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Abstract 

In humans, visuospatial memory begins to decline as early as the mid-30s, yet the 

mechanisms involved in this phenomenon are poorly understood. Recent research 

suggests that growth differentiation factor-11 (GDF-11) can have a beneficial impact on 

cognitive ability in old age.  The mechanisms mediating this effect are unclear and there 

is currently no information regarding potential impact of GDF-11 on cognitive ability in 

the middle age years. The goal of this thesis was to explore the effects of GDF-11 

treatment on the cognitive ability in middle-aged mice. Young mice and middle aged 

mice were treated with GDF-11 and the impact on short term memory was evaluated. The 

data showed significant improvement in the performance of visual memory tasks and 

increased neurogenesis in middle-aged mice. Taken together, these results suggest that 

GDF-11 is a promising candidate for combating the age-related cognitive decline 

associated with middle age. 
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Introduction 

 

Cognitive Decline with Aging 

 As of July 1
st
, 2015, the number of Canadians over 65 years of age had exceeded 

the number of Canadians less than 15 years old for the first time in history (StatCan, 

2015). Accounting for over 16% of the population and showing a four-fold rate of 

increase compared to the population at large, Canada, along with most of the developed 

world, is playing host to an increasingly older population (StatCan, 2015). With an aging 

population, cognitive dementias that are prevalent in older individuals such as 

Alzheimer’s disease have become very popular topics of research in recent years (Rowe 

and Kahn, 1997). A less explored but no less important topic is the cognitive decline 

observed in middle age, which could serve as a precipitating factor in cognitive deficits in 

old age. It is a generally accepted that cognitive abilities decline with age in most 

organisms by nature, with both animal and human studies showing significant losses in 

working memory, processing speed, and problem solving skills in individuals of 

advanced age (Park and Schwarz, 2012).  These skills progressively diminish with age 

and can be seen as early as mid-30s (Schroeder and Salthouse, 2004, Salthouse, 2009), 

but most current research is focussed on either analysis of the very young or the very old; 

leaving much to be understood about the potential precipitating factors that could be 

utilized towards mitigating cognitive deficit in the middle age.  This analysis of middle 

age cognitive ability and mechanisms to halt or reduce the early signs of cognitive deficit 
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during middle age is critical to promoting and prolonging cognitive ability well into old 

age. 

As early as 1962 researchers were able to correlate significant decreases in 

memory tasks to aging that were independent of dementias (Kral, 1962), and in the 1980s 

the cognitive decline of “normal” aging was generally accepted as being dissociated from 

the symptoms of “pathogenic” dementias (Rowe and Kahn, 1997), though even today the 

distinction is difficult to classify for scientific study due to the imperfect detection of 

dementias (Deary et al, 2009). While natural cognitive decline was traditionally 

associated with advanced age starting in the 60s for humans, recent research suggests that 

the effects of cognitive aging can be seen as early as the late 20s and early 30s (Salthouse, 

2009). Cognitive decline is not uniform across individuals in a population, with many 

known confounding factors such as education, environment, and even nutrition all 

contributing to an increased heterogeneity in cognitive abilities of humans as their age 

increases (Ardila, 2007). The effects of cognitive decline are not even uniform across all 

mental functions, for instance, verbal ability is resilient to aging and suffer little decline 

even at very advanced ages, while areas associated with “fluid memory”, such as working 

memory and reasoning, decrease rapidly after the age of 30 in humans, using validated 

cognitive tests (Ryan et al, 2000). However, despite all these difficulties, recent 

comparison studies have shown a statistically significant trend in greater cognitive 

decline with increasing age starting from as early as age 20 and quite pronounced by the 

time subjects reached age 50 (Schroeder and Salthouse, 2004), and regional brain images 

show longitudinal declines in volume as early as 30 years of age (Fotenos et al, 2005). As 

studies continue to emerge presenting evidence that support the onset of cognitive decline 
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in early adulthood, natural cognitive aging becomes an increasingly more important area 

of research, as the affected individuals represent the vast majority (over 75%) of the 

Canadian workforce (StatCan, 2011).  

Recent technological breakthroughs, specifically the development of DNA 

microarrays and advances in brain imaging, had given wings to the study of brain aging 

by allowing observation of its biological changes (Bishop et al, 2010). Though still 

poorly understood, the loss of cognition with aging is generally believed to be due to two 

main factors: disruptions in the brain system coordination between multiple regions that 

produce high-level cognition (Andrews-Hanna et al, 2007), and sweeping changes in 

gene and protein expression that is highly conserved between different animals including 

humans (Yankner et al, 2008).   Interestingly, recent evidence suggests that young blood 

contains potential rejuvenation factors that could be useful in warding off the cognitive 

signs of aging (Villeda et al, 2014). Intriguingly, this work was facilitated by a 

tremendous technological advance which allowed researchers to couple circulation of a 

young mouse with that of an old mouse (using the so called “heterochronic parabiosis” 

technique).  Further research into the potential factors involved in promoting improved 

cognitive ability in old mice lead to the identification of growth differentiation factor -11 

(GDF-11), a member of the transforming growth factor beta (TGF-β) family, as a 

potential rejuvenation factor.  The goal of this thesis research was to investigate whether 

GDF-11 promotes improved cognitive function in middle aged mice, and to determine 

the potential mechanisms involved. 
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Research Objectives and Major Hypotheses 

Objective 1: To determine the functional impact of rGDF-11 treatment on cognitive 

decline in middle-aged mice, using the Y-maze and Novel Object Recognition tests. 

 

Hypothesis 1: Intraperitoneal rGDF-11 injection will recover the deficiency in 

performance in working memory behavioral tests that middle-aged mice (9 month) suffer 

from due to cognitive decline from normal aging. 

 

Objective 2: To determine the mechanisms used by GDF-11 in the mouse brain to 

promote its functional effects in middle aged and young mice. 

 

Hypothesis 2: If GDF-11 is involved in improving cognitive ability, then increased 

expression of GDF-11 downstream effectors such as pSMAD2/3 and Akt will be elevated 

in the regions of the brain that are associated with short term working memory, such as 

the dentate gyrus, after GDF-11 treatment.  
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TGF-β 

 Transforming Growth Factor Beta (TGF-β) is a superfamily of growth factors 

with homologs found in all tested metazoans that regulate an incredibly diverse array of 

biological functions throughout all stages of life (Pang et al, 2011). In humans, there are 

currently 34 members: TGF-β1,2,3, 10 Bone Morphogenetic Proteins (BMPs), 12 

Growth and Differentiation Factors (GDFs), 5 activin/inhibins, 2 leftys, nodal, and Anti-

Muellerian Hormone (AMH) (Horbelt et al, 2011). Members of the TGF-β superfamily 

are known to play a major role in all stages of organismal development, as well as being 

essential to the maintenance of adult homeostasis (Horbelt et al, 2011). Furthermore, 

dysfunctions in the TGF-β cascades are believed to be a direct cause of a large variety of 

diseases.  

