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Young blood reverses age-related impairments in
cognitive function and synaptic plasticity in mice

Saul A Villeda!-%, Kristopher E Plambeck 219, Jinte Middeldorp®19, Joseph M Castellano®19,
Kira I Mosher®”:19, Jian Luo®, Lucas K Smith!-2, Gregor Bieri">%7, Karin Lin! -3, Daniela Berdnik®,
Rafael Wabl®, Joe Udeochu'->%, Elizabeth G Wheatley'-%%, Bende Zou®, Danielle A Simmons®,

Xinmin § Xie$, Frank M Longo® & Tony Wyss-Coray®7-?

As human lifespan increases, a greater fraction of the
population is suffering from age-related cognitive impairments,
making it important to elucidate a means to combat the
effects of aging! 2. Here we report that exposure of an aged
animal to young blood can counteract and reverse pre-existing
effects of brain aging at the molecular, structural, functional
and cognitive level. Genome-wide microarray analysis of
heterochronic parabionts—in which circulatory systems of
young and aged animals are connected—identified synaptic
plasticity-related transcriptional changes in the hippocampus
of aged mice. Dendritic spine density of mature neurons
increased and synaptic plasticity improved in the hippocampus
of aged heterochronic parabionts. At the cognitive level,
systemic administration of young blood plasma into aged

mice improved age-related cognitive impairments in both
contextual fear conditioning and spatial learning and memory.
Structural and cognitive enhancements elicited by exposure to
young blood are mediated, in part, by activation of the cyclic
AMP response element binding protein (Creb) in the aged
hippocampus. Our data indicate that exposure of aged mice

to young blood late in life is capable of rejuvenating synaptic
plasticity and improving cognitive function.

Aging drives cognitive impairments and susceptibility to degenerative
disorders in healthy individuals®-® by structurally and (unclion-
ally changing the adult brain®7-13. Considering the increase in the
proportion of elderly humans'-?, it is important to identify a means
for maintaining cognilive integrity by protlecling againsl, or even
counteracting, the aging process. In aged animals, exposure to young
blood through heterochronic parabiosis improves stem cell function
in muscle!'*!3, liver'4, spinal cord'® and the brain'? and ameliorates
cardiac hypertmphyl?_ However, whether enhancements of young

blood extend beyond regeneration in the aged brain is unknown,
raising Lhe question of whether young blood can counleract aging
and rejuvenale cognilive processes.

In humans and mice, the hippocampus is particularly vulnerable to
aging, exhibiting downregulation of plasticity-related genes, reduced
spine density, decreased synaptic plasticity and impairments in associ-
ated cognitive functions?-1315-20 We first performed genome-wide
microarray analysis of hippocampi from aged (18 months) 1sochronic
(aged-aged) and aged (18 months) helerochronic (aged-young)
parabionts (Fig. 1a). We observed a distinct gene expression pro-
file between the two parabiont groups (Fig. 1¢ and Supplementary
Table 1} and identified synaptic plasticity regulation as one of the top
gene ontology enrichment categories associated with heterochronic
parabiosis. Furthermore, Ingenuity Pathway Analysis (IPA) detected
prominent involvement of plasticity-related signaling pathways,
including Creb?l, in the top-signaling network (Fig. 1b). Together
our data reveal a transcriptional profile that is indicative of plasticity
changes in helerochronic parabionts.

We then used immunchistochemistry lo examine a subset of
identified genes in a second cohort of parabionts (Fig. 1d-g). We
observed increased numbers of cells expressing the immediate early
genes Egrl (Fig. 1d,e) and c-Fos (Fig. 1d,f) and a corresponding
increase in phosphorylated Creb (Fig. 1d,g) in the dentate gyrus
(DG) of heterochronic compared to isochronic parabionts. Although
we observed increased phosphorylated Creb in the CAl region, we
detected no changes in immediate early genes in heterochronic
parabionts (Supplementary Fig. la—c). We confirmed age-related
differences in immediale early gene expression and Creb phosphor-
vlation between young and aged unpaired animals (Supplementary
Fig. 2). Molecular changes were not elicited by the parabiosis proce-
dure (Supplementary Fig. 1d-i), and we observed no differences in
general health, maintenance behavior or stress responses between

