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Systemic regulation of synaptic, regenerative, and 

cognitive dysfunction during aging 

Lucas K. Smith 

Abstract 

Aging is a prominent risk factor for cognitive decline and neurodegenerative disease. 

Particularly sensitive to the effects of aging are functions governed by the hippocampus and 

indeed, impairments in hippocampal-dependent episodic and spatial memories have been 

observed in aged rodents, monkeys, and humans. While the mechanisms by which age-related 

cognitive impairments emerge are multifaceted, neuronal dysfunction and impaired plasticity are 

frequent hallmarks of brain aging thought to underlie cognitive decline. In the hippocampus, this 

is manifested as a loss of neurogenesis and decreased long-term potentiation, which is 

accompanied by corresponding decreases in synaptic density and synaptic protein expression. 

As the human population ages, understanding mechanisms governing hippocampal aging is 

increasingly important as means of identifying therapeutic targets to slow or even reverse aging 

in the brain. While significant work has characterized intrinsic cellular changes that contribute to 

age-related loss of neurogenesis, synaptic dysfunction, and cognitive decline, recent studies 

posit age-related changes in blood as a critical regulator of brain aging. Indeed, emerging 

studies utilizing the model of heterochronic parabiosis - in which the circulatory system of a 

young and old mouse is surgically joined - have revealed bidirectional pro- and anti- aging 

effects of old or young blood exposure on hippocampal neurogenesis, synaptic plasticity, and 

cognition. To date, studies have focused on age-related changes in blood-borne factors as 

regulators of hippocampal aging, and whether other components of blood contribute to 

hippocampal aging remains to be fully elucidated. Here, we assess the role of cellular aging of 

the hematopoietic system in driving hippocampal aging (Chapter 2) and test whether circulating 
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exosomes in young blood contain rejuvenating capacity on the aged brain (Chapter 3). We find 

that cellular aging of the hematopoietic system, and downstream changes in blood-borne 

factors, drive age-related impairments in hippocampal cognition. Additionally we find that 

systemic administration of young plasma-derived exosomes fail to rejuvenate the aged 

hippocampus, but increase synaptic protein expression in the aged cortex.  
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Chapter 1: Introduction 

The systemic environment regulates hippocampal aging 

Lucas K. Smith 

1.1 The mammalian hippocampus and aging 

Mammalian aging is associated with the emergence of diverse and widespread 

impairments in tissue homeostasis and regenerative capacity1,2. In the brain, aging leads to a 

decline in cognitive processes3 and is the prominent risk factor for dementia-related 

neurodegenerative disease4. One region of the brain that is particularly susceptible to the 

effects of aging is the hippocampus, which governs important cognitive functions including 

spatial navigation and episodic memory5. Sensory information is processed through the 

hippocampus primarily by glutamatergic signaling at dendritic spines along the trisynaptic 

circuit6. Specifically, inputs from the entorhinal cortex (EC) connect to granule neurons in the 

dentate gyrus (DG), which, in turn, project to pyramidal neurons in the Cornu Ammonis region 3 

(CA3), via mossy fiber axons. CA3 neurons project to pyramidal neurons in the CA1 by Schaffer 

collateral projections, and CA1 outputs to the EC. In response to stimulation, neurons undergo 

structural and functional changes that promotes synaptic strengthening, a process termed long-

term potentiation (LTP). This process is thought to be a cellular underpinning of hippocampal 

learning and memory7, and is dependent on changes in the glutamate receptors α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor and N-methyl-d-aspartate (NMDA) 

receptor8,9. 

The mammalian hippocampus is a unique brain region, in that it retains neurogenic 

capacity throughout life10. The process of neurogenesis begins when neural stem cells (NSCs), 

residing in the subgranular zone (SGZ) of the DG, enter a proliferative neuroblast state and give 

rise to immature neurons that migrate into the granule cell layer of the DG. There, newly formed 

neurons extend processes and ultimately integrate into the hippocampal circuit projecting to the 
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CA3. While a recent histological study has challenged the existence of neurogenesis in the adult 

human brain11, many other studies employing 14C or BrdU/IdU birthdating12–14, and histological 

approaches15–17 support the existence of neurogenesis as a robust process in the adult human 

hippocampus. Indeed, studies have estimated that the adult human hippocampus contains 

thousands of immature neurons at various stages of maturation16 and produces a median of 700 

new neurons per day12. 

Adult neurogenesis has been implicated in cognitive function, and recent rodent studies 

employing increasingly refined approaches have strengthened this link. For example, impaired 

spatial memory has been reported in mice after genetic and pharmacological ablation of 

proliferating neural progenitor cells (NPCs), or after optogenetic silencing of newborn granule 

cell neurons18,19. Moreover, lentiviral mediated enhancement of neurogenesis has been shown 

to improve contextual learning and memory in aged mice20. Interestingly, recent histological 

studies suggest that hippocampal neurogenesis may be similarly relevant to cognition in 

humans. For example, levels of hippocampal neurogenesis have recently been shown to 

correlate with cognition in aged humans17. Additionally, decreased hippocampal neurogenesis 

has been observed in Alzheimer’s disease patients compared to cognitively normal age-

matched controls, with the levels of neurogenesis showing an inverse correlation with disease 

severity16.  

Aging is associated with the emergence of impairments in neuronal and neurogenic 

function in the hippocampus, accompanied by concomitant cognitive decline and increased risk 

for neurodegenerative disease21. At the neuronal level, aging is associated with impaired LTP, 

which has been demonstrated by electrophysiological recordings in hippocampal slices22,23. 

Potentially contributing to the age-related decline in LTP, decreased expression of NMDA!and!

AMPA receptor subunits has been reported in the aged hippocampus24–26. At a structural level, 

decreased dendritic spine density has been frequently observed in the hippocampus of aged 
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rodents and primates27, and is associated with age-related cognitive impairments28. Additionally, 

aging is associated with a marked decrease in hippocampal neurogenesis. This decline has 

been well characterized in rodents29,30, and has been observed in a number of human studies 

using histological and birthdating methods12,16,31. Notably, aging results in a decline in the entire 

neurogenic cascade, and is associated with a decrease in the number of NSCs, neuroblasts, 

and newly born neurons in the DG of mice and humans12,16,29,31. Moreover, recent work has 

found that aged hippocampal NSCs are more quiescent than young NSCs32, suggesting that the 

age-related decrease in hippocampal neurogenesis reflects both a decline in NSC number and 

function.  

Together, these cellular changes are thought to contribute to the emergence of cognitive 

impairments in aging33. Behavioral testing in animal models has revealed age-related 

impairments in hippocampal-dependent spatial memory and contextual fear memory34,35.  

Similarly, in healthy humans, hippocampal-dependent spatial and episodic learning and memory 

decrease during aging36–38. 

As the human population is ages39, identifying the drivers of hippocampal aging is 

increasingly important for the therapeutic extension of healthspan. To that end, recent studies 

have identified the systemic environment as an important regulator of neuronal function, 

neurogenesis, and cognition in the aged hippocampus (Figure 1.1). Studies using the model of 

heterochronic parabiosis, in which the circulatory systems of a young and aged mouse are 

surgically joined, have revealed bidirectional pro- and anti-aging effects of old and young blood 

exposure on the central nervous system, respectively34,40–45. Identifying the mechanisms 

underlying these effects is now of paramount importance.  

 

1.2 Old blood promotes hippocampal aging 

Exposure to old blood in the model of heterochronic parabiosis has been shown to 

promote a number of cellular hallmarks of aging in the young hippocampus. At the neuronal 
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level, old blood impairs LTP in the young brain, as assessed by electrophysiological recordings 

on hippocampal slices34. Moreover, old blood exposure inhibits hippocampal neurogenesis, 

leading to a decrease in the numbers of NPCs, immature neurons, and newly formed mature 

neurons in the DG of young mice34,45. Corroborating these findings, in an independent, catheter-

based model of heterochronic blood exchange, short-term exposure to old blood has been 

shown to exert anti-neurogenic effects on the young hippocampus46. In addition to the pro-aging 

effects of old blood exposure observed in heterochronic parabiosis and catheter-based blood 

exchange studies, systemic administration of old blood plasma has been shown to inhibit 

hippocampal neurogenesis in young mice and to impair hippocampal-dependent cognition in the 

radial arm water maze (RAWM) and contextual fear conditioning (FC) behavioral paradigms34,44. 

These studies posit age-related changes in soluble blood-borne factors as a mediator of the 

pro-aging effect of old blood.  

Initial studies have identified a number of candidate pro-aging factors elevated in the 

blood of aged mice and young heterochronic parabionts, of which, Beta-2-microglobulin (B2M) 

and C-C motif chemokine ligand 11 (CCL11) are additionally elevated in the blood of aging 

human subjects34,45,47–49. Interestingly, systemic administration of B2M or CCL11 in young mice 

promotes age-related impairments in hippocampal neurogenesis and cognition34,45. Moreover, 

systemic administration of CCL11 has been shown to drive an age-related decrease in dendritic 

spine density in the hippocampus of young mice50. Recent studies have identified additional pro-

aging immune factors, including vascular cell adhesion molecule 1 (VCAM-1) and transforming 

growth factor beta (TGF-B), which are elevated in the blood of aged mice44,51. Systemic 

inhibition of VCAM-1 or TGF-B in aged mice, via an antibody or pharmacological mediated 

approach, respectively, has been shown to increase neurogenesis and/or improve hippocampal 

cognition44,51. Collectively, these studies posit the accumulation of pro-aging factors in blood as 

a driver of hippocampal aging, and demonstrate the therapeutic potential of inhibiting such 

factors.  
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Notably, all blood-borne pro-aging factors identified to date are immune related 

molecules, positing age-related changes in the peripheral immune system as a driver of 

hippocampal aging52. In blood, aging drives many functional and structural changes that result 

in impaired immunity, increased rates of anemia, and increased incidence of myeloid 

malignancies53. Specifically, aging results in decreased production of naïve T cells, and a 

peripheral expansion of senescent memory and effector T cells54 that may promote an 

inflammatory systemic milieu as a result of their elevated cytokine production55–57. Similarly, 

there is reduced production of naïve B cells, and an accumulation of memory B cells with 

increased production of autoreactive antibodies54. Accompanying these changes to the adaptive 

immune system, is the progressive dysregulation of the innate immune system, which includes 

the functional decline of neutrophils, natural killer cells, monocytes, and dendritic cells58. 