TGF-β genes are considered oncogenic, with studies showing increased TGF-β 

gene expression in gliomas in the brain, as well as ovarian, gastric and esophageal cancer 

in test animals, and is believed to be increasing cell motility and speeding the 

development of malignant tumor cells (Miyazono, 2009). However, TGF-β also acts as a 

cell cycle arrestor at the G1 phase and has apoptotic functions that make it one of the 

most important tumor suppressors (Ikushima and Miyazono, 2010). TGF-β activation is 

cancer suppressant in the early stages of tumor development, while promoting metastasis 

and neo-angiogenesis at later stages, providing a confusing picture for researchers (Singh 

and Morris, 2010). Unfortunately, this janiform characteristic of TGF-β is not restricted 

to its role in cancer. 
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In the nervous system, the TGF-β family once again plays opposing roles. TGF-β 

is crucial to the development of the nervous system, and mice knock-outs of TGF-β genes 

suffer a range of development issues that can be as serious as the failure of mesoderm 

formation and subsequent death (Conidi et al, 2011). In adults, TGF-β is responsible for 

the upregulation of the limited amounts of neurogenesis that occurs in the sub-ventricular 

zone (SVZ) and olfactory bulb (OB), while at the same time being responsible for the  

down-regulation of neuron repair mechanisms post-injury, making it a very important, 

but perplexing, area of study (Mira et al, 2010; Sabo et al, 2009). 

Despite being a superfamily of genes that regulate many unrelated biological 

processes, the cascades of TGF-β are highly conserved between members and are also 

relatively simple. The combination of its multiple functions, along with the ubiquitous 

presence of TGF-β homologs in metazoans, is one of the primary reasons for the theory 

that the evolution of the TGF-β cascade was the essential step necessary for complex 

multi-cellular life to develop (Huminiecki et al, 2009).  

All members of TGF-β are formed in a pro-peptide form, with the growth factor 

domain non-covalently attached to a pro-domain that is removed during processing via 

Furin prior to secretion to create a mature peptide that is highly conserved within families 

of TGF-β (Pang et al, 2011). The active TGF-β protein is then secreted, and begins its 

cascade by binding to its corresponding cell surface receptor. There are two types of 

TGF-β receptors: type I and type II. TGF-β protein binds to the type II receptor, which 

allows the type I receptor to bind and form a three-unit complex. The type I receptor is 

then phosphorylated by the type II receptor at its serine/threonine kinase domain, 

activating it and allowing it to in turn phosphorylate the main messenger molecule- 
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receptor-associated SMAD proteins (R-SMAD). Phosphorylated SMAD is able to detach 

from the cell membrane, and form a complex with SMAD4 in the cytoplasm. This 

complex is then transported to the nucleus, where it binds to DNA to control gene 

transcription (Horbelt et al, 2011). TGF-β proteins also produce a large variety of non-

transcriptional responses, and are known to affect Erk, Akt, and MAPK, among others 

(Miyazono, 2000, Zhang, 2009). While all families within the TGF-β superfamily have 

minor differences, for example: the BMP family have higher affinity for pre-formed type 

I/II complexes while activins do not interact with the type I receptor at all, the cascade is 

highly conserved after the type I receptor becomes phosphorylated (Shi and Massague, 

2003). 

The TGF-β cascade is regulated both extracellularly and intracellularly. 

Extracellular regulation of TGF-β ligands is primarily achieved through the usage of 

ligand trap molecules such as Chordin and Noggin, which are in turn controlled by 

molecules that could cleave them to release bound TGF-β ligands, creating a multi-

layered system (Balemans and van Hul, 2002). Intracellularly, the TGF-β cascade is 

heavily regulated, with known inhibitors of each major step, starting from the recruitment 

of type I receptor, which can be disrupted via the pseudoreceptor Bambi, the prevention 

of phosphorylation by FKBP12, the competitive inhibition of inhibitor SMADs, and the 

degradation of active R-SMADs by the SMAD ubiquitination regulatory factor (SMURF) 

(Pang et al, 2011). 

As mentioned previously, the TGF-β pathway is highly conserved between 

different animals and between sub-families. There exist only 7 known type II receptors 

and 5 type I receptors, as well as 8 SMAD proteins (Massague, 2012). In addition to 
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combinations of receptors and messenger proteins, other factors contribute to determine 

the effects of the TGF-β cascade each time it is activated to allow for such a large variety. 

Current doctrine has divided these factors into three types of “contextual determinants”, 

environmental elements that shape the cellular response to the activation of the TGF-β 

pathway. The first contextual determinant is the concentration of each TGF-β ligand and 

associated elements of its specific transduction system- the effect of the TGF-β pathway 

as a whole is believed to be affected by the combination of each ligand successfully 

sending messengers into the nucleus. The second contextual determinant is the 

availability of SMAD cofactors: a plethora of intracellular factors exist that are necessary 

components to the successful transcription of genes up- and down-regulated by the TGF-

β pathway, and thus the effects of a successful TGF-β cascade is in part dependent on the 

machinery being available to manufacture the mRNA. The third contextual determinant is 

the epigenetic landscape of the nucleus: throughout a cell’s life cycle, different sets of 

genes are exposed to be affected by the R-SMAD complexes. If the binding sites for the 

R-SMAD complexes are not exposed, the presence of the complex in the nucleus is moot 

and does not affect gene expression. (Massague, 2012) Current research indicates a very 

complex and multi-faceted control system for the comparatively simple TGF-β cascade. 

Combined with its seemingly ubiquitous presence in the biological functioning of all 

metazoans, makes the members TGF-β superfamily some of the most important 

molecules to understand from both a theoretical and clinically perspective.  Significant 

research has been dedicated toward evaluating the impact of TGF-beta family members 

on nervous system function (Flanders et al, 1991, Aigner and Bogdahn, 2008).  However, 

given the mechanistic complexities associated with function of individual members, there 
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is the need to empirically determine mechanisms mediating the effects of different TGF-

beta members on nervous system function.  In this thesis, I present evidence which 

supports a role for one family member, GDF-11, in improving cognitive function in the 

brain of middle aged mice. 
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GDF-11 

 The Growth Differentiation Factors (GDFs) are a subfamily of TGF-β, so named 

due to their regulatory effect on organismal development in both vertebrates and 

invertebrates (Herpin et al, 2004). GDF-11, the 11
th

 protein to be identified as a GDF, 

utilizes a pathway similar to TGF-β1/2/3 proteins (See Figure 2). GDF-11 had two 

known functions: as a protein necessary for development by controlling anterior-posterior 

patterning, kidney development, and closure of the palate (Andersson et al, 2006), and as 

a regulatory factor of neurogenesis that can be both positive and negative, depending on 

the extracellular environment (Gamer et al, 1999; Wu et al, 2003). GDF-11 is very 

closely related in structure to GDF-8, commonly known as Myostatin (MSTN), a TGF-β 

protein primarily responsible for the negative inhibition of skeletal muscle growth and 

metabolism (Huang et al, 2011). Though GDF-11’s mature domain has a 90% homology 

to GDF-8’s domain, the two are known to have different expression regions and functions 

in different systems (Nakashima et al, 1999; Gamer et al, 1999). Recent studies suggest 

that the different profiles of GDF-11 and GDF-8, despite their mature domain structural 

similarity, is due to an extra step in their activation that is not shared by the rest of the 

GDF family (Ge et al, 2005). Unlike other GDF members, GDF-11 and GDF-8 proteins 

form a non-covalent complex with their pro-domain after their precursors are cleaved 

(Figure 1), and remain latent until further processed by a tolloid-like metalloproteinase 

(Ge et al, 2005, Walker et al, 2016). Unlike the mature domains, the prodomains of the 

two proteins share only 52% homology and create different structures with their mature 

proteins, and is theorized to be why GDF-8 and GDF-11 have such different functions 

despite their similar amino acid composition (Walker et al, 2016). Despite being labeled 
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as a BMP due to its localization and effect on skeletal development, GDF-11 shares traits 

with both the TGF-β1-3 proto-proteins (Ge et al, 2005) and activin subfamily (Gamer et 

al, 1999), and is known to be expressed in select regions of the brain, unlike most other 

BMPs (Nakashima et al, 1999). GDF-11 was thrust into the spotlight in 2013 and quickly 

became a protein of intense interest for society at large, when a series of studies 

conducted at Harvard University published results that suggested that GDF-11 may have 

anti-aging effects in both cardiac skeletal muscle and age-related cognitive decline 

(Loffredo et al, 2013; Villeda et al, 2014).  