IDepartment of Anatomy, University of California San Francisca, San Francisco, California, USA. “The Eli and Edythe Broad Center for Regeneration Medicine and
Stem Cell Research, San Francisco, California, USA, *Neuroscience Graduate Program, University of California San Francisco, San Francisco, California, USA.
“Biormedical Sciences Graduate Program, University of California San Francisco, San Francisco, California, USA. *Developmental and Stern Cell Biology Graduate
Program, University of California San Francisco, San Francisco, California, USA. SDepartment of Neurology and Neurological Sciences, Stanford University School
of Medicine, Stanford, California, USA. 7Neuroscience Graduate Program, Stanford University School of Medicine, Stanford, California, USA. BAfaSci Research
Laboratory, Redwood City, California, USA. %Center for Tissue Regeneration, Repair and Restoration, VA Palo Alto Health Care System, Palo Alto, California, USA.
10T hese authors contributed equally to this work. Correspendence should be addressed to $.A.V. (saul.villeda@ucsf.edu) or TW.-C. (twe@stanford.edu).

Received 8 February; accepted 16 April; published online 4 May 2014; doi:10.1038/nm.3569

NATURE MEDICINE VOLUME 20 | NUMBER 6 | JUNE 2014

659




© 2014 Nature America, Inc. All rights reserved.

&

LETTERS

W Isochronic
W Heterochronic

L& Ran

lsochronic Hetarochronic
(agad-aged) (aged-yound)

d Isachronic Hatarochronic e

]
[=]
=]
=]

Gstmz
4T3RaElpP 2
Wiapa

FFhzd

R L 4 Ak, 1,500

1,000

Egr1

500 Hapg2
Letmi

Kirad

Mephi

S4B EPRK
solDO0EE, 12
Trit1

«
Egri
inumber of cells in DG)

lsochronic  Hatarochronic

2,000 —

1,500

c-Faos
»
«
L

1,000 | FRA00RTARIK
KHi

Efrda

X
L3
a-Fos
{number of cells in DG)

500

Isnchronic  Heterochronic
i b 1Rk
LOC383544

4B 00 4Rk

AEIDOTEL BRik
241009711 7R

-
=]
(=]

pCreb

pCreb
(mean signal intensity)
e 8 8 8

lsachranie  Hatarochronia

h i j
[E=1o] Heatara . J 500 "

& Hetero

di
i

=
[V

1TO00T2ENSHIk
LOCETA008
Wirn

100 -

L=
(=T -

a0

2 T e VO

(numier par pm}
PSA (% of basalina)

Dendritic spines

0+ — - ™ 5
|sochronic Heterochronic -10 0 10 20 30 40 50

Time {min}

Figure 1 Heterochronic parabiosis enhances dendritic spine number and synaptic plasticity in the aged hippocampus and elicits a plasticity-related
expression profile. (a) Schematic depicting the parabiotic pairings. (b.c) Microarray analysis performed on the hippocampi of aged (18 months)
isochronic and heterochronic parabionts 5 weeks after surgery. n = 4 mice per group. For all analyses, downregulated genes are shown in shades

of blue, and upregulated genes are shown in shades of yellow. (b) Biological pathways involved in synaptic plasticity identified as part of the top
signaling network (£ < 0.05) using |PA software based on differentially expressed genes in isochronic and heterochronic parabionts. Inferred
molecular interactions identified by IPA are shown in gray. (¢} Heat map generated by unsupervised hierarchical clustering with a data set of genes
differentially expressed between hippocampi of aged isochronic (Iso) and heterochronic {Hetero) parabionts using a cutoff at F < 0.01 and d score > 2
on the basis of Significance Analysis of Microarray {(SAM). Color bars reflect the z scores. (d—j) Histological and electrophysiological analysis performed
on aged {18 months) isochronic (= 6) and heterochranic {n = &) parabionts analyzed b weeks after surgery. (d) Immunahistochemical detection

of Egrl, c-Fos and phosphorylated Creb (pCreb) protein in the DG of the hippocampi of aged isochranic and heterochronic parabionts. Arrowheads
indicate individual cells. Scale bars, 100 um (low magnification); 50 um (high magnification), (e-g) Quantification of the immunostaining for

Egrl (e), c-Fos (f) and pCreb (g). Five sections per mouse were analyzed. (h i) Representative Golgi stain image (h; scale bar, 5 pm) and quantification
of dendritic spine density on tertiary branches (i). Five neurons per mouse were analyzed. (j) Population spike amplitude (PSA) recorded from the

DG of aged parabionts. Representative LTP levels are shown far isochronic and heterochronic parabionts. All data are shown as the mean + s.e.m.