Together, these changes are poised to contribute to the accumulation of pro-aging factors in old 

blood. Indeed, increased transcription the pro-aging factor, B2M has been reported in aged 

human peripheral blood mononuclear cells (PBMCs)59. However, whether cellular aging in blood 

contributes to hippocampal aging remains to be elucidated. 

 

1.3 Young blood rejuvenates the aged hippocampus  

In addition to elucidating the pro-aging effects of old blood exposure on the young 

hippocampus, studies using the model of heterochronic parabiosis have revealed broad 

rejuvenating effects of young blood exposure on the aged brain34,40,42,43. Indeed, during 

parabiosis, young blood has been shown to increase LTP, dendritic spine density, and 

neurogenesis in the aged hippocampus34,43. Additionally, administration of young mouse plasma 

has been shown to improve hippocampal-dependent cognition in aged mice43,60, suggesting that 

the benefits of young blood exposure are, at least in part, mediated by soluble factors present in 

young plasma. Mechanistically, the rejuvenating effects of young plasma administration are 

dependent on the phosphorylation of the transcription factor cAMP response element-binding 
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protein (CREB) in the aged hippocampus43. Further supporting the findings that young blood 

exposure is beneficial for neuronal function, in vitro studies have shown that young mouse 

serum enhances synaptic density and increases NMDA receptor expression in human excitatory 

neurons, compared to old serum61. Interestingly, administration of human umbilical cord plasma 

has been shown to increase LTP and improve hippocampal-dependent cognition in aged 

mice62, suggesting that young human blood may contain rejuvenating capacity.  

These studies have prompted much interest in the identification of anti-aging factors in 

young plasma for rejuvenaton of the aged hippocampus. Two such factors have been identified 

to date, tissue inhibitor of metalloproteinases 2 (TIMP2) and osteocalcin (OCN)60,62. TIMP2, is 

elevated in human umbilical cord plasma and decreases in the plasma of mice during aging62. 

Systemic administration of TIMP2 in aged mice promotes LTP and hippocampal-dependent 

cognition, while depletion of TIMP2 prevents the beneficial effects of human umbilical cord 

plasma treatment on hippocampal cognition62. Similarly, systemic administration of OCN 

promotes hippocampal cognition in aged mice, while depletion of OCN prevents the 

rejuvenating effects of young mouse plasma treatment on hippocampal cognition60. 

In addition to these studies demonstrating beneficial effects of pro-youthful soluble 

factors in blood, recent studies suggest that young hematopoietic cells may exert rejuvenating 

effects on the aged hippocampus. For example, a recent study employing heterochronic bone 

marrow transplantation found that reconstituting the blood of aged mice with a young 

hematopoietic system led to decreased circulating CCL11 and increased cognition50. 

Additionally, the depletion of CD4 T cells or monocytes in the blood of young mice has been 

shown to impair hippocampal neurogenesis and/or cognition63–65 suggesting a neurotrophic 

function of young peripheral immune cells, which may be lost during aging52.  

To date, whether other components of young blood exert rejuvenating effects on the 

aged hippocampus remains to be fully elucidated. One untested component of young blood with 

potential rejuvenating capacity, is exosomes. Exosomes, are 40-150 nm vesicles, that carry a 
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wide array of proteins, mRNAs, and miRNAsreviewed in 66,67,68. These vesicles are thought to 

mediate intercellular communication via fusion with the plasma membrane69, phagocytosis70, or 

via extracellular ligand-receptor signaling71–73. Interestingly, emerging studies have increasingly 

implicated exosomal signaling as a regulator of homeostatic and regenerative capacity in the 

brain, regulating synaptic plasticity and neurogenesis, in vitro74. Exosomes are abundant in 

blood75, and recent studies suggest that they can cross the blood-brain barrier76–79 positioning 

them as a potential link between age-related changes in blood and brain aging. Supporting this 

hypothesis, a recent study found that young blood-derived exosomes promote myelination in the 

aged rat motor cortex80. Whether young plasma-derived exosomes exert additional rejuvenating 

effects on the aged brain remains to be tested.   

 

1.4 Aims of this study 

 The aim of this study is to expand understanding of systemic regulation of hippocampal 

aging and to identify potential therapeutic strategies to improve cognition in old age.  

To that end, in chapter 2, we examine the role of cellular aging of the hematopoietic 

system in contributing to the pro-aging effects of old blood. We identify the aged hematopoietic 

system as a driver of the age-related decline in hippocampal neurogenesis, synaptic protein 

expression, and cognition. At a mechanistic level, we identify a number of aged-hematopoietic 

system-induced factors, of which Cyclophilin A (CyPA) acts as a pro-aging factor. Systemic 

upregulation of CyPA impairs hippocampal cognition in young mice, and systemic inhibition of 

CyPA improves hippocampal cognition in aged mice. 

  In chapter 3, we examine whether exosomes isolated from young mouse plasma 

contain rejuvenating capacity in the aged brain. We find that young plasma administration 

promotes hippocampal neurogenesis, improves hippocampal cognition and increases 

expression of synaptic proteins in the hippocampus and cortex of aged mice. Additionally, we 

find that administration of young plasma-derived exosomes does not recapitulate any of the 



! 8!

beneficial effects of young plasma administration on the aged hippocampus. However, aged 

mice treated with young plasma-derived exosomes exhibited increased synaptic marker 

expression in cortex, suggesting region specific mechanisms of brain rejuvenation by young 

blood.  
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Figure 1.1 Age-related changes in blood regulate hippocampal neurogenesis, neuronal 
function, and memory. During aging, the cellular and extracellular components of blood 
change, leading to an accumulation of pro-aging immune molecules and a loss of neurotrophic 
factors. These changes in blood drive cellular hallmarks of hippocampal aging and impair 
cognition. To what extent cellular aging of blood contributes to these effects remains to be fully 
elucidated. Moreover, whether age-related changes in other components of blood, such as 
exosomes, regulate hippocampal aging remains unknown. Adapted from Smith et al, 201852 and 
Fan et al, 201721.  
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2.2 Abstract 

The aged systemic milieu promotes cellular and cognitive impairments in the 

hippocampus. Here, we report that aging of the hematopoietic system directly contributes to the 

pro-aging effects of old blood on cognition. Using a heterochronic hematopoietic stem cell 

(HSC) transplantation model (in which the blood of young mice is reconstituted with old HSCs) 

we find that exposure to an old hematopoietic system inhibits hippocampal neurogenesis, 

decreases synaptic marker expression, and impairs cognition. We identify a number of factors 

elevated in the blood of young mice reconstituted with old HSCs, of which Cyclophilin A (CyPA) 

acts as a pro-aging factor. Increased systemic levels of CyPA impair cognition in young mice, 

while inhibition of CyPA in aged mice improves cognition. Together, these data identify age-

related changes in the hematopoietic system as drivers of hippocampal aging.  
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2.3 Introduction 

Exposure to the aging systemic milieu, through models such as heterochronic 

parabiosis, promotes cellular, molecular, and structural changes in the brain that lead to 

cognitive decline1–4. To date, studies have focused on the role of circulating factors, such as 

CCL11, B2M, and VCAM-1, as mediators of the pro-aging effects of old blood on the brain2–5. 

Despite the fact that the pro-aging factors identified to date are immune-related molecules6, 

whether the aging hematopoietic system promotes hippocampal aging has not yet been 

investigated.  

In mice and humans, the hematopoietic system undergoes many functional and 

structural changes during aging, characterized by myeloid expansion, decreased immunity, and 

chronic low grade inflammation7. We hypothesized that these cellular changes contribute to 

hippocampal aging through the accumulation of pro-aging immune factors in old blood.  

 

2.4 Results 

Many of the age-related changes observed in old blood have roots in hematopoietic 

stem cell (HSC) aging8,9. Therefore, we employed a heterochronic HSC transplantation model to 

test how exposure to an aged hematopoietic system contributes to hippocampal aging (Figure 

2.1a). Young (2 months) recipient mice were sublethally irradiated (9 Gy) and transplanted with 

HSCs isolated from young (2 months) or old (24 months) donors, generating isochronic (Iso) 

and heterochronic (Het) HSC reconstituted young mice. Blood chimerism was assessed by 

measuring the proportion of CD45.2 donor cells in CD45.1 recipient mouse blood by flow 

cytometry (Figure 2.1b-c). Blood derived from old HSCs exhibited characteristic age-related 

myeloid bias 4.5 months post transplantation (Figure 2.1d-e). Animals showed no signs of 

illness or weight loss regardless of treatment (Figure 2.1f).  

To investigate whether exposure to an old hematopoietic system elicits age-related 

cognitive impairments, we assessed hippocampal-dependent associative fear memory and 
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spatial memory using contextual fear conditioning (FC) and radial arm water maze (RAWM) 

behavioral paradigms, respectively. While no differences were observed in baseline freezing 

during the training portion of the FC task (Figure 2.2a), Het HSC reconstituted young mice 

exhibited decreased freezing during contextual FC compared to Iso controls (Figure 2.2b), 

indicating impaired hippocampal-dependent memory. No differences were observed in the 

amygdala-dependent cued FC paradigm (Figure 2.2c). During RAWM, all mice showed similar 

swim speeds (Figure 2.2d) and learning capacity during the training portion of the task (Figure 

2.2e). Moreover, exposure to an aged hematopoietic system did not result in robust impairments 

in spatial memory during the testing portion of the task (Figure 2.2e). These data indicate that 

the aged hematopoietic system drives impairments in hippocampal-dependent associative fear 

memory.!
We next sought to assess cellular changes in the hippocampi of Het HSC reconstituted 

young mice that might contribute to cognitive decline. Hippocampal neurogenesis has been 

shown to decline with aging and after exposure to an aged systemic milieu3. Therefore, we 

tested whether exposure to an old hematopoietic system impairs neurogenesis by 

immunohistochemical analysis 4.5 months post HSC transplantation (Figure 2.3a-b). Although 

no difference was observed between groups in the number of Sox2+/GFAP+ neural stem cells 

in the dentate gyrus (DG), young mice exposed to an old hematopoietic system had decreased 

numbers of Doublecortin (DCX)-positive immature neurons compared to controls (Figure 2.3a-

b). To assess neuronal differentiation and survival, we employed a long-term 

bromodeoxyuridine (BrdU) incorporation paradigm, in which mature neurons derived from 

proliferating stem cells retain BrdU labeling (Figure 2.1a). We observed decreased numbers of 

BrdU+ cells co-labeled with the mature neuronal marker NeuN in the DG of Het HSC 

reconstituted young mice compared to Iso controls (Figure 2.3a-b). These data indicate that 

exposure to an old hematopoietic system impairs hippocampal neurogenesis.  