Heterochronic Parabiosis 

 Parabiosis, derived from the Greek words ‘para’ (next to) and ‘bios’ (life), 

describes the state of two distinct organisms living with a surgically joint circulatory 

system, so that blood-flow is shared between them (Conboy et al, 2013). It was pioneered 

by Alex Carrel at the beginning of the 20
th

 century, who won a Nobel Prize for his 

success in surgically connecting the blood vessels of cats and dogs through the removal 

of several organs into one visceral organism (Carrel, 1913, Conboy et al, 2013). 

Parabiosis techniques were improved significantly throughout the 20
th

 century, and 

currently, animals can be joined via skin and joint grafts that do not trigger 

immunological reaction due to the sharing of blood-circulated antigens (Kamran et al, 

2013). Heterochronic parabiosis, specifically, refers to a type of parabiosis experiment 

where two animals of different ages are joined together, to test for aspects of aging and 

age-related diseases (Conboy et al, 2013). 
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Figure 1: GDF-8/11 Precursor Protein Structure. Mature GDF-8/11 proteins are 

excised from their precursors via signal peptidase and furin-like proteases (Walker et al, 

2016). After cleavage, the prodomains of GDF-8/11 non-covalently bind to their mature 

proteins, forming structurally different latent complexes that require further factors to 

activate. The structural difference between complexes due to differences in the 

prodomains is thought to be the reason GDF-8 and GDF-11 have different expressions 

and effects despite a high homology. 



13 
 

GDF-11 in Aging Research  

In 2013, inspired by the potential rejuvenating effects of parabiosis with young 

mice on the cardiovascular system of aged mice, Loffredo et al attempted to isolate the 

blood-borne factor that was responsible for this recovery. They discovered that a 

prolonged treatment of recombinant GDF-11 at the rate of one 0.1mg/kg intraperitoneal 

injection per day, they could detect increased GDF-11 protein levels in the blood of 

treated mice, and that after one month of treatment, the mice that were in advanced age 

(23 months old) showed significant reversal of age-related heart hypertrophy- a 

significant decline in the thickening of heart walls that negatively affects the 

cardiovascular system of aged mice and humans that brought the heart physiology back 

to youthful levels (Loffredo et al, 2013). Following this success, work from the lab of Dr. 

Amy Wagers at Harvard University were interested in the effects of parabiosis on 

cognition and discovered that the injection of young mouse blood into 18 month old aged 

mice produced significant improvements in cognitive memory tasks such as fear response 

and radial arm water maze (Villeda et al, 2014). To the excitement of the scientific 

community, it was later suggested that GDF-11 treatment was sufficient to improve 

neurogenesis in the brain in the olfactory bulb and sub-ventricular zone, as well as 

improve an aged mouse’s performance in an olfaction assay behavior test. These data 

suggest that GDF-11 was not only able to facilitate neurogenesis in the central nervous 

system, but that the newborn neurons were able to properly integrate into the established 

neuronal network (Katsimpardi et al, 2014). This series of discoveries led to much 

mainstream attention, and GDF-11 was the newest “elixir of youth” for the popular media 

(Andersen and Lim, 2014). However, recent research has made these claims quite 
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controversial, and the direct effect and mechanisms of GDF-11 in the brain are still 

unknown. 

 Traditionally, GDF-11 was known as an inhibitory protein, similar to its homolog 

GDF-8 (Wu et al, 2003). With the findings of the Wagers and Rubin labs contradicting 

this previous data, the lab of Dr. Glass performed a series of experiments to attempt to 

study the effects of GDF-11 in aging skeletal muscle (Egerman et al, 2015). They showed 

that neither GDF-11 protein nor mRNA decreased with age in skeletal muscles, but rather 

increased (Egerman et al, 2015). Most damning, they demonstrated that the antibody for 

GDF-11 used by the above-mentioned labs (ab12741) was not specific to GDF-11, but 

was also able to bind GDF-8 (Egerman et al, 2015). The Glass et al paper threw the 

findings of Wagers and Rubin labs into doubt, and in the past year, several papers have 

emerged from other labs that attempt to replicate the original results, with mixed results 

(Poggioli et al, 2015; Smith et al, 2015; Rodgers and Eldridge, 2015). Several 

laboratories are now actively investigating the mechanisms used by GDF-11 to promote 

its effects in both muscle and nervous system.  As discussed previously, one of the major 

downstream targets of GDF-11 is a group of molecules called SMADs.  
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Figure 2: GDF-11 pathway. GDF-11 protein binds to the extra-cellular region of Type 

II receptor in the cell membrane, causing a change in configuration of the Type II 

receptor that allows the binding of the Type I receptor, forming a complex. The Type I 

receptor is then phosphorylated, which exposes its SMAD binding domain, allowing 

SMAD2/3 to bind and become phosphorylated. SMAD6/7 competitively binds to Type I 

receptors as inhibitors. Phosphorylated SMAD2/3 then complex with SMAD4, allowing 

it to enter the nucleus. In the nucleus, the SMAD2/3/4 complex recruits transcription co-

factors to affect DNA transcription. 
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SMADs 

 The SMADs are a group of proteins that act as the messenger molecules for the 

TGF-β pathway. The name “SMAD” is a combination of the acronyms for the Drosophila 

and C. elegans protein homologs that were discovered first: mothers against 

decapentaplegic (MAD), and small body size (SMA), respectively. The SMAD family is 

composed of 8 members, and are further sub-divided into 3 types.  