*F< 0,05, ™ P<0.01, ttest (e—g,i).

660 WOLUME 20 | MUMBER 6 | JUNE 2014 NATURE MEDICINE




© 2014 Nature America, Inc. All rights reserved.

hpg

LETTERS

Figure 2 Administration of young blood plasma a b —_—
improves hippocampal-dependent learning and ol B 1
memaory in aged mice. (a—c) Results from aged m 3 ‘en

(18 months) mice that were cognitively tested — e g

after systemic treatment with young (3 months) o 404

O Ager LB mAN LR R AIENE Tl Ovpr Plasmal administration RAWM Fear conditioning 5 201

24 d (100 pl per intravenous injection). n=8 : T b Y ' F

mice per group. (a) Schematic illustrating the ' o p ag a7 29 a0 days 0~

chronological order used for plasma treatment Behavioral paradigm Agpdpiaste YGing plasme
and cognitive testing. (b,c) Hippocampal- c & R
dependent learning and memory assessed by 5 & e * -
contextual fear conditioning (b} and RAWM (c) 4 z - h;:dgpr;:l::a g

after plasma treatment. (b) Percentage freezing B9 *n B 404

time 24 h after training. (c) Mumber of entry- 2 }\!\___*;\; 2

arm errors before finding the platform. w2 g 20

{d) Cognitive testing by contextual fear 1 W %

conditioning in aged mice after systemic 0 & o

treatment with saline {n= 11}, young plasma L D:’“ 5 M W D:ﬂ x B PBS Young  Den. young
(rr=12) or heat-denatured (den.] young plasma training testing plasma  plasma
(m=10) {100 pl per intravenous injection). Blocks Contextual

Results are shown as the percentage freezing

time 24 h after training. All data are shown as the mean + s.e.m. =P = 0.05, **P < 0.01, ftest (b), repeatad measures analysis of variance (ANOVA)

with Bonferroni post-hoc test (e) or ANOVA with Tukey's post-hoc test (d).

isochronic and heterochronic parabionts (Supplementary Fig. 3).
These data suggest that synaptic plasticity in the aged hippocampus
may be enhanced by exposure to young blood.

Next we characterized structural changes in the hippocampus that
underlie synaptic plasticity in a third cohort of parabionts by Golgi
analysis. Dendrilic spine number on granule cell neurons in the DG
(Fig. 1h,i), but not the CA1 (Supplementary Fig. 4a), increased in
heterochronic parabionts. We found no differences in dendritic com-
plexity between the groups of parabionts (Supplementary Fig. 4b—d).
These structural data indicate that exposure to voung blood increases
spine number in the aged DG.

To investigate functional changes, we performed extracellular
electrophysiological recordings on hippocampal slices from a fourth
cohort of parabionts (Fig. 1j). Although long-term potentiation (LTP)
in the DG of isochronic parabionts quickly reached baseline levels,
LTP in heterachronic parabionts was maintained above baseline
throughout the recording period (Fig. 1j). We detected no changes
in synaptic strength (Supplementary Fig. 4e). These functional data
indicate that synaptic plasticity in aged mice is enhanced by exposure
to young blood.

Given that LTP is a putative functional correlate of learning and
memory?223, we postulated thal exposure Lo young blood could
enhance cognilive processes. First we used contextual fear condition-
ing and radial arm water maze (RAWM) paradigms to confirm age-
related impairments in hippocampal-dependent learning and memory
(Supplementary Fig. 5). Subsequently, in an independent cohort of
aged mice, we intravenously injected 100 ul of young (3 months) or
aged (18 months) plasma eight times over 3 weeks before cognitive
testing (Fig. 2a). During fear conditioning Lraining, all mice exhibited
similar baseline freezing (Supplementary Fig. 6a). However, mice
receiving young plasma demonstrated increased freezing in contex-
tual (Fig. 2b), but not cued (Supplementary Fig, 6b), memory testing,
In the RAWM, aged mice, regardless of plasma treatment, showed
similar spatial learning for the visible platform (Fig. 2c) and swim
speeds (Supplementary Fig. 6¢) during the training phase. However,
aged mice given young plasma demonstrated enhanced learning
and memory for hidden platform location during the testing phase
(Fig. 2c). We detected no differences between untreated aged mice
and aged mice treated with aged plasma (Supplementary Fig. 7).