! 23!

 We next investigated whether exposure to an aged hematopoietic system elicits synaptic 

changes in the hippocampus at a molecular and structural level. Activation of the transcription 

factor, CREB, via phosphorylation, has been implicated in age-related cognitive decline and 

rejuvenation10,11. Correspondingly, we assessed levels of CREB phosphorylation (pCREB) and 

observed a decrease in Het HSC reconstituted young mice compared to Iso controls (Figure 

2.3c-d). Moreover, we observed decreased expression of the synaptic markers AMPAR and the 

NMDA receptor subunit NR2B (Figure 2.3c-d), both of which have previously been shown to 

decline with hippocampal aging12,13. At a structural level, we examined dendritic spine density in 

granule cell neurons, and observed a decrease in Het HSC reconstituted young mice (Figure 

2.3e-f). Together, these data indicate that the old hematopoietic system leads to an age-related 

decrease in synaptic density in the hippocampus. 

To gain mechanistic insight into how the old hematopoietic system exerts its deleterious 

effects on cognition, we assessed peripheral immune cell infiltration into the hippocampus. 

Immunohistochemical identification of CD45.2+ hematopoietic cells in the DG of CD45.1 

recipient mice revealed low and equivalent levels of immune cell infiltration in Het and Iso HSC 

reconstituted young mice (Figure 2.4a-b). While we cannot exclude the possible contribution of 

these small numbers of peripheral immune cells, we hypothesized that the pro-aging effects of 

the old hematopoietic system is predominantly mediated through peripheral changes in 

circulating blood factors.  

We performed unbiased proteomic analysis on blood plasma collected from Het and Iso 

HSC reconstituted young mice 4.5 months post transplantation. Using label-free mass 

spectrometry we identified 22 factors that were differentially expressed between Het and Iso 

HSC reconstituted young mice (Figure 2.5a). To identify potential pro-aging factors, we focused 

analysis on proteins that were upregulated ≥1.5 fold in the plasma of Het HSC reconstituted 

young mice (dotted line, Figure 2.5a). Of these, the most significantly upregulated cytokine was 

Cyclophilin A (CyPA, encoded by Ppia) - an intracellular protein containing peptidyl-prolyl cis-
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trans isomerase activity that is secreted in response to inflammatory stimuli14. Elevated CyPA 

plasma levels were confirmed in Het HSC reconstituted mice by western blot analysis (Figure 

2.5b-c). In an independent cohort of naïve mice, we detected an age-related increase in CyPA 

expression in blood cells by qPCR (Figure 2.5d). No age-related changes in CyPA expression 

were observed in other tissues (Figure 2.5d). Examination of a previously published human 

RNA-seq dataset from the GTEx project15, demonstrated a similar increase of CyPA in human 

blood cells during aging (Figure 2.5e).  We next analyzed the relationship between CyPA 

plasma levels and contextual FC performance in Iso and Het HSC reconstituted mice. We found 

an inverse correlation between CyPA levels and cognitive performance (Figure 2.5f) positing 

CyPA as a potential pro-aging factor with relevance to cognition.  

To test whether increasing systemic CyPA levels is sufficient to elicit age-related 

cognitive or cellular impairments, we utilized a hydrodynamic tail vein injection (HDTVI) in vivo 

transfection approach, wherein young (2 months) mice were intravenously injected with 

overexpression constructs encoding either CyPA or GFP control (Figure 2.6a). The HDTVI-

mediated increase in plasma CyPA levels was confirmed using a HiBiT tagged CyPA and 

luminescent detection approach (Figure 2.6b). Animals showed no signs of illness or weight 

loss regardless of treatment (Figure 2.6c).  One month after HDTVI, we assessed hippocampal-

dependent object recognition and associative fear memory using novel object recognition (NOR) 

and contextual FC behavioral paradigms, respectively (Figure 2.6d-g). In the testing portion of 

the NOR task, young control mice exhibited a significant preference for the novel object over the 

familiar object, consistent with proper cognitive function; however, this preference was lost in 

young mice overexpressing CyPA (Figure 2.6d).  In FC, no differences were observed in 

baseline freezing (Figure 2.6e). However, in the hippocampal-dependent contextual FC task, 

we observed decreased freezing in young mice overexpressing CyPA compared to controls 

(Figure 2.6f). No differences were observed in the amygdala-dependent cued FC task (Figure 

2.6g). At the cellular level, we examined hippocampal neurogenesis and observed no 
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differences in the number of DCX-positive immature neurons between treatment groups (Figure 

2.6h-i). At the molecular level, we assessed synaptic marker expression in the hippocampus of 

young CyPA overexpressing mice and controls. Increased systemic CyPA resulted in lower 

levels of NMDA receptor subunit NR2B and the pre-synaptic markers synapsin-1 and 

synaptophysin compared to control conditions (Figure 2.6j-k). These data indicate that 

increasing systemic CyPA promotes age-related cognitive decline and decreased levels of key 

proteins important for synapse function.   

Last, we explored whether inhibition of systemic CyPA in aged animals could ameliorate 

cognitive and cellular hallmarks of hippocampal aging. Aged (19 months) mice were 

administered with an anti-CyPA neutralizing antibody16 or IgG isotype control, 9 times over one 

month, via intraperitoneal injection (Figure 2.7a). No differences in weight were observed 

between groups (Figure 2.7b). Hippocampal-dependent cognition was examined by NOR and 

contextual FC behavioral paradigms (Figure 2.7c-e). In the testing portion of the NOR task, 

aged control mice failed to differentiate the novel from familiar object (Figure 2.7c), consistent 

with impaired cognitive function. However, aged mice treated with an anti-CyPA antibody 

exhibited a significant preference for the novel object (Figure 2.7c), indicating improved 

hippocampal-dependent memory. No differences in freezing were observed in FC (Figure 2.7d-

f). At the cellular and molecular level, inhibition of systemic CyPA in aged mice increased the 

number of DCX-positive immature neurons (Figure 2.7g-h), and increased expression of the 

NMDA receptor subunit NR2A and the presynaptic markers synapsin-1 and synaptophysin 

(Figure 2.7i-j). These data indicate that targeting extracellular CyPA at old age is sufficient to 

improve object recognition memory, promote neurogenesis, and increase the levels of key 

proteins important for synapse function.  
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2.5 Discussion 

Cumulatively, our data demonstrate that age-related changes in the hematopoietic 

system promote molecular, cellular, and cognitive hallmarks of hippocampal aging. We identify 

CyPA as a pro-aging factor whose expression is elevated in the blood of het HSC reconstituted 

young mice. While the cellular source of CyPA in het HSC reconstituted young mice remains to 

be elucidated, increasing CyPA in the blood of young mice, by HDTVI mediated overexpression 

of CyPA, impaired hippocampal-dependent cognition. Moreover, we found that the systemic 

inhibition of CyPA improved cognition in aged mice. Notably, inhibiting CyPA has been 

demonstrated to be neuroprotective in a mouse model of Amyotrophic lateral sclerosis17. In 

humans, elevated cerebrospinal fluid CyPA levels has recently been associated with cognitive 

impairments in Alzheimer’s disease patients expressing apolipoprotein E418. Moreover, in 

humans elevated CyPA plasma levels accompany a number of inflammatory age-related 

diseases, including diabetes19 and cardiovascular disease20,21. In these studies, CyPA plasma 

levels were also found to be elevated with aging19–21. While little is known about the role of 

CyPA in aging, recent proteomic analysis using mass spectrometry have identified CyPA as part 

of the senescence-associated secretory phenotype (SASP)22. Ultimately, our data identify the 

aged hematopoietic system, and downstream circulating immune factors, as potential 