The first and most numerous type is the receptor-associated SMADs (R-SMADs), 

which encompasses SMADs 1, 2, 3, 5 and 8. SMADs 1, 5, and 8 are associated with the 

BMP sub-family, while SMADs 2 and 3 are used as the messenger for the other sub-

families. The second type is the inhibitory SMADs (I-SMADs), which include SMADs 6 

and 7. I-SMADs participate in the TGF-β cascade as negative regulators, by 

competitively binding to phosphorylated type I receptors to prevent the phosphorylation 

of R-SMADs. The last type of SMAD is the common-mediator SMAD (co-SMAD), 

consisting of only SMAD4. Co-SMAD binds with R-SMADs to create a complex that 

can enter the nucleus and participate in signalling. (Shi and Massague, 2003) 

SMAD proteins are generally around 500 amino acids in length, and have two 

domains: MAD-homology 1 (MH1) and MAD-homology 2 (MH2). MH1 displays 

sequence-specific DNA binding capability and is believed to be the primary method of 

affecting the DNA. MH2 is a highly conserved domain among all SMADs that is 

responsible for receptor interaction, by both increasing binding affinity via the L3 loop 

(Wu et al, 2003), as well as identify specific receptors primarily via the combined shape 

of the L3 and L45 loops (Huse et al, 2001). R-SMAD is activated via the phosphorylation 
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of 2 C-terminal serine residues in the MH2 domain. The MH1 domain is active in 

activated R-SMADs and co-SMADs, and negatively regulates the function of the MH2 

domain to ensure that active R-SMADs and co-SMADs will not bind to the type I 

receptor and derail the TGF-β pathway. Inversely, the MH1 domain has no DNA binding 

capability in I-SMADs and do not restrict MH2 activity, allowing them to continue to 

competitively inhibit R-SMADs. (Shi and Massague, 2003) After the R/Co-SMAD 

complex enters the nucleus, gene targeting and transcriptional control is carried out via 

cooperation between the SMAD complex and SMAD-responsive enhancers present in the 

nucleus- molecules with SMAD binding elements (SBEs). MH1 is designed with a low 

DNA binding affinity, thus multiple SMAD complexes must work together to bind to the 

targeted gene, while multiple MH2 domains are necessary to attract basal transcriptional 

machinery, which is yet another regulatory step that ensures transcriptional changes occur 

only when there is sufficient stimulus (Shi and Massague, 2003). R-SMAD signalling is 

ended via de-phosphorylation and ubiquitination via SMURF (Zhu et al, 1999). 

Deregulation of the TGF-β/SMAD pathway can lead to neuronal degeneration, and has 

been implicated in age-related cognitive deficits in animal models (George et al, 2006). 

GDF-11 is a TGF-β protein that has been shown to activate specific SMAD cascade in 

the brain, and recent studies suggest it may be able to improve the physiology of the 

aging brain via this downstream effector (Katsimpardi et al, 2014).  However, GDF-11 

activation may also influence other cellular mechanisms, including the Akt pathway 

(Zhang, 2008). 
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Akt/Target of Rapamycin (TOR) 

One important pathway of note for brain aging is the Akt-TOR pathway. The 

TOR protein is an orthologue of yeast Tor1 and Tor2 proteins, and is highly conserved 

among mammals (Brown et al, 1994). TOR stands for “target of Rapamycin”, and serves 

a large number of roles in cellular survival and proliferation, including the regulation of 

protein translation and mitotic cell cycle arrest (Bjornsti and Houghton, 2004). TOR 

signalling is shown to affect both normal and pathological aging- decreased TOR 

signalling had been shown to increase lifespan in mouse models (Harrison et al, 2009), 

and treatment with the TOR inhibitor rapamycin had been shown to inhibit Huntington’s 

disease progression in multiple animal models (Ravikumar et al, 2004). Regulation of 

TOR expression is complex and multi-faceted, but a well-known and important pathway 

of TOR activation is the phosphorylation of the protein Akt to form pAkt, which is able 

to inactivate negative regulators of TOR such as rapamycin (Bjornsti and Houghton, 

2004). Recent studies have shown that a superfamily of growth factors known as TGF-β 

were, in addition to their effects on gene transcription, an important regulator of Akt 

expression in the cytoplasm (Goraksha-Hicks and Rathmell, 2010). The relationship 

between GDF-11 and Akt is complex and not well understood, as it can promote and 

inhibit the pathway both directly and indirectly, depending on the organismal age and 

local cellular environment (Wu et al, 2007, Aigner and Bogdahn, 2008, Zhang, 2008, 

Brun and Rudnicki, 2015).   
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Assessing Cognitive Decline in Middle Aged Mice 

While human studies are preferable due to the direct interpretation and application 

of the results to society, animal studies have some noticeable advantages; chief among 

them, the ability to administer novel substances that affect the central nervous system, 

and the direct access to brain samples that would not be possible for human experiments. 

Mouse models have always been a strong candidate for cognitive behavioral testing, with 

many previous studies lending credence to their usefulness in the investigation of 

behavioral alterations and brain functions (Ohl et al, 2003).  

Specifically for cognitive testing of memory tasks, the C57Bl strain is an easily 

accessible mouse model that has also show cognitive decline in normal aging that mimics 

progression in humans. Past studies looking to determine the cognitive ability of C57Bl 

mouse strains have noted significant decline in object memory between young (3-6 

month old) mice and middle aged (9-12 month old mice), with significant 

neurotransmitter differences between age groups (Gower and Lamberty, 1993). A 9-12 

month old mouse is roughly equivalent to a 30-40 year old human (Dutta and Sengupta, 

2015), which is very similar to the age groups where recent studies have detected 

noticeable declines in fluid memory performance tasks (Salthouse, 2009), suggesting the 

C57Bl strain to be a good model for experiments involving behavioral alterations in 

cognitive tasks between age groups. As an easily accessible animal model with 

significant differences in cognitive behavioral tests between young and middle-aged 

specimens due to normal aging, the C57Bl mouse strain makes for a good candidate to 

study the cognitive effects of GDF-11 between subjects of young (state how old here) and 

middle aged (state how old) mice. 
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Materials and Methods 

 

Animals 

All procedures were conducted within guidelines as set by the Canadian Council on 

Animal Care (CCAC) and approved by the Carleton University Animal Care Committee. 

3 week old male wild-type C57Bl/6 mice were obtained from Charles River Laboratories 

and acclimated for 2 weeks before experiments and tested at 1.5 month of age. 8 month 

old male wild-type C57Bl/6 retired breeder mice were obtained from Charles River 

Laboratories and acclimated for 1 month before experiments and test at 9 month of age. 

All mice were housed individually with 8AM-8PM light-dark cycle, with bedding and 

basic housing, food and water provided ad libitum.  

 

Experimental Design 

After the acclimation period, all mice were tested via Y-maze and Novel Object 

Recognition tests to establish baseline performance for each age group (see Figure 3 for 

timeline). Experiments were carried out with one week in between to minimize the effect 

of experiment repetition as a confounding factor. After one week, half of the mice from 

each age group were randomly chosen and given an intraperitoneal (i.p.) injection of 

0.1mg/kg of recombinant GDF-11 protein (Peprotech, 120-11). All mice which did not 

receive the GDF-11 treatment were given an i.p. injection of saline of equivalent volume. 

After 24 hours, all mice were tested using Y-maze and Novel Object Recognition test 

using a new set of objects. Mice were sacrificed at the end of behavioral testing using 
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pentobarbital as anesthetic. Animals were intracardially perfused with 1x phosphate 

buffered saline (PBS). The brains will then be extracted for further analysis by Western 

Blot and Immunostaining. See Figure 3 for experimental timeline. Experiment groups 

include two independent cohorts of 20 mice, with the distribution as follows for each 

cohort (n=20 per cohort, 2 cohorts): 1.5 month + saline (n=5), 1.5 month + GDF-11 (n=5), 

9 month + saline (n=5), and 9 month + GDF-11 (n=5). In all 10 mice per treatment group 

were analyzed. 
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Figure 3: Experimental timeline of behavioral testing. Baseline tests are carried out 

after minimum 2 weeks after arrival to facility for acclimation, then after one week of no 

testing to remove previous testing bias, mice are injected intraperitoneally with either 

rGDF-11 at 0.1mg/kg or saline solution. After 24 hours to allow dispersal mice undergo 

the behavior tests under same parameters, then sacrificed and brains preserved for protein 

analysis. 
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GDF-11 Injection 

GDF-11 treated mice received intraperitoneal (i.p.) injections of rGDF-11 (Peprotech 

120-11) dose of 0.1mg/kg per mouse. Saline treated mice received i.p. injections of saline 

at an equivalent volume to rGDF-11 injection. 

