findings showed that IGF-1 

concentrations increased with age, both for bred mice and their AMCs, with 

Pappa2 knockout mice consistently showing lower IGF-1 levels than controls, 

which is similar to studies stating that mice do not experience somatopause and 

have high IGF-1 levels throughout their lives (Gong et al., 2014). In one longevity 

study, mice with a reduced level of IGF-1 were created, and showed a significant 

increase in maximum lifespan (Lorenzini et al., 2014). There is currently no study 

on whether Pappa2 knockout mice would show a similar increase in maximum 

lifespan connected to their lowered total IGF-1 concentrations. 

 
 
 
4.4. The effect of lactation on bone independent of 

pregnancy 
 
Changes in the skeleton of bred mice compared with AMC could be due to 

pregnancy and/or lactation. To distinguish between these possibilities, I 

compared three different groups of mice: (a) AMC mice that were never pregnant 

and that never lactated, (b) bred mice that lost their litters soon after birth and so 

were only pregnant but never lactated, and (c) mice that successfully bred and 

lactated for a period of 21 days. These groups spanned mice from the ages of 2 

months and 5 months (Table 5). 
 
Mice who lost their litters have the lowest trabecular bone volume fraction and 

highest spacing, which may have contributed to the loss of their litters, e.g., 

because they were unable to produce sufficient milk. Unnoticed sickness, 

aberrant behavior and less physical activity could have been contributing factors 

that led to the loss of pregnancy in these cases. 
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Cortical bone area fraction and cortical thickness of the lost litter group are 

comparable to the AMCs, whereas mice that lactated have lower values. This 

confirms that changes in cortical bones are attributable to the effects of lactation 

rather than pregnancy. 

 
 
 
4.5. Conclusions and Future Research 

 
Previous work (Bornstein et al. 2014; Liu et al. 2012) has shown that cortical 

bones are negatively affected by lactation, and require approximately three 

weeks to recover. The hypothesis that PAPP-A2 affects the process of bone 

recovery after lactation was not supported, as my results show that regardless of 

genotype, bred mice in general have a lower cortical area fraction compared to 

their AMCs after a recovery time of three weeks. Consistent with similar 

experiments (Liu, Ardeshirpour, VanHouten, et al., 2012), trabecular bone 

doesn't recover, but steadily declines after the age of 2 months. Wild-type mice 

have a higher concentration of serum IGF-1 than the PAPP-A2 knockout mice, 

as was expected due to the normal function of PAPP-A2 as the cleaving protein 

of IGFBP-5 (Cheryl A. Conover et al., 2011). Overall, IGF-1 concentrations 

showed an increase with age. However, no changes in IGFBP-5 were found, 

which does not support a role in the recovery of bone after lactation despite the 

abundance of IGFBP-5 in bone. 
 
This study was the first that took age into account when looking at bone recovery 

after lactation. One limitation however was fewer mice were collected at 7 

months, as at this age, they are more prone to reproductive failure due to their 

reproductive senescence. It might still be worthwhile to try and adjust the 

experimental settings so that more breeders at the age of 7 months successfully 

lactate. This could be achieved by giving mice that had just given birth, but had 

deceased pups other pups from another litter as soon as possible to ensure 

continued lactation. If the failure of breeding was due to psychological distress, a 
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pregnant female could be housed together with a non-pregnant female long 

before the impending birth. Other possibilities would need to include perhaps the 

measurement of IGF-1 and IGFBP-5 directly in sliced bone samples through the 

use of immunohistochemistry to see if more local effects of these hormones were 

previously masked by only focusing on the measurement of their concentrations 

in total blood serum. The ELISA kit that was used was measuring the total IGF-1 

concentration, which includes IGF-1 that was also bound to IGFBP-5. It would be 

advantageous to use an ELISA that only measures free and bioavailable IGF-1 

(i.e., not bound by IGFBP-5). 
 
In conclusion, the present study shows that PAPP-A2 has no effects on the 

recovery of bone after lactation. Lactation itself affects trabecular BV/TV and 

trabecular thickness in mouse femurs negatively, while cortical bone shows 

partial recovery after three weeks of recovery time. Age affected the recovery of 

cortical thickness, which highlights the importance of age for the evaluation of 

bone recovery after lactation. 
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