therapeutic targets to restore cognitive function in the elderly.  
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Figure 2.1 Establishment of a heterochronic HSC reconstitution model. (a) Schematic 
showing isochronic (Iso) and heterochronic (Het) HSC transplantation paradigm in young mice. 
(b-c) Representative flow plots (b) and quantification (c) of peripheral blood chimerism in Iso 
and Het HSC reconstituted young mice (n=20/group). (d-e) Representative flow plot (d) and 
quantification (e) of myeloid bias in Iso and Het HSC reconstituted blood, 4.5 mo post 
transplantation (n=17-19/group). (f) Weights of young Iso and Het HSC reconstituted mice 
(n=14-19/group). All data shown as the mean +SEM. ***p<0.001, ****<0.0001. Repeated 
measures analysis of variance (ANOVA) with Sidak correction for multiple comparison (c,f). t-
test (e). 
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Figure 2.2 The aged hematopoietic system promotes hippocampal-dependent cognitive 
decline. (a) Baseline freezing of isochronic (Iso) and heterochronic (Het) HSC reconstituted 
young mice during the training portion of fear conditioning (FC) paradigm (n=17-19/group). (b-c) 
Hippocampal- and amygdala- dependent memory was assessed in Iso and Het mice by 
quantification of freezing during contextual (b) or cued (c) FC, respectively (n=17-19/group). (d) 
Swim speed of Iso and Het HSC reconstituted young mice during radial arm water maze 
(RAWM) task (n=17-19/group). (e) Number of errors made by Iso and Het HSC reconstituted 
young mice before finding the hidden platform in the training and testing portions of the RAWM 
paradigm (n=17-19/group).  All data shown as the mean +SEM. *p<0.05. Repeated measures 
analysis of variance (ANOVA) with Sidak correction for multiple comparison (e). t-test (a-d).  
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Figure 2.3 The aged hematopoietic system promotes cellular hallmarks of hippocampal 
aging. (a-b) Representative fields (a; scale bar=100um) and quantification (b) of Sox2+/GFAP+ 
(n=5-8/group), DCX+ (n=7-8/group), and NeuN+/BrdU+ (n=10-13/group) cells in isochronic (Iso) 
and heterochronic (Het) HSC reconstituted young mice. (c-d) Representative western blot (c) 
and quantification (d) of hippocampal lysates from Iso and Het mice, probed with anti-pCREB, 
AMPAR, NR2B, and GAPDH (n=4-5/group). (e-f) Representative Golgi stain (e; scale bar=5 
um) and quantification (f) of dendritic spine density on tertiary branches in the dentate gyrus of 
Iso and Het HSC reconstituted young mice (n=4-5/group). All data shown as the mean +SEM. t-
test (b,d,f). 
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Figure 2.4 Low infiltration of peripheral immune cells in the dentate gyrus of isochronic 
and heterochronic HSC reconstituted mice.  (a-b) Representative fields (a; scale bar=100 
um) and quantification (b) of the numbers of CD45.2+ cells observed in the parenchyma of the 
DG of isochronic (Iso) and heterochronic (Het) HSC reconstituted mice (n=6-7/group).  All data 
shown as the mean +SEM. t-test (b). 
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Figure 2.5 Identification of CyPA as a candidate pro-aging factor elevated in the blood of 
heterchronic HSC reconstituted young mice. (a) Heatmap of proteins differentially expressed 
(p<0.05) between plasma of isochronic (Iso) and heterochronic (Het) HSC reconstituted young 
mice, as determined by label-free mass spectrometry (n=6-8/group). (b-c) Representative 
western blot (b) and quantification (c) of CyPA in blood plasma of Iso and Het HSC 
reconstituted young mice. Ponceau S staining shown for loading (n=5-6/group). (d) CyPA 
expression across mouse tissues during aging by qPCR (n=5-6/group). (e) Aging-coefficients 
for CyPA across human tissues from RNAseq dataset (n=83-156 subjects/tissue). (f) 
Correlation of plasma CyPA levels assessed by western blot analysis, with percent time freezing 
in contextual FC in Iso and Het HSC reconstituted young mice (n=5-6/group). All data shown as 
the mean +SEM. *p<0.05. t test (a,c,d). Pearson correlation (f).  
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Figure 2.6 Systemic overexpression of CyPA promotes cellular and cognitive hallmarks 
of hippocampal aging in young mice. (a) Schematic showing hydrodynamic tail vein injection 
(HDTVI)-mediated CyPA overexpression (OE) paradigm in young mice. (b) Chemiluminescent 
detection of HiBiT-tagged-CyPA in blood plasma of CyPA-HiBiT overexpressing mice. Ponceau 
S staining shown for loading (n=3/group). (c) Weights of CyPA-OE and GFP-control young mice 
(n=16/group). (d) Preference of CyPA-OE or GFP mice for the novel object in the testing portion 
of the novel object recognition (NOR) behavioral paradigm (n=8-12/group). (e) Baseline freezing 
of CyPA-OE or GFP controls during training portion of the fear conditioning (FC) behavioral 
paradigm (n=15-16/group). (f-g) Hippocampal- and amygdala- dependent memory was 
assessed in CyPA-OE and GFP control mice by contextual FC (f; n=15-16) and cued FC (g; 
n=15-16), respectively. (h-i) Representative fields (h; scale bar=100um) and quantification (i) of 
DCX+ cells (n=11/group), in the dentate gyrus of young CyPA-OE and GFP control mice. (j-k) 
Representative western blot (j) and quantification (k) of hippocampal lysates from young CyPA-
OE and GFP control mice, probed with anti-NR2A, anti-NR2B, synapsin-1 (Syn-1), 
Synaptophysin (Syp), and GAPDH (n=5/group). All data shown as the mean +SEM. *p<0.05. 
Repeated measures analysis of variance (ANOVA) with Sidak correction for multiple 
comparison (c). One-sample t test vs. hypothetical mean of 50 (d). t test (e-g,i,k).  
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Figure 2.7 Inhibition of systemic CyPA ameliorates cellular and cognitive hallmarks of 
hippocampal aging. (a) Schematic showing CyPA inhibition paradigm in aged mice. (b) 
Weights of aged mice treated with an anti-CyPA or IgG isotope control (ctrl) antibody (n=12-14). 
(c) Preference of aged mice treated with an anti-CyPA or ctrl antibody for the novel object in the 
testing portion of the novel object recognition (NOR) behavioral paradigm (n=10-14/group). (d) 
Baseline freezing of anti-CyPA or ctrl antibody treated aged mice during training portion of fear 
conditioning paradigm (n=10-14/group). (e-f) Hippocampal- and amygdala- dependent memory 
was assessed in anti-CyPA or ctrl antibody treated aged mice in contextual FC (e; n=10-
14/group) and cued FC (f; n=10-14/group), respectively. (g-h) Representative fields (g; scale 
bar=100um) and quantification (h) of DCX+ (n=8-10/group), in the dentate gyrus of anti-CyPA or 
ctrl treated aged mice. (i-j) Representative western blot (i) and quantification (j) of hippocampal 
lysates from aged mice treated with an anti-CyPA or ctrl antibody, probed with anti anti-NR2A, 
anti-NR2B, synapsin-1 (Syn-1), Synaptophysin (Syp), and GAPDH (n=5/group). Repeated 
measures analysis of variance (ANOVA) with Sidak correction for multiple comparison (b). One-
sample t test vs. hypothetical mean of 50 (c). t test (d-f,h,j).  
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2.7 Materials and Methods 

Mice. Young (2-months) and old (19-24 mo) wild-type C57BL/6J and B6.SJL/BoyJ mice were 

obtained from the Jackson Laboratory and subsequently maintained in-house under specific 

pathogen-free conditions under a 12-h light-dark cycle. All studies were done in male mice. The 

numbers of mice used to result in statistically significant differences was calculated using 

standard power calculations with α = 0.05 and a power of 0.8. We used an online tool 

(http://www.stat.uiowa.edu/~rlenth/Power/index.html) to calculate power and sample size on 

the basis of experience with the respective tests, variability of the assays and inter-individual 

differences within groups. All animal handling and use was in accordance with institutional 

guidelines approved by the University of California, San Francisco (UCSF) Institutional 

Animal Care and Use Committee (IACUC). 

 

Irradiation and HSC transplantation. For transplantation studies, 2-month-old CD45.1 

C57Bl/6-Boy/J recipient mice were sub-lethally irradiated (9 Gy, administered in split doses, 3 

hours apart) using a 137Cs source (J.L. Shepherd). 2000 purified CD45.2 C57BL/6J HSCs were 

transplanted by retro-orbital injection to recipient mice, within 24h of irradiation. Recipient mice 

were maintained on antibiotic-containing water for 4 weeks post transplantation. Blood 

chimerism was assessed every 5 weeks by retro-orbital bleeding and flow cytometry. Mice with 

<80% blood chimerism, 3 months-post transplantation, were excluded from further analysis.   

 

Flow cytometry. HSCs were isolated as previously described23. Bone marrow was obtained 

from leg, arm, and pelvic bones, isolated in Hanks’ buffered saline solution (HBSS) 

supplemented with 2% heat-inactivated FBS. Erythrocytes were lysed in ACK (150 mM 

NH4Cl/10 mM kHCO3/10 mM EDTA). Bone marrow cells were further purified using a Ficoll 

gradient (Histopaque 119, Sigma-Aldrich). c-Kit-positive cells where enriched for with c-Kit 

microbeads (Miltenyi Biotec) and MACS Separation LS columns (Miltenyi Biotec). Bone marrow 
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cells were then incubated with purified rat anti-mouse antibodies for CD3 (BioLegend), B220 

(eBioscience), CD4 (eBioscience), CD5 (eBioscience), CD8 (eBioscience), CD11b 

(eBioscience), GR-1 (eBioscience), Ter119 (eBioscience), followed by goat-anti-rat-PE-Cy5 

(Invitrogen). Cells were blocked with purified rat IgG (Sigma-Aldrich) and stained with c-Kit-

APC-eFluor780 (eBioscience), Sca-1-PB (BioLegend), CD48-A647 (BioLegend), CD150-PE 

(BioLegend), and Flk2-bio (eBioscience), followed by SA-PE-Cy7 (eBioscience). Stained bone 

marrow cells were re-suspended in 1 ug/ml propidium iodine (PI) to exclude dead cells. HSCs 

were isolated by double sorting with a FACSAria II (BD Biosciences).  For blood chimerism 

analysis, erythrocytes were lysed in ACK, and cells were maintained in HBSS + 2% heat-

inactivated FBS. Blood was stained with CD11b-PE-Cy7 (eBioscience), Gr1-PB (eBioscience), 

B220 APC-Cy7 (eBioscience), CD3 APC (eBioscience), and TER119-PE-Cy5 (eBioscience), 

CD45.1-PE (eBioscience) and CD45.2-FITC (eBioscience). Stained blood cells were re-

suspended in 1 ug/ml PI (Thermo Fischer) to exclude dead cells. Chimerism was analyzed with 

a FACS LSR II using DIVA software (BD Biosciences) 

 

BrdU administration. For long-term BrdU labeling studies, 50 mg/kg of BrdU (Sigma-Aldrich) 

was injected intraperitoneally into mice daily for 5 days. Mice were euthanized 33-days after first 

BrdU injection.  

 

Immunohistochemistry. Tissue processing and immunohistochemistry was performed on free-

floating sections according to standard published techniques 2. Mice were anesthetized with 

87.5 mg/kg ketamine and 12.5mg/kg xylazine and transcardially perfused with 1x phosphate 

buffered saline (PBS). Brains were removed and fixed in phosphate-buffered 4% 

paraformaldehyde, pH 7.4, at 4oC for 48 h before cryoprotection in 30% sucrose. Brains were 

sectioned coronally, at 40 uM with a cryomicrotome (Leica Camera, Inc.) and stored in 

cryoprotective medium. Primary antibodies used were: goat anti-DCX (1:7000; Santa Cruz), rat 
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anti-BrdU (1:1000; Abcam), mouse anti-NeuN (1:1000; Millipore), goat anti-Sox2 (1:200, Santa 

Cruz), rabbit anti-GFAP (1:1000, Dako), ant-CD45.2-Alexa Fluor 647 (BioLegend). After 

overnight incubation, unconjugated primary antibody staining was revealed using fluorescence-

conjugated secondary antibodies (Life Technologies). For BrdU labeling, brain sections were 

pre-treated with 2 N HCl at 37oC for 30 min, and washed three times with Tris-buffered Saline 

with Tween (TBST) before incubation with primary antibody.  All cells were counted in the DG of 

every sixth coronal hemibrain section through the hippocampus and analyzed by confocal or 

epifluourescent microscopy using a Zeiss Axio Observer.Z1 or Axio Imager M2 microscope, 

respectively. CD45.2 cells were imaged as a Z-stack and counted in a standardized box 

centered on the DG and covered part of the hilus, granular cell layer, and molecular layer. 