 

Behavioral Testing 

Y-Maze 

The Y-maze is a short-term spatial memory assessment task (Kennard and Woodruff-Pak, 

2011). The maze is a three-arm construct made of grey plastic. Mice were placed facing 

the end of arm 1, and allowed to move freely within the maze for a period of 8 minutes. 

The sequence of arm entries for each mouse was recorded. An arm entry was defined as 

the hind legs of the mouse entering the arm. An alternation was defined as a series of 

entries into each of the three arms with no repetition. The percent alternation were the 

calculated of value of the ratio between observed alternations and the total possible 

number of alternations (defined as the number of entries minus 2), multiplied by 100. 

Novel Object Recognition 

Novel Object Recognition (NOR) is a visual object memory assessment task (Bevins and 

Besheer, 2006). The test was conducted using a featureless cage, with the objects placed 

equidistant from the center and the mouse placed the same distance from both objects and 

facing the wall. The objects were chosen to be similar in size, but different in shape and 

colour. During the experiment, the mouse was first be exposed to two identical objects 

(Objects A) for 10 minutes and allowed to explore freely. After the training session, the 
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mouse was returned to its habitation for an hour. After an hour elapsed, one of the 

Objects A was exchanged for a novel object (Object B), and the mouse was returned to 

the same testing cage and allowed to explore freely for 5 minutes. The amount of time a 

mouse spent exploring each object was recorded. A mouse was considered to be 

exploring an object when it was contacting it with its mouth, nose, or paw, with the 

exception of contacts that are judged to be accidental, or standing on top of the object. A 

mouse was also considered to be exploring an object when its nose was directed at the 

object when its nose is within 3cm. Collected exploration data was verified by a second 

observer to minimize the impact of observer bias. Relative exploration time was assessed 

using the Discrimination Index (DI), calculated by: (time novel – time familiar) / (time 

novel + time familiar). A positive DI indicated more time spent exploring the novel 

object, while a negative DI indicated more time spent exploring the familiar object. A 

score of 0 indicated that the mouse spent the same amount of time exploring both objects. 

 

Brain Tissue Analyses 

Brain Tissue  

The right hemisphere of each brain was placed in 4% paraformaldehyde for 48 hours 

post-extraction, 24 hours in 10% sucrose solution, and was preserved in 30% sucrose 

solution until sectioned into 30µm sections using a cryostat. The left hemisphere of each 

brain was frozen and kept at -80°C post-extraction, and was used for Western Blotting. 

Immunofluorescence 

Tissue samples were collected on slides that were washed in 1x PBS. 
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Immunofluorescence was performed on samples using the following primary antibodies: 

GDF-11/Myostatin (1:250, AbCam), Myostatin (1:250 Millipore), BDNF (1:250, 

AbCam), GFAP (1:100, Santa Cruz) phospho-SMAD2/3 (1:300, Santa Cruz), 

Doublecortin (DCX) (1:200, Santa Cruz), phosphorylated Histone H3 (PH3) (1:200, 

Millipore) which were diluted in 0.5% Triton X-100 solution, overnight at 4°C. Sections 

were then washed in 1x PBS before a 2 hour incubation with anti-mouse Alexa Fluor 555 

(1:200, Cell Signaling Technology) or donkey anti-goat 488 (1:200, Santa Cruz) 

secondary antibodies at room temperature in darkness. After washing with 1x PBS the 

samples were incubated with DAPI (1:10,000 Cell Signaling Technology) for 5 minutes. 

The samples were washed one final time with 1x PBS and cover-slipped using 

Fluoromount-G (Sigma). 

Western Blotting 

Protein extracts of the left brain hemisphere were prepared using a handheld homogenizer 

in RIPA buffer. SDS-PAGE was conducted on extracts to separate proteins, loading 50uL 

of protein from whole brain lysate to investigate protein levels within the brain for each 

sample. Primary antibodies were: GDF-11/GDF-8 (1:500, AbCam), GDF-8 (1:500, 

Millipore), phosphorlyated-Akt (pAkt) (1:1000, Santa Cruz), and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (1:50000, Santa Cruz), diluted in 5% milk in Tris-

buffered saline (TBST). Primary antibody incubation was done overnight at 4°C on an 

electronic shaker. Secondary antibodies to be used were horseradish peroxidase (HRP)-

conjugated donkey anti-rabbit (1:20000, Santa Cruz) and goat anti-mouse (1:20000, 

Santa Cruz). Detection was achieved using the SRX-101A developer (Konica), and bands 

were normalized using GAPDH. Bands were quantified by the following formula:  
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(Protein band strength/GAPDH band strength)*(Average band strength of group/Average 

band strength of control group)/(Average band strength of group) 

Statistical Analysis 

 Statistical analysis of Western Blots was carried out via 2-factor analysis of 

variance (ANOVA) to determine interaction between the Age (1.5-months or 9-months) 

and Treatment (GDF-11 or Saline), and independent t-test was used when comparing 

differences between groups of same Treatment but different Age. Bonferroni post-hoc 

testing was carried out to determine the differences among the four treatment groups: 

1.5months/Saline, 1.5months/GDF-11, 9months/Saline, and 9months/GDF-11. All 

significance were found to at least p < 0.05. 
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Results 

 

Significant difference in performance observed in short-term visual and spatial 

memory tests between mice of young and middle age 

Two types of behavioral tests were conducted for this experiment; novel object 

recognition (NOR) and y-maze, to examine short-term visual memory and spatial 

memory in young (1.5-months old) and middle aged (9-months old) mice.  

Novel object recognition is a validated behavioural test that is frequently used in the 

literature to evaluate short term memory in mice (Besheer and Bevins, 2006). Mice prefer 

to explore novel objects in a familiar environment, and their ability to discriminate 

between a new, novel object from a previously presented familiar object is used in this 

test to quantify their memory ability. The ratio of time spent interacting with a novel 

object over a familiar object is represented as the discrimination index (DI), with a 

positive DI suggesting that the mouse spent more time with the novel object, a negative 

DI suggesting that the mouse spent more time with the familiar object, and a DI of 0 

suggesting no behavioral preference between objects. Mice were subjected to the NOR 

test between 24-28 hours after treatment, when GDF-11 protein levels still remained high 

in the bloodstream (Loffredo et al, 2013), to determine the effects of GDF-11 injection on 

short-term visual memory. Independent t-test of baseline DI for the two age groups 

showed a significant difference, with 1.5 month-old mice spending significantly more 

time with the novel object compared to the familiar object than 9 month-old mice (t(38) = 

6.691, p < 0.001, n = 40) (Figure 4A). The observed difference between age groups 
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suggests that the NOR test can reflect decline in visual short-term memory between mice 

of 1.5 months and 9 months of age. 