CD45.2 counts were normalized to volume. 

 

Golgi Staining and analysis. Mice were anesthetized with 87.5 mg/kg ketamine and 

12.5mg/kg xylazine and brains were removed without perfusion. Golgi staining was performed 

using FD Rapid GolgiStain Kit (FD Neurotechnologies, Inc.; PK401), per manufacturers 

instructions. Hemibrains were rinsed in Milli-Q water and immersed in the impregnation solution 

(FD Solutions A+B) for 2 weeks (replacing impregnation solution one time, 24 hours after 

immersion). Samples were transferred into FD Solution C and incubated for 1 week, (replacing 

FD Solution C one time, 24 hours after immersion). 200 um sections were cut using a 

cryomicrotome (Leica Camera, Inc.), and sections were mounted on gelatin-coated slides (FD 

NeuroTechnologies) in a drop of FD Solution C. After drying, slides were rinsed in Milli-Q H2O 

2x for 4 min. Slides were transferred to developing solution (FD Solution D+E) for 10 min. Slides 

were then rinsed 2x in Milli-Q water, 4 min each, and dehydrated in 50%, 75%, 95%, (1x4 min 

each), and 100% ETOH (4x 4 min). Slides were then incubated in xylene 3x, 4 min each and 

coversliped with Permount (Fisher). Tertiary dendritic spines on granule cell neurons were 

imaged at 63x. Spines were counted on 2-3 tertiary dendrites/neuron and 5-11 neurons/mouse. 
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Western blot analysis. Mouse hippocampi were dissected after perfusion of animals, snap 

frozen, and lysed in RIPA lysis buffer (500 nM Tris, pH7.4, 150 mM NaCl, 0.5% sodium 

deoxycholate, 1% NP-40, 0.1% SDS, and complete protease inhibitors; Roche). For analysis of 

synaptic genes, in the Iso and Het HSC reconstituted cohort and GFP- or CyPA- overexpression 

cohort, mice with >55% contextual freezing in the control group and <55% contextual freezing in 

the treatment group were used. For analysis of plasma CyPA levels in Iso and Het mice, 

samples were depleted of the most abundant proteins using Proteome Purify 2 Mouse Serum 

Protein Immunodepletion Resin (R&D Systems) according to the manufacturer’s protocol. For 

analysis of HiBiT-tagged-CyPA in plasma of HDTVI mice, equal volumes of blood plasma were 

used. Samples were mixed with 4x NuPage LDS loading buffer (Invitrogen) and loaded on a 4-

12% SDS polyacrylamide gradient gel (Invitrogen) and subsequently transferred onto a 

nitrocellulose membrane. The blots were blocked in 5% milk in TBST and incubated with rabbit 

anti-pCREB (1:1000; Cell Signaling), rabbit anti-AMPAR (1:3000; Abcam), mouse anti-

Synaptophysin (1:1000; Millipore), rabbit anti-NR2B (1:2000; Millipore), rabbit anti-NR2A 

(1:4000;Millipore), rabbit anti-synapsin-1 (1:5000; Abcam), mouse anti-GAPDH (1:5000; 

Abcam), and rabbit anti-CyPA (1:200; Enzo Life Sciences). Horseradish peroxidase-conjugated 

secondary antibodies and enhanced chemiluminescence (ECL) kit (GE Healthcare) were used 

to detect protein signals. Membranes were imaged using a Chemidoc system (BioRad) and 

quantified using ImageJ software (Version 1.52a). GAPDH bands were used for normalization 

for hippocampal lysates. Equal loading of plasma was confirmed using Ponceau S solution 

(Sigma-Aldrich).   HiBiT was detected using the Nano-Glo HiBit lytic detection system 

(Promega) and luminescence was recorded with Chemidoc (BioRad).  

 

qPCR. Tissue was dissected, snap frozen, and total RNA was extracted using TRIzol reagent 

(Invitrogen). cDNA was subsequently synthesized and mixed using the HighCapacity cDNA 
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Reverse Transcription kit (ThermoFisher Scientific, Cat# 4374966) and mixed SYBR Fast mix 

(Kapa Biosystems), and our primers of interest. Quantitative RT-PCR was carried out in a 

CFX384 Real Time System (Bio-Rad). The following primers were used: GAPDH (F-!

AGGTCGGTGTGAACGGATTTG; R-! TGTAGACCATGTAGTTGAGGTCA ), PPIA (F-!

GGCAAATGCTGGACCAAAC;!R(!CATTCCTGGACCCAAAACG).!

 

Tissue expression of CyPA (human). Yang et al, (2015) identified age-related gene 

expression changes in human RNAseq data collected by the Genotype-Tissue Expression 

(GTEx) project24. They examined tissue expression changes in nine tissues: subcutaneous 

adipose, tibial artery, left ventricle heart, lung, skeletal muscle, tibial nerve, skin, thyroid, and 

whole blood (n/tissue = 83-156 subjects, ages 20-70 years). Using a linear regression model, 

Yang et al. generated an aging coefficient for each gene detected in each tissue. Aging 

coefficients that are significantly >0 after false discovery rate adjustments (q<0.05) are 

upregulated with age. We examined how CyPA expression changes with age in their dataset by 

graphing the aging coefficient of CyPA against the –log10 adjusted q-value.  

 

Plasmid generation. RNA was isolated from adult mouse spleen tissue using TRIZol reagent 

(Thermo Fisher Scientific) and PureLink™ RNA Mini Kit following the manufacturer’s 

instructions. The RNA concentration was determined via Nanodrop and RNA was reverse 

transcribed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) 

and oligo dT primers (Promega). The following primers were used for PCR amplification of the 

PPIA coding sequences and partial  3’ and 5’ untranslated regions (UTRs) from cDNA: 

CACCATGGTCAACCCCACCGTGTT (forward primer); GGTAAAATGCCCGCAAGTCA 

(reverse primer). The PPIA PCR product was purified, cloned into the pENTR D-TOPO vector 

(ThermoFisher Scientific) and sequence verified using standard M13F, M13R primers. The 
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coding sequence was further amplified and cloned into a bicistronic mammalian expression 

plasmid using the restriction sites NheI and EcoRI. A canonical Kozak sequence (GCCACC) 

was included in the forward primer. For the C-terminal HiBiT tagged PPIA, the nucleotide 

sequence  coding for the 11amino acid HiBiT tag was include in the reverse primer. The 

resulting bicistronic plasmid vectors expressed untagged or HiBiT-tagged Ppia and an IRES 

eGFP reporter using a CMV promoter. An empty IRES eGFP construct, based on the same 

plasmid, was used as a control for in vivo experiments. All coding sequences of the plasmids 

were verified by Sanger sequencing. Endotoxin free plasmid kits were used for plasmid 

preparation prior to in vivo use.  

 

Hydrodynamic tail vein injection.  The hydrodynamic tail vein injection protocol was adapted 

from a previously described protocol25. Endotoxin-free plasmids were prepared using the 

Qiagen Maxi-Prep Plus Kit (VWR). CyPA, CyPA-HiBiT, or GFP plasmid DNA (50ug) was 

suspended in 10% body weight saline and injected in the tail vein in 5-7 seconds in young mice. 

For detection of HiBiT-tagged CyPA, blood was drawn 24h post HDTVI. Following a similar 

timeline as previous pro-aging studies2, behavioral testing was started 33 days post HDTVI.   

 

CyPA neutralizing antibody administration. The anti-CyPA antibody, 8H716, or a monoclonal 

IgG2A isotype control (R&D Systems) was intraperitoneally administered to aged (19-months) 

mice (20ug/kg). Prior to behavioral testing antibodies were administered 7 times every third day, 

with two additional injections administered between behavioral testing.  

 

Radial arm water maze. Spatial learning and memory was assessed using the radial arm water 

maze (RAWM) paradigm according to established protocol 26. In this task the location of the 

goal arm, which contains a platform, remains constant throughout the training and testing 

phase, while the start arm is changed during each trial. On day one during the training phase, 
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mice are trained for 15 trails, with trials alternating between a visible and hidden platform. On 

day two during the testing phase, mice are tested for 15 trials with a hidden platform. Entry into 

an incorrect arm is scored as an error, and errors are averaged over training blocks (three 

consecutive trials).  

 

Contextual fear conditioning. In this task, mice learned to associate the environmental 

context (fear conditioning chamber) with an aversive stimulus (mild foot shock; unconditioned 

stimulus, US) enabling testing for hippocampal-dependent contextual fear conditioning. As 

contextual fear conditioning is hippocampus and amygdala dependent, the mild foot shock 

was paired with a light and tone cue (conditioned stimulus, CS) in order to also assess 

amygdala-dependent cued fear conditioning. Conditioned fear was displayed as freezing 

behavior. Specific training parameters are as follows: tone duration is 30 s; level is 70 dB, 2 

kHz; shock duration is 2 s; intensity is 0.6 mA. This intensity is not painful and can easily be 

tolerated but will generate an unpleasant feeling. On day 1 each mouse was placed in a fear-

conditioning chamber and allowed to explore for 2 min before delivery of a 30-s tone (70 dB) 

ending with a 2-s foot shock (0.6 mA). Two minutes later, a second CS-US pair was 

delivered. On day 2, each mouse was first placed in the fear-conditioning chamber containing 

the same exact context, but with no CS or foot shock. Freezing was analyzed for 2 min. One 

hour later, the mice were placed in a new context containing a different odor, cleaning 

solution, floor texture, chamber walls and shape. Animals were allowed to explore for 2 min 

before being re-exposed to the CS. Freezing was analyzed for 30s after re-exposure to CS. 

Freezing was measured using a FreezeScan video tracking system and software (Cleversys, 

Inc) or EthoVision XT 11.5 tracking software (Noldus) and a Ugo Basile FC system. 