Y-maze is a test designed to assess the short-term spatial memory of mice (Kennard and 

Woodruff-Pak, 2011). Mice are naturally inclined to explore down paths they have not 

taken, and this test quantifies their ability to successfully choose a corridor they have not 

yet explored as a percentage to judge their spatial memory. Each time a mouse 

successfully enters each of the 3 arms in turn without repetition it is counted as one 

‘alternation’. The amount of alternations a mouse makes over the total possible number 

of alternations it can make is then converted to percentage to produce “percent 

alternations” to quantify the animal’s short-term spatial memory. A percent alternation 

score of 100 is a perfect performance, suggesting the mouse was able to remember its 

previous entries at all times, with lower scores suggesting progressively weaker memory. 

Independent t-test of baseline percent alternations for the two age groups show no 

significant differences between the two age groups t(38)=1.537, p > 0.05, n = 40 (Figure 

4B). While the data was not statistically significant, a noticeable trend toward a decline in 

percent alternations with age was observed, and baseline results suggest that the Y-maze 

used did not represent sufficient difficulty as a short-term spatial memory task to show 

significant differences between 1.5 months and 9 months old mice. 
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Figure 4: Baseline Behavior Performance Data. A) NOR discrimination index. 1.5 

month old mice performed significantly better by spending more time with the novel 

object compared to the familiar object. B) Percent alternation on Y-maze. No significant 

difference we observed between the two age groups. ***p < 0.001, independent t-test. 
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rGDF-11 injection significantly improves short-term visual memory in treated 

middle-aged mice, but not short-term spatial memory 

In order to evaluate the impact of rGDF-11 administration on mice short-term memory, 

all mice underwent a NOR and Y-maze testing 24 hours after treatment. Supported by the 

Grubb’s test, 2 of the 40 animals tested were excluded from calculation for NOR test 

results post-injection, due to not moving from their original location during the entire test 

and therefore having no interaction with the objects, resulting in a final n = 38.  

Graphical representation of the NOR test results are shown in Figure 5A. Two-way 

ANOVA test showed an interaction between age and GDF-11 treatment (F(1,34) = 9.0, p < 

0.01, n = 38). Further analysis via Bonferonni pair-wise comparison revealed that GDF-

11 treated middle-age mice (n = 8) spent a significantly higher amount of time interacting 

with the novel object than their saline-treated counterparts (p < 0.001, n = 10). 

Interestingly, GDF-11 treated young mice (n = 10) did not show a significantly higher DI 

than saline treated young mice (p > 0.05, n = 10). This suggests that visual memory, 

which naturally declines with age, is being restored by the GDF-11 treatment. 

Figure 5B shows the percent alternation score of the four treatment groups (n = 40). Two-

way ANOVA showed no interaction between age and treatment (F(1,36) = 1.4, p > 0.05, n 

= 40), and no main effects were observed for mouse age (F(1,36) = 0.1, p > 0.05, n = 40) or 

treatment (F(1,36) = 1.7, p > 0.05, n = 40). While it is possible that GDF-11 does not affect 

the spatial memory of mice at this dosage, it is likely that spatial memory did not 

deteriorate to a significant enough degree in middle-aged mice for the y-maze to detect 

differences. 
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Figure 5: Post-GDF11 injection behavioral task performance. A) NOR discrimination 

index graph. Significant increase detected between 9-months old saline-injected mice and 

GDF-11 treated mice. B) Percent alternation made in the Y-maze. No significant 

differences found. 

*p < 0.05 and ***p < 0.001, Bonferroni post-hoc pairwise comparison. 
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GDF-8+11 protein levels are significantly higher in the brains of treated young mice  

It is important to determine whetherGDF-11 expression is increased in the brain by the 

intraperitoneal GDF-11 treatment. In order to evaluate the expression of GDF-11, an 

antibody previously established to stain for GDF-11 that was used by several published 

papers (Loffredo et al, 2013, Katsimpardi et al, 2014) was used. It must be noted however 

that this antibody, not only detects GDF-11, it also detects GDF-8, a close family 

member.  Western blot representative image and staining results for GDF-8/11 in whole 

brain lysate are shown in Figure 6. Two-way ANOVA detected an interaction between 

age and treatment (F(1,8) = 25.4, p < 0.001, n = 5 - 6). GDF-11 treated young mice showed 

a significant increase in GDF-8+11 protein levels in the brain compared to all other 

treatment groups (p < 0.001, n = 5), while GDF-11 treated middle-age mice showed no 

significant change in protein level compared to the saline treated mice (p > 0.05, n = 5).   
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Figure 6: GDF-8+11 expression in whole brain lysate. A) GDF-8+11 western blot data 

after normalization via GAPDH. 1.5-months old mice treated with rGDF-11 show 

significant higher expression levels than other groups. B) Representative western blot of 

GDF-8+11. ***p < 0.001, Bonferroni post-hoc pairwise comparison. 
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GDF-8 expression in the dentate gyrus and cortex is unchanged between groups 

The antibody used was recently shown to also stain for GDF-8 (Egerman et al, 2015), 

which we have accounted for by also determining the expression levels of GDF-8 at key 

brain regions known to be associated with visual memory. The results for GDF-8 

immunofluorescence at the dentate gyrus and cortex are shown in Figure 7. No 

significant difference in GDF-8 cell numbers was detected in either the dentate gyrus (t(7) 

= 1.2, p >0.05, n = 4 – 5) or cortex (t(7) = 0.6, p >0.05, n = 4 – 5). This gives confidence 

that the protein level changes detected in the Western blot were due to GDF-11, and not 

the result of non-specificity due to GDF-8. 
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Figure 7: GDF-8 expression in the cortex and dentate gyrus. A) Quantification of 

GDF-8 expression in the cortex. B) Quantification of GDF-8 in the dentate gyrus. C) 

Representative 20x image of GDF-8 (red) over DAPI (blue). 
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Increased pSMAD2/3 expression in brain regions for treated young mice 

Phosphorylated SMAD2/3 (pSMAD2/3) is the most well-known downstream effector of 

GDF-11, and was one of the downstream targets explored in effort to determine the 

mechanisms behind the improved short term memory. pSMAD2/3 expression was 

quantified in the dentate gyrus (DG) and cortex, which are regions well known to be 

associated with short-term memory processing (Squire, 1992). Results of the 

immunofluorescence experiments are shown in Figure 8. Two-way ANOVA determined 

a significant interaction in both the DG ((F(1,13) = 11.0, p < 0.01, n = 6) and cortex ((F(1,13) 

= 18.2, p < 0.001, n = 6). Bonferonni pairwise comparison showed significantly higher 

pSMAD2/3 expression levels in the DG of young mice treated with GDF-11 than both 

saline treated young mice (p < 0.01, n = 6) and GDF-11 treated middle-age mice (p < 