 

Novel object recognition. The novel object recognition task was adapted from a previously 

described protocol27. During the habituation phase (day 1), mice could freely explore an empty 
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arena for 10 minutes. During the training phase (day 2), mice were exposed to two identical 

objects (either two striped scintillation vials or two lego constructions).  Mice were allowed to 

explore the objects for 5 minutes. Mice that did not explore the familiar objects for more than 3s 

during the training phase were excluded from analysis. During testing (day 3), one familiar 

object was replaced with a novel object (vial replaced with lego or lego replaced with vial), and 

mice could explore for 5 minutes. Time spent exploring each object was quantified using the 

Smart Video Tracking Software (Panlab; Harvard Apparatus).  

 

Plasma collection. At time of euthanasia, mouse blood was collected via intracardial bleeds 

into EDTA coated tubes. Plasma was generated by centrifugation of freshly (<30 min) isolated 

blood at 1,000g. Aliquots were stored at -80oC until use.   

 

Label-Free Mass Spectrometry. For proteomic analysis of old-hematopoietic system 

associated factors, plasma was collected from young Iso and Het HSC reconstituted that had 

exhibited >60% or <50% freezing in contextual FC, respectively. Plasma was collected from 8 

individual mice per condition for a total of 16 samples. Samples were depleted of the most 

abundant proteins using Proteome Purify 2 Mouse Serum Protein Immunodepletion Resin (R&D 

Systems) according to the manufacturer’s protocol. Depleted samples were buffer exchanged 

into water on a Corning Spin X 5kD molecular weight cut off spin column and quantified by 

Qubit fluorometry (Life Technologies). Plasma proteins (50µg) were reduced with dithiothreitol, 

alkylated with iodoacetamide and digested with trypsin (Promega). Individual digested samples 

were processed by solid phase extraction using an Empore C18 (3M) plate under vacuum. 

Briefly, columns were activated (400µL 95% acetonitrile/0.1% TFA X2) and equilibrated (400µL 

0.1% TFA X4). Next, acidified samples were loaded and columns were washed (400µL 0.1% 

TFA X2). Finally, peptides were eluted (200µL 70% acetonitrile/0.1% TFA X2) and lyophilized 

for downstream processing. For mass spectrometry analysis, 2µg of protein per sample was 
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analyzed by nano LC-MS/MS with a Waters NanoAcquity interfaced to a ThermoFisher Fusion 

Lumos mass spectrometer. Peptides were loaded on a trapping column and eluted over a 75 

µm x 50cm analytical column (ThermoFisher P/N ES-803) at 300nL/min using a 3-hour reverse 

phase gradient. The mass spectrometer was operated in data-dependent mode, with the 

Orbitrap operating at 60,000 FWHM and 15,000 FWHM for MS and MS/MS respectively. The 

instrument was run with a 3s cycle for MS and MS/MS and APD was enabled. The data were 

processed with MaxQuant (version 1.6.0.13; Max Planck Institute for Biochemistry; 28, which 

incorporates the Andromeda search engine. Using this program, the MS data were recalibrated, 

protein/peptide identification was made using the Andromeda database search engine, the 

database search results were filtered at the 1% protein and peptide FDR, and protein levels 

were quantified. The resulting MaxQuant output was further processed using Perseus (V 

1.6.0.7; Max Planck Institute for Biochemistry). Two samples exhibiting clotting changes as 

described in Geyer et al., 201629 were excluded from analysis. Differentially expressed genes 

were identified by comparing LFQ intensities for each protein detected in Heterochronic HSC 

reconstituted mice compared to Isochronic HSC reconstituted controls.  

 

Data and statistical analysis. Mice were randomized prior to treatment. Researchers were 

blinded throughout histological, biochemical and behavioral assessments. Groups were un-

blinded at the end of each experiment upon statistical analysis. Data are expressed as mean 

+SEM. The distribution of data in each set of experiments was tested for normality using 

D'Agostino-Pearson omnibus test or Shapiro-Wilk test. No significant differences in variance 

between groups were detected using an F test. Statistical analysis was performed with Prism 

6.0 software (GraphPad Software). Means between two groups were compared with two-

tailed, unpaired Student's t-test. Comparisons of means from multiple groups with each other 

or against one control group were analyzed with one-way ANOVA followed by 
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appropriate post hoc tests (indicated in figure legends). The data that support the findings of 

this study are available from the corresponding author upon reasonable request. 
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3.2 Abstract 

 Aging drives impairments in hippocampal neurogenesis, synaptic function, and 

cognition. Recent studies have revealed that systemic exposure to young blood plasma 

rejuvenates neuronal and cognitive hallmarks of hippocampal aging. However, which 

components of young plasma contain rejuvenating capacity remains to be fully elucidated. Here, 

we characterize the rejuvenating effects of young plasma on hippocampal-dependent cognition, 

neurogenesis, and synaptic marker expression, and investigate the role of exosomes as a 

potential mediator of the beneficial effects of young plasma administration on brain aging. While 

we observe increased hippocampal neurogenesis and synaptic marker expression, 

accompanied by corresponding improvements in cognition in aged mice treated with young 

plasma, administration of young plasma-derived exosomes, at physiological levels, did not 

affect hippocampal aging phenotypes. We additionally examined whether the rejuvenating 

effects of young plasma extend to other brain regions, and found that young plasma 

administration led to increased synaptic marker expression in the aged cortex. Interestingly, we 

found that treatment with young plasma-derived exosomes similarly elicited increased synaptic 

marker expression in the cortex of aged mice. Cumulatively, our data indicate that young 

plasma administration exerts broad-ranging rejuvenating effects on the aging brain, and that 

young plasma-derived exosomes may contribute to this rejuvenation in a region specific 

manner. 
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3.3 Introduction 

 Aging is associated with impaired cognitive ability and increased risk for 

neurodegenerative disease1,2. Particularly sensitive to the effects of aging are functions 

governed by the cerebrum, and indeed a marked decline in hippocampal- and cortical- 

dependent episodic and working memories have been observed in rodents, monkeys, and 

humans3,4. While the mechanisms by which age-related cognitive impairments emerge are 

multifaceted, principal hallmarks of brain aging underlying cognitive decline include neuronal 

dysfunction and decreased plasticity. In the hippocampus, this is manifested, by a loss of 

neurogenesis, decreased synaptic density, and decreased expression of synaptic plasticity 

related molecules5,6. Similarly, in the cortex, synaptic loss has been observed during aging with 

corresponding decreases in the expression of genes important for synaptic function3,7.  

 A strategy that has emerged to counteract these changes is treatment with young 

blood8–11. Exposure to young blood, in the model of heterochronic parabiosis, has been shown 

to improve hippocampal plasticity, leading to increased neurogenesis and increased long-term 

potentiation in hippocampal slices8,9. Notably, the benefits of young blood treatment are, at least 

in part, mediated by the non-cellular component of blood, as treatment with young mouse or 

human plasma has been shown to increase hippocampal synaptic plasticity and cognition in 

aged mice9,10,12. At a mechanistic level, research has focused on the effects of soluble blood-

borne factors as mediators of the rejuvenating effects of young blood exposure on the aged 

brain10,12,13. However, whether other components of young blood might also contribute to its 

anti-aging effects remain unknown.  

One potential source of rejuvenating signals in plasma, which has not been tested to 

date, is exosomes.  Exosomes are 40-150 nm vesicles which carry a wide array of proteins, 

mRNAs, and miRNAsreviewed in 14,15,16, that can be delivered to recipient cells through fusion with 

the plasma membrane17, phagocytosis18, or via extracellular ligand-receptor signaling19–21. While 

a relatively newly identified form of intercellular communication, many studies have now 
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implicated exosomal signaling as a regulator of homeostatic and regenerative capacity in the 

brain, regulating synaptic plasticity and neurogenesis, in vitro22. Notably, recent studies suggest 

that exosomes may cross the blood-brain barrier23–25, positioning them as a potential link 

between age-related changes in blood and brain aging. Moreover, young blood-derived 

exosomes have been shown to promote myelination in the aged rat motor cortex26, further 

highlighting their potential for rejuvenation. We hypothesized that young plasma-derived 

exosomes confer the rejuvenating effects of young plasma administration on cellular, molecular, 

and behavioral hallmarks of hippocampal aging.  

 

3.4 Results 

Before assessing whether treatment with young plasma-derived exosomes rejuvenates 

hippocampal aging, we first sought to corroborate and extend the characterization of the 

rejuvenating effects of young plasma treatment on cellular, molecular, and cognitive hallmarks 

of hippocampal aging. To that end, plasma collected from young (3 month) mice was 

administered via intravenous injection to aged (17-18 month) recipients, 8 times over 24 days 

(Figure 3.1a). Hippocampal-dependent cognition was assessed in the contextual fear 

conditioning (FC) paradigm (Figure 3.1b-c). Consistent with previous reports9, while no 

differences were observed in baseline freezing (Figure 3.1b), we found that aged mice treated 

with young plasma exhibited increased freezing in contextual FC compared to saline-treated 

controls (Figure 3.1c), indicating improved hippocampal-dependent memory. Additionally, we 

found that the effects of young plasma extend beyond those reported in hippocampus, as aged 

mice treated with young plasma exhibited increased freezing in the amygdala-dependent cued 

FC task (Figure 3.1d).  

The cognitive enhancements elicited by young plasma treatment have previously been 

shown to depend on an increase in the phosphorylation of the cyclic AMP response element 

binding protein (CREB), a transcription factor that regulates synaptic strengthening9,27. In order 
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to corroborate and expand upon these findings, we assessed plasticity- and synaptic-marker 

expression in hippocampal lysate of aged (18 months) mice treated with plasma isolated from 

young (3 months) or aged (18 months) donors, by western blot analysis. Consistent with 

previous reports9, treatment with young plasma increased levels of phosphorylated CREB 

(pCreb) in the hippocampi of aged mice (Figure 3.1e-f). Morever, we found that exposure to 

young plasma led to a significant increase in levels of the neurotrphic factor BDNF in aged 

hippocampi, and this increase was accompanied by concommittant increases in the levels of the 

presynaptic marker Synapsin-1, the post synaptic marker PSD95 (Figure 3.1e-f).  

Another form of plasticity that declines with age in the hippocampus is neurogenesis5,28. 