0.05, n = 5 – 6). In the cortex, GDF-11 treated young mice showed significantly higher 

pSMAD2/3 expression levels than all other treatment groups (p < 0.001, n = 6). This data 

suggests that the increased GDF-11 protein levels observed previously is resulting in 

increased activation of the GDF-11 pathway. There was however an improvement in 

visual memory observed in the GDF-11 injected middle-age mice, which did not show 

noticeable increase in pSMAD2/3 expression (p > 0.05 n = 6). 
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Figure 8: pSMAD2/3 expression in the cortex and dentate gyrus. A) Quantitative 

analysis of co-localizations in the cortex shows a significant increase in pSMAD2/3 

levels in 1.5-months old mice treated with rGDF-11 compared to all other groups. B) Co-

localization counts in the dentate gyrus are lower in number compared to the cortex, but 

show similar trends, with 1.5-months old mice treated with rGDF-11 significantly higher 

in number than other groups. C) Representative image of the cortex and dentate gyrus, at 

20x magnification, of pSMAD2/3 (red) over DAPI (blue). *p < 0.05, **p < 0.01, and 

***p < 0.001, Bonferroni post-hoc pairwise comparison. 
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pAkt protein expression is significantly higher in the brains of treated young mice 

As pSMAD2/3 did not appear promising as a possible mechanism to explain the 

functional improvements in middle aged mice, another effector of GDF-11 that was not 

related to the pSMAD2/3 pathway was evaluated. Phosphorylated Akt (pAkt) is another 

important downstream effector of GDF-11 (Egermann and Glass, 2014) known for a 

plethora of effects, including neuronal survival (Noshita et al, 2002). Western blot of 

whole brain lysate was carried out, and the results are shown in Figure 9. Two-way 

ANOVA showed an interaction between age and treatment (F(1,16) = 7.9, p < 0.05, n = 5). 

Bonferonni post-hoc test showed significantly higher pAkt protein levels in GDF-11 

treated young mice (p < 0.01, n = 5). This result once again confirms that the increased 

GDF-11 levels detected previously in the brains of young GDF-11 treated mice is 

activating the GDF-11 cascades, but still did not provide a mechanism for the behavioral 

improvement observed in middle-age mice. 
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Figure 9: pAkt protein expression in whole brain lysate. A) pAkt western blot data 

after normalization via GAPDH. 1.5-months old mice treated with rGDF-11 showed 

significantly higher pAkt expression than other groups. B) Representative image of pAkt 

western blot. **p < 0.01, Bonferroni post-hoc pairwise comparison. 
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Increased PH3 and DCX expression in brain regions for treated middle-aged mice 

GDF-11 was previously shown to be effective at increasing both neurogenesis and odor 

detection tests in aged mice (Katsimpardi et al, 2014). As the DG is one of the few sites 

for adult neurogenesis in both mice and humans, we used immunofluorescence to detect 

for neurogenesis markers in the DG of treated mice, results of which are shown in Figure 

8. Two previously validated neurogenesis markers were used: DCX and PH3 (Rao and 

Shetty, 2004, Komitova et al, 2005). Independent t-test of  DCX levels in the DG for 

young and middle-age mice treated with GDF-11 showed a significantly higher 

expression in  middle-age brains (t(7) = 4.74, p < 0.01, n = 4-5) (Figure 10A). Similarly, 

PH3 expression was significantly higher for middle-age mice treated with GDF-11 

compared to young mice (t(8)=4.76, p < 0.01, n = 5) (Figure 10B). This suggested that 

GDF-11 promoted an increase in neurogenesis that was correlated with the improved 

visual memory of middle-age mice treated with GDF-11, and could present a possible 

mechanism for the behavioral improvement.  There are several reasons why this rapid 

induction of neurogenesis could be observed, which could be related to the potential 

impact of GDF-11 on neurotrophic support in the brain (Ge et al, 2005, Lu et al 2005, 

Bouchard and Villeda, 2015). Indeed, GDF-11 had been previously shown to target 

expression of brain derived neurotrophic factor (BDNF) (Ge et al, 2005), among others.  
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Figure 10: Neurogenesis marker expression in the dentate gyrus of rGDF-11 treated 

mice. A) Quantification of DCX co-localization. 9-months old mice show significant 

increase in expression. B) Quantification of PH3 co-localization. 9-months old mice 

show significant increase in expression. C) Representative images of DCX expression 

(red) over DAPI (blue) in 1.5-months old mice (a) and 9-months old mice (b), and PH3 

expression (red) over DAPI (blue) in 1.5-months old mice (d) and 9-months old mice (e). 

**p < 0.01, Bonferroni post-hoc pairwise comparison. 
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Discussion 

 

The data presented in this thesis demonstrate that a single intraperitoneal injection 

of 0.1mg/kg rGDF-11 was sufficient to counteract the age-related decline in short term 

memory in middle-aged mice, showing a dramatic improvement in visual memory. One 

injection of rGDF-11 resulted in a rapid enhancement in neurogenesis in the middle-aged 

mouse brain, suggesting a possible mechanism of action for the behavioral improvement.  

This initiation of neurogenesis could reflect a GDF-11 induced enhancement in 

neurotrophic support in the brain, which could account for the rapid behavioural 

improvement observed.  Indeed, previous research has shown that several neurotrophic 

factors are targets of GDF-11 (Ge et al, 2005, Lu et al, 2005, Bouchard and Villeda, 

2015). 

 

Baseline behavior experiments for young and middle-aged C57Bl/6 mice. 

 Baseline testing of 1.5 months-old (young) and 9-months old (middle-aged) 

showed a significant decline in performance in the visual short term memory, using the 

NOR task. This decline is similar in humans in the early middle-age years, where an 

observable decline in short-term memory task performance becomes statistically relevant 

(Salthouse, 2009).  Whether this deficit is due to decline in processing speed or other 

mechanisms, it is clear that visual memory generally declines with age and can be evident 

quite early in the middle aged years.  This loss in visual memory could be an initial 
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indicator of the initiation of age-related cognitive decline and could be a precursor to 

cognitive dysfunction seen in more advanced old age.   

At 9-months old, the spatial memory-testing Y-maze task did not show any 

significant age-related decline. It has been previously shown that a significant decline to 

spatial memory was present between young and middle-aged mice, however the middle-

aged mice had a more diverse age group of 9-12-months of age (Gower and Lamberty, 

1993). Another likely contributing factor for this difference in results was due to the 

difference in behavior task. The previous work used a Morris Water Maze and based its 

results on a training regimen, while the current work used a Y-maze test that looked only 

at very short-term memory (seconds to minutes) for mice at one intersection, which is a 

less difficult memory task.   

 

Behavioral impact of rGDF-11 treatment. 

 The data collected toward this thesis showed significant improvement in 

performance of the NOR task for the middle-aged mice treated with rGDF-11 compared 

to middle-aged mice treated with a control saline 24 hours after treatment. Another 

significance was also detected between young mice treated with rGDF-11 and middle-

aged control mice. No increase in performance was observed between young mice treated 

with rGDF-11 compared to the young mice control group. Surprisingly, when compared 

to the baseline experiments, there was no significant change in NOR task performance 

between control groups of different ages, but statistically the p-value for the Bonferonni 

test between the two groups was so incredibly close to significance, it was likely that 
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significance would have been reached should there have been a greater number of test 

animals per group.  

These results suggest that a singular injection of rGDF-11 was sufficient to 

significantly improve visual memory in mice, but when compared within their own age 

groups, there is only significant improvement in older mice, after cognitive decline had 

begun.  

 

GDF-11 and its downstream cascade. 