While exposure to young blood has been shown to increase neurogenesis in the hippocampi of 

aged mice in the model of parabiosis8, whether these benefits are transferred by young blood 

plasma remains to be elucidated. Therefore, we assessed neurogenesis in the hippocampi of 

aged mice treated with young plasma or saline, by immunohistochemical analysis of the number 

of doublecortin (DCX)-positive immature neurons. We observed a significant increase in the 

number of DCX+ cells in the hippocampi of aged mice treated with young plasma, compared to 

saline treated controls (Figure 3.1g-h).  

In order to assess whether young plasma-derived exosomes confer benefits to the aged 

hippocampus, consistent with those observed after young plasma treatment, we first sought to 

validate our exosome isolation approach. Exosomes, were isolated from young mouse plasma 

by ultracentrifugation. Isolated exosomes exhibited a mode diameter of <150 nm, assessed by 

Nanosight Tracking Analysis (Figure 3.2a). The size and stereotypic donut-shaped morphology 

of plasma exosomes was confirmed by electron microscopy (Figure 3.2b), and exosomal 

enrichment was confirmed by the detection of the tetraspanins CD63 and CD9, by western blot 

analysis (Figure 3.2c).  

In order to identify a physiological dose for exosome administration studies, we next 

sought to estimate the number of exosomes present per ml of mouse plasma. To that end, 
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exosomes were isolated from young mouse plasma, and were quantified with Nanosight Particle 

Tracking analysis. We collected 1.24*10^9 exosomes/ml plasma. We additionally assessed the 

efficiency of our isolation protocol, and found that we were able to re-isolate 22.5% +/- 3.4% 

(n=3; mean +/- SD) of exosomes from a known input. Therefore, we estimated that 1ml of 

mouse plasma contains 5.5*10^9 exosomes (1.24*10^9/22.5%), which is within the range of 

previous estimates of the number of exosomes present in plasma29–31. Accordingly, for 

rejuvenation studies we administered 5.5*10^8 exosomes in 100 ul PBS, to mimic the 

physiological number of exosomes estimated to be present in 100 ul of young mouse plasma, 

consistent with plasma administration studies9 (Figure 3.1a). 

In order to assess whether young plasma-derived exosomes contain rejuvenating 

capacity, exosomes isolated from young (2 month) mice were administered to aged (18 mo) 

recipients, by retro-orbital injections, 9x over 28 days, and hippocampal-dependent memory was 

assessed using contextual FC and radial arm water maze (RAWM) behavioral paradigms 

(Figure 3.3a). Exosome treated animals exhibited no difference in weight, compared to PBS 

treated controls (Figure 3.3b). In the FC paradigm, exosome treated aged mice exhibited a 

modest, but significant decrease in baseline freezing (Figure 3.3c). Despite this difference, 

treatment with young plasma-derived exosomes did not affect hippocampal- or amygdala-

dependent memory in the contextual (Figure 3.3d) or cued (Figure 3.3e) FC paradigms 

compared to controls.  

 As an additional assessment of hippocampal-dependent learning and memory, aged 

mice treated with young plasma-derived exosomes or PBS were tested in the RAWM behavioral 

paradigm, which has been previously shown to be sensitive to aging and to the rejuvenating 

effects of young plasma administration8,9. No differences in learning or memory were observed 

in young plasma-derived exosome treated aged mice compared to controls, as assessed by the 

numbers of errors made during the training or testing portions of the task (Figure 3.3f). 

Moreover, no difference was observed in overall learning between exosome treated and control 
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mice (Figure 3.3g). Together these data indicate that young blood-derived exosomes do not 

improve hippocampal-dependent learning and memory.  

We next examined whether exposure to young plasma-derived exosomes rejuvenated 

molecular or cellular hallmarks of hippocampal aging. We first assessed the effects of young 

plasma-derived exosome treatment on synaptic marker expression in the aged hippocampus, 

by western blot analysis. No differences were observed in hippocampal expression of the 

synaptic markers NR2B, NR2A, PSD95, or AMPAR (Figure 3.3h-i). At a cellular level, we 

assessed whether young plasma-derived exosomes promote hippocampal neurogenesis, and 

found that treatment with young-plasma derived exosomes did not affect the number of DCX+ 

cells in the hippocampi of aged mice (Figure 3j-k). These data suggest that administration of 

young plasma exosomes does not rejuvenate neurogenesis in the aged hippocampus. 

Aging results in widespread impairments in the brain, and indeed, synaptic density has 

been shown to decline with age in the cortex, as well as the hippocampus3. However, whether 

exposure to young blood rejuvenates the aged cortex has not been studied. Therefore, we 

asked whether exposure to young plasma, or young plasma-derived exosomes, affect synaptic 

marker expression in the cortex of aged mice. We found that the rejuvenating effects of young 

plasma treatment were not confined to the hippocampus, as exposure to young plasma led to 

increased levels of pCREB, BDNF, Syn-1, and PSD-95 in cortical lysates from aged mice, 

compared to aged plasma treated controls (Figure 3.4a-b).  

Notably, despite their lack of effect on the hippocampus, treatment with young plasma-

derived exosomes led to increase expression of PSD95 in the cortex of aged mice (Figure 3.5a-

b). Additionally, we observed a trend towards increased expression of the glutamate receptor 

subunit, NR2B, and no change in NR2A or AMPAR expression in the cortex of aged mice 

treated with young plasma-derived exosomes. Together this data suggests that young plasma-

derived exosomes contain rejuvenating capacity, and may contribute to the rejuvenating effects 

of young plasma treatment on synaptic marker expression in the cortex. 
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3.5 Discussion 

 Cumulatively, our data indicate broad effects of young blood plasma treatment on 

molecular, cellular, and behavioral hallmarks of hippocampal aging. Indeed, we report for the 

first time that treatment with young plasma promotes neurogenesis and increases synaptic 

marker expression in the aged hippocampus.  Moreover, we find that the beneficial effects of 

young blood plasma treatment extend beyond the hippocampus, as young plasma 

administration led to increased levels of synaptic marker expression in the cortex of aged mice. 

At a mechanistic level, we tested whether young plasma-derived exosomes contribute to the 

rejuvenating effects of young plasma treatment on hippocampal or cortical aging phenotypes. A 

number of studies have used nanosight particle tracking to determine the concentration of 

exosomes in human plasma, with estimates ranging 0.8*10^8 - 4.3*10^8 on the low end29,30 to 

9.25*10^9 vessicles/ml plasma on the high end31. We found that the concentration of exosomes 

in mouse plasma to be 5.5*10^9 exosomes/ml, consistent with these previous reports29–31 and 

suggesting that we administered a physiologically relevant dose of exosomes. Despite this, we 

found that treatment with young plasma-derived exosomes did not recapitulate any of the 

benefits of young plasma administration on hippocampal aging. Interestingly, however, 

treatment with young plasma-derived exosomes did lead to increased synaptic marker 

expression in the cortex of aged mice, suggesting that they may play a role in rejuvenation 

outside of the hippocampus. Together, our findings indicate that the beneficial effects of young 

plasma treatment are differentially mediated, in a region specific manner. More work is now 

warranted to further investigate the role of young plasma and young plasma-derived exosome 

treatment on age-related impairments in cortex-dependent memory.  
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Figure 3.1 Young plasma administration rejuvenates the aged hippocampus. (a) 
Schematic showing young plasma administration paradigms into aged mice. (b) Assessment of 
baseline freezing in aged mice treated with young (y.) plasma or saline, during the training 
portion of the fear conditioning (FC) paradigm (n=6-8/group). (c) Hippocampal-dependent 
memory was assessed aged mice treated with young plasma or saline by contextual FC (n=6-
8/group). (d) Amygdala-dependent memory was assessed in aged mice treated with young 
plasma or saline in the cued FC paradigm (n=6-8/group). (e-f) Representative western blot (e) 
and quantification (f) of hippocampal lysates from aged mice treated with young (y.) or old (o.) 
plasma, probed with anti-PSD95, Syn-1, pCREB, BDNF, and GAPDH (n=4/group). (g-h) 
Representative fields (g) and quantification (h) of DCX+ cells/hippocampus of aged mice 
treated with young plasma or saline (n=5-6/group). All data shown as the mean +SEM. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. t-test (b-d,f,h). 
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Figure 3.2 Isolation of exosomes from young mouse plasma. (a) Representative size 
distribution of young plasma-derived exosomes as determined by Nanosight Particle Tracking. 
(b) Representative electron microscopy image of young plasma-derive exosomes (scale bar = 
200 nm). (c) Representative western blot of isolated exosomes probed for expression of the 
exosome markers CD63 and CD9.  
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Figure 3.3 Young plasma-derived exosomes do not rejuvenate the aged hippocampus. (a) 
Schematic showing young plasma-derived exosome administration paradigm in aged mice. (b) 
Weights of aged mice treated with young plasma-derived exosomes or PBS was assessed over 
the duration of the study (n=9-10/group). (c) Assessment of baseline freezing in aged mice 
treated with young plasma-derived exosomes or PBS, during the training portion of the fear 
conditioning (FC) paradigm (n=9-10/group). (d) Hippocampal-dependent memory was assessed 
in aged mice treated with young plasma-derived exosomes or PBS in the contextual FC 
paradigm (n=9-10/group). (e) Amygdala-dependent memory was assessed in aged mice treated 
with young plasma-derived exosomes or PBS in the cued FC paradigm (n=9/group). (f-g) 
Hippocampal-dependent memory was assessed aged mice treated with young plasma-derived 
exosomes or PBS in the radial arm water maze (RAWM) behavioral paradigm, by assessing the 
number of errors made before finding the hidden platform during the training and testing 
portions of the paradigm (f; n=9-10/group) or in the first and last trial of the RAWM paradigm (g; 
n=9-10/group). (h-i) Representative western blot (h) and quantification (i) of hippocampal 
lysates from aged mice treated with young plasma-derived exosomes or PBS, probed with anti-
PSD95, NR2A, NR2B, AMPAR, and GAPDH (n=7-8/group). (j-k) Representative fields (j; scale 
bar = 100 um) and quantification (k) of DCX+ cells/hippocampus of aged mice treated with 
young plasma-derived exosomes or PBS (n=6-8/group). All data shown as the mean +SEM. 
*p<0.05, **p<0.01. Repeated measures analysis of variance (ANOVA) with Sidak correction for 
multiple comparison (b,f). t-test (c-e, g,i,k).  
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Figure 3.4. Young plasma administration increases expression of key proteins involved 
in synaptic function in the cortex of aged mice. (a-b) Representative western blot (a) and 
quantification (b) of cortical lysates from aged mice treated with young (Y.) or old (O.) plasma, 
probed with anti-PSD95, Syn-1, pCREB, BDNF, and GAPDH (n=4/group). All data shown as the 
mean +SEM. *p<0.05, **p<0.01, ***p<0.001 . t-test (b). 
 

 

 

 

 

 

 

 

 

 



! 61!

Figure 3.5. Young plasma-derived exosomes increase synaptic marker expression in the 
cortex of aged mice. (a-b) Representative western blot (a) and quantification (b) of cortical 
lysates from aged mice treated with young plasma-derived exosomes or PBS, probed with anti- 
NR2B, NR2A, AMPAR, PSD95, and GAPDH (n=7-8/group). All data shown as the mean +SEM. 
*p<0.05, **p<0.01. t-test (b). 
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3.7 Materials and methods 

Mice. Young (2-3 months) and aged (17-18 mo) wild-type C57BL/6J mice were obtained from 

the Taconic Biosciences and subsequently maintained in-house under specific pathogen-free 

conditions under a 12-h light-dark cycle. All studies were done in male mice. The numbers of 

mice used to result in statistically significant differences was calculated using standard power 

calculations with α = 0.05 and a power of 0.8. We used an online tool 

(http://www.stat.uiowa.edu/~rlenth/Power/index.html) to calculate power and sample size on 

the basis of experience with the respective tests, variability of the assays and inter-individual 

differences within groups. All animal handling and use was in accordance with institutional 

guidelines approved by the University of California, San Francisco (UCSF) Institutional 

Animal Care and Use Committee (IACUC). 

 

Plasma isolation. Pooled mouse blood was collected with EDTA from young (2-3 month) or 

aged (18 month) mice by intracardiac bleed at time of euthanasia. Plasma was collected from 

EDTA blood by centrifugation at 1,000 xg, within 30 minutes of harvest. All plasma aliquots were 

stored at -80oC until use.  

 

Exosome Isolation. Exosomes were isolated from young (2 month) mouse plasma by 

differential ultracentrifugation, as previously described32. Briefly, plasma was diluted to 20 ml in 

ultrapure, 0.22 um filtered PBS, and spun down at 2,000g for 10 minutes to remove cells. The 

supernatant was then collected and spun at 10,000g for 30 minutes to remove cell debris and 

apoptotic bodies. The supernatant was then filtered through 0.22 um syringe filter, and 

exosomes were pelleted by ultracentrifugation at 100,000 g, for 90 minutes. Pelleted exosomes 

were then washed in 20 ml ultrapure PBS, and recollected at 100,000g for 90 minutes. 

Ultracentrifugation was done using SW 28 or Ti 70.1 rotors on a Beckmann Coulter Optima 

XPN-80 ultracentrifugation. The exosomes were then resuspended in ultrapure PBS for 
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downstream analysis by Nanosight Particle tracking, western blot, or electron microscopy, or for 

in vivo administration studies.  

 

Nanoparticle tracking. The concentration and size distribution of the purified exosomes was 

determined using Nanisight nanoparticle tracking analysis (Malvern Inc.) To get consistent 

measurements on the nanoparticle tracking software, purified exosomes were diluted 5-fold or 

more in cold, filtered PBS to obtain an ideal vesicle concentration range. 3 measurements of 

each sample were collected and concentration values were averaged. 

 

Transmission electron microscopy. Exosomes were fixed in EM grade formaldehyde 

immediately following isolation. Negative staining was performed on a small aliquot of the fixed 

exosomes, which were loaded on Formvar-carbon coated EM grids and negative staining was 

performed as previously described32. Scanning electron microscopy allowed visualization of 

vesicle structure and size. 

 

Plasma administration. Before administration, plasma was dialyzed using 3.5-kDa D-tube 

dialyzers (EMD Millipore) in PBS to remove EDTA. Aged mice were systemically treated with 

plasma (100 ul per injection) isolated from young or aged mice intravenously into the tail vein 

eight times over 24 d.  

 

Exosome administration. Exosomes, isolated from young mouse plasma, were administered 

to aged mice (to 5.5x109 exosomes/ml in 100ul PBS), and systemically via intraorbital injection, 

9 times over 28 days.  

 

Western blot analysis. Isolated exosome preps were lysed in RIPA buffer (500 mM Tris, pH 

7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP40, 0.1% SDS, and complete protease 
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inhibitors; Roche). Lysates were stored at -80C or used immediately for protein analysis. 

Exosome lysates were mixed with 4x NuPage LDS loading buffer (Invitrogen) and loaded on a 

10% SDS polyacrylamide gradient gel (Invitrogen) and subsequently transferred onto a 

nitrocellulose membrane. The blots were blocked in 5% milk in Tris-Buffered Saline with Tween 

(TBST) and incubated with rat anti-CD63 (1:500; MBL) and rat anti-CD9 (1:2000; Biosciences). 

Multiple exposures were taken to select images within the dynamic range of the film (GE 

Healthcare Amersham HyperfilmTM ECL). Selected films were scanned (300 dpi) and quantified 

using ImageJ software (Version 1.52) 

For analysis of synaptic markers in the brain, the hippocampus or cortex were dissected 

after perfusion of animals, snap frozen, and lysed in RIPA lysis buffer (500 nM Tris, pH7.4, 150 

mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, and complete protease inhibitors; 

Roche). Samples were mixed with 4x NuPage LDS loading buffer (Invitrogen) and loaded on a 

4-12% SDS polyacrylamide gradient gel (Invitrogen) and subsequently transferred onto a 

nitrocellulose membrane. The blots were blocked in 5% milk in TBST and incubated with rabbit 

anti-pCREB (1:1000; Cell Signaling), rabbit anti-AMPAR (1:3000; Abcam), mouse anti-

Synaptophysin (1:1000; Millipore), rabbit anti-NR2B (1:2000; Millipore), rabbit anti-NR2A 

(1:4000; Millipore), rabbit anti-synapsin-1 (1:5000; Abcam), rabbit anti-BDNF (1:500; invitrogen), 

and mouse anti-GAPDH (1:5000; Abcam). Horseradish peroxidase-conjugated secondary 

antibodies and enhanced chemiluminescence (ECL) kit (GE Healthcare) were used to detect 

protein signals. Membranes were imaged using a Chemidoc system (BioRad) or exposed to film 

(GE Healthcare Amersham HyperfilmTM ECL) and scanned (300 dpi). Images were quantified 

using ImageJ software (Version 1.52a). GAPDH bands were used for normalization for brain 

lysates.  

 

Immunohistochemistry. Tissue processing and immunohistochemistry was performed on free-

floating sections according to standard published techniques33. Mice were anesthetized with 
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87.5 mg/kg ketamine and 12.5mg/kg xylazine and transcardially perfused with 1x phosphate 

buffered saline (PBS). Brains were removed and fixed in phosphate-buffered 4% 

paraformaldehyde, pH 7.4, at 4oC for 48 h before cryoprotection in 30% sucrose. Brains were 

sectioned coronally, at 40 uM with a cryomicrotome (Leica Camera, Inc.) and stored in 

cryoprotective medium. Primary antibodies used were: goat anti-DCX (1:7000; Santa Cruz). 

After overnight incubation, unconjugated primary antibody staining was revealed using 

fluorescence-conjugated secondary antibodies (Life Technologies). All cells were counted in the 

DG of every sixth coronal hemibrain section through the hippocampus and analyzed by confocal 

or epifluourescent microscopy using a Zeiss Axio Observer.Z1 or Axio Imager M2 microscope, 

respectively.  

 

Radial arm water maze. Spatial learning and memory was assessed using the radial arm water 

maze (RAWM) paradigm according to established protocol34. In this task the goal arm location 

containing a platform remains constant throughout the training and testing phase, while the start 

arm is changed during each trial. On day one during the training phase, mice are trained for 15 

trails, with trials alternating between a visible and hidden platform. On day two during the testing 

phase, mice are tested for 15 trials with a hidden platform. Entry into an incorrect arm is scored 

as an error, and errors are averaged over training blocks (three consecutive trials).  

 

 

Contextual fear conditioning. In this task, mice learned to associate the environmental 

context (fear conditioning chamber) with an aversive stimulus (mild foot shock; unconditioned 

stimulus, US) enabling testing for hippocampal-dependent contextual fear conditioning. As 

contextual fear conditioning is hippocampus and amygdala dependent, the mild foot shock 

was paired with a light and tone cue (conditioned stimulus, CS) in order to also assess 

amygdala-dependent cued fear conditioning. Conditioned fear was displayed as freezing 
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behavior. Specific training parameters are as follows: tone duration is 30 s; level is 70 dB, 2 

kHz; shock duration is 2 s; intensity is 0.6 mA. This intensity is not painful and can easily be 

tolerated but will generate an unpleasant feeling. On day 1 each mouse was placed in a fear-

conditioning chamber and allowed to explore for 2 min before delivery of a 30-s tone (70 dB) 

ending with a 2-s foot shock (0.6 mA). Two minutes later, a second CS-US pair was 

delivered. On day 2, each mouse was first placed in the fear-conditioning chamber containing 

the same exact context, but with no CS or foot shock. Freezing was analyzed for 2 min. One 

hour later, the mice were placed in a new context containing a different odor, cleaning 

solution, floor texture, chamber walls and shape. Animals were allowed to explore for 2 min 

before being re-exposed to the CS. Freezing was analyzed for 30s after re-exposure to CS. 

Freezing was measured using a FreezeScan video tracking system and software (Cleversys, 

Inc). 

 

Data and statistical analysis. Mice were randomized prior to treatment. Researchers were 

blinded throughout histological, biochemical and behavioral assessments. Groups were un-

blinded at the end of each experiment upon statistical analysis. Data are expressed as mean 

+SEM. The distribution of data in each set of experiments was tested for normality using 

D'Agostino-Pearson omnibus test or Shapiro-Wilk test. No significant differences in variance 

between groups were detected using an F test. Statistical analysis was performed with Prism 

6.0 software (GraphPad Software). Means between two groups were compared with two-

tailed, unpaired Student's t-test. Comparisons of means from multiple groups with each other 

or against one control group were analyzed with one-way ANOVA followed by 

appropriate post hoc tests (indicated in figure legends). The data that support the findings of 

this study are available from the corresponding author upon reasonable request. 
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