 In order to better understand the mechanisms behind the behavior effects of 

rGDF-11, this study investigated the protein levels of GDF-11 in the brain and its direct 

downstream cascade in the dentate gyrus and cortex, two regions known to be involved in 

visual memory. This study showed a significant increase in GDF-8+11 protein levels in 

the brain of young mice treated with rGDF-11 that was not replicated in the middle-aged 

mice. Due to the non-specificity of the antibody used to label GDF-11, it was necessary 

to observe protein levels of its family member GDF-8, and this study demonstrated that 

in the dentate gyrus of the hippocampus and in the cortex, GDF-8 protein expression was 

consistent between rGDF-11 treated mice in both age groups in both regions. This then 

suggests that the increase in protein level detected was due to GDF-11, and not GDF-8.  

 In a similar trend, protein expression of pSMAD2/3, the well characterized 

downstream effector of GDF-11(Katsimpardi et al, 2014, Zhang et al, 2016), was 

significantly elevated in young mice treated with rGDF-11 but not middle-aged mice. 

Similarly, when comparing within age groups, rGDF-11 treated young mice show 
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significant elevation compared to the young control group, while no significant 

differences were observed between the middle-aged rGDF-11 treated mice and control 

group. This trend was again reflected when determining the brain protein levels of pAkt, 

a known downstream effector of GDF-11 involved in cell survival and proliferation 

(McPherron, 2010, Brun and Rudnicki, 2015), with young mice treated with rGDF-11 

having significantly higher protein levels of pAkt than middle-aged mice. 

 As pSMAD2/3 is the most well-known secondary messenger of GDF-11 and is 

believed to be the primary known method GDF-11 uses to affect cellular changes via 

DNA methylation (Schmierer and Hill, 2007), these findings suggest that the direct 

downstream cascade of GDF-11 was unlikely the main mechanism behind the recovery 

of visual memory functions to pre-decline levels in middle-aged mice treated with rGDF-

11. In fact, GDF-11 protein levels seems to indicate that GDF-11 levels in middle-aged 

mice brains were not changed at all compared to control mice. One possible explanation 

for this is an age-related change to the composition of the blood-brain barrier (BBB) that 

is preventing GDF-11 from entering in middle-aged mice, and rodents do have tighter 

BBBs than most model organisms (Bradbury, 1979). It is, however, too early to come to 

such a conclusion- GDF-11, similar to GDF-8, do not exist in active form in the 

bloodstream, but rather inactivated by bound proteins such as the protease inhibitor GDF-

associated serum protein-1 (GASP-1) (Hill et al, 2008), as well as its own pro-peptide 

(Annes et al, 2003, Schmierer and Hill, 2007, Hill et al, 2008, McPherron, 2010). As the 

rGDF-11 treated mice were given one single injection of 0.1mg/kg rGDF-11, which is 

known to be elevated in the bloodstream consistently at 24 hours after injection but not 

after (Loffredo et al, 2013), a possible explanation for the seemingly absent GDF-11 in 
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the brains of middle-aged mice was due to consumption, while the elevated GDF-11 

found in young treated mice are inactive, bound by GASP-1/2 and other inhibitory 

molecules, unable to bind to its receptors.  

 

Neurogenesis in rGDF-11 treated mice. 

 Aged mice undergoing rGDF-11 treatment were previously shown to have 

significantly increased neurogenesis in the sub-ventricular zone and angiogenesis 

throughout the brain (Katsimpardi et al, 2014). As the DG also undergoes significant 

adult neurogenesis (Cameron and McKay, 2001) that has been linked to memory 

formation (Gould et al, 1999, Snyder et al, 2005) we quantified neurogenesis in the DG 

for all treatment groups. DCX and PH3 are two neurogenesis markers that bind to new 

neurons and cells leaving the S phase of mitosis, respectively, to obtain a more accurate 

view of neurogenesis levels and ensure higher confidence in the results. Both DCX and 

PH3 expression was demonstrated to be significantly greater in middle-aged mice treated 

with rGDF-11 when compared to young mice treated with rGDF-11, a noticeable result 

considering adult neurogenesis should be equal if not slowing down when comparing 9-

months old middle-aged mice to young 1.5-months old mice (Dutta and Sengupta, 2015). 

While the correlative trends between neurogenesis and NOR performance between 

treatment groups is promising, unfortunately the earliest neurogenesis in the DG has been 

positively linked to improved memory is 4 days after neurogenesis (Snyder et al, 2005), 

which disqualifies it from being a direct mechanism contributing to the cognitive 

improvement. However, it was shown that hippocampal related learning and memory 
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formation improves adult neurogenesis in the DG (Gould et al, 1999, Snyder et al, 2005), 

thus this observed increase in neurogenesis post-treatment in middle-aged mice is likely 

beneficial to the cognitive functions of the treated mice. Furthermore, it is possible that 

the direct mechanisms responsible for the cognitive improvements are also responsible 

for the increase in expression of early neurogenesis markers, and are regulators of 

neurogenesis and involved in neuroplasticity. Neurotrophic factors are a family of 

molecules that fit all the above criteria- known to support neuronal survival, involved in 

neuron differentiation and maturation, and play a role in synaptic plasticity (Ip and 

Yancopoulous, 1996, Lo, 1995, Frostick et al, 1998).  

One possible candidate is Brain Derived Neurotrophic Factor (BDNF), which is 

known to be involved in neurogenesis, hippocampal learning, and has been suggested to 

have a co-regulatory relationship with GDF-11 and the TGF-β superfamily (Hall et al, 

2000, Lu et al, 2005, Lu et al, 2008, Bickford et al, 2015). Another possible contributor is 

Nerve Growth Factor (NGF), the “archetypical neurotrophin” (Lo, 1995) that is known to 

have functions directly regulated by GDF-11, such as neuro-differentiation (Ge et al, 

2005). NGF expression decreases with age in the brain, and NGF treatment has been 

shown to have similar cognitive rejuvenation effects as GDF-11 in rodent models 

(Fischer et al, 1991, Terry Jr et al, 2011). Finally, this paper suggests Glial cell line-

Derived Neurotrophic Factor (GDNF) as a third possible target of GDF-11. GDNF is a 

neurotrophic factor family that is related to the TGF-β super-family (Frostick et al, 1998), 

contributing to the development of the peripheral nervous system (Baloh et al, 2000). 

GDNF receptor knock-out mice were observed to have impaired memory and behavioral 

flexibility (Voikar et al, 2004), and GDNF treatment of aged rats through a transgene 
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inserted into the astrocyte results in significant improvements in memory and learning 

(Pertusa et al, 2008). While the relationship between neurotrophic factors and GDF-11 is 

currently poorly understood, the known functions of these molecules make for promising 

areas of further research. 
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Conclusion 

 To our knowledge, this is the first set of data to show that rGDF-11 is able to 

restore age-related cognitive decline in middle-aged mice. The results suggest that a 

single dose of rGDF-11 was sufficient to alleviate the decline of visual memory in 

middle-aged, 9-months old male C57Bl/6 mice. Increased neurogenesis in the dentate 

gyrus of 9-months old treated mice was detected 30 hours after injection with rGDF-11. 

Early indicators of enhanced neurogenesis also presents a possible clue to the 

mechanisms involved in the restoration of cognitive function, mediated by neuroplasticity 

and enhanced neurotrophic support. 
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