Additionally, we corroborated our lindings in an additional, inde-
pendent fear-conditioning experiment in which we systemically
administered saline, young plasma or heat-denatured young plasma
to aged animals (Fig. 2d and Supplementary Fig. 8). Although we
observed increased freezing during contextual memory testing in the
animals treated with young plasma, the beneficial effects of young
plasma were mitigated by heat denaturation (Fig. 2d). Together
these behavioral data indicate that administration of soluble
heat-labile factors from young blood rejuvenates cognitive function
in aged animals,

To gain mechanistic insight, we expanded on the transcriptional
analysis (Fig. 1b) and examined whether abrogation of Creb signaling
within the hippocampus of aged animals could mitigate the struc-
tural and cognitive enhancements elicited by young blood (Fig. 3).
We generated adeno-associated viruses (AAVs) overexpressing a
dominant-negative DNA binding-incompetent form of Creb (K-Creb)
that inhibits endogenous Creb signaling?* in tandem with a GFP
reporter (Supplementary Fig. 9a.b). We confirmed K-Creb expres-
sion (Supplementary Fig. 9¢,d) and transcriptional inhibition of Creb
(Supplementary Fig. 9¢) in vitro. AAVs encoding K-Creb or GFP
were stereotaxically injected into contralateral hippocampi of adult
mice. Overexpression of K-Creb was confirmed in vivo (Fig. 3a-c).

Dendritic spine densily was assessed by AAV-medialed neuronal
tracing after overexpression of K-Creb in a fifth cohort of parabi-
onts (Fig, 3d). We stercotaxically injected aged unpaired animals
with low-titer (5 x 108 viral particles per ml) AAVs encoding K-Creb
or GFP into the contralateral DG to visualize dendritic spines by
GFP expression (Fig. 3e). After recovery for 2 weeks, we connected
the animals by isochronic or helerochronic parabiosis. Consistent
with the Golgi analysis, dendritic spine density increased in gran-
ule cell neurons overexpressing GFP in heterochronic compared to
isochronic parabionts (Fig, 3f). These changes in dendritic spine
density were abrogated in neurons overexpressing K-Creb (Fig. 3f).
To corroborate the structural results, we assessed dendritic spine
density in a sixth cohort of parabionts using a lentivirus-mediated
RNA interference approach that silences endogenous Creb by shRNAs
(Supplementary Figs. 10 and 11). We confirmed abrogation of Creb
expression in an N2A neuronal cell line (Supplementary Fig. 10)
and in the hippocampi of adult mice alter slereotaxic injection
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{(Supplementary Fig. 11a,b). Consistent with previous data, the
enhancements in dendritic spine density observed in aged hetero-
chronic parabionts were mitigated after silencing of Creb expression
(Supplementary Fig. 11c¢,d). Together these dala indicate that Creb
signaling is necessary lor increased spine number in aged helero-
chronic parabionts.

Next we examined phosphorylated Creb in the DG of aged animals
systemically treated with plasma from young or aged mice by immuno-
histochemistry. Creb phosphorylation increased in the DG after
administration of young plasma (Fig. 3g). We then stereotaxically
injected a third cohort of aged animals with a high-titer (1.2 x 10°
viral particles per ml) of AAVs encoding K-Creb or GFP bilaterally
in the DG (Fig. 3h and Supplementary Fig, 12a). After recovery for
2 weeks, we intraorbitally injected 100 pl of young or aged plasma
eight times over 3 weeks before cognitive testing (Fig. 3h). All groups
showed similar baseline freezing values during fear conditioning
training (Supplementary Fig. 12¢). Consistent with previous data, we
observed increased freezing during contextual (Fig, 3i), but not cued
(Supplementary Fig. 12d), memory testing in animals overexpress-
ing GFP and treated with young plasma compared to those treated
with aged plasma. Notably, the elfects of young plasma on contextual
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fear conditioning were mitigated in animals overexpressing K-Creb
(Fig. 3i). In the RAWM, all groups showed similar spatial learning
capacity (Fig. 3j) and swim speeds (Supplementary Fig. 12b) during
the training phase. However, learning and memory for platform
location were improved in animals overexpressing GFP and treated
with young plasma compared to those treated with aged plasma
(Fig. 3j). Although not completely mitigated, enhancements in spatial
learning and memory were reduced in animals overexpressing
K-Creb (Fig. 3j). We detected no differences in learning or memory
between aged animals overexpressing GFP or K-Creb and treated with
aged plasma (Fig. 3i,j). These behavioral data indicate that cognilive
improvements observed in aged animals after systemic administration
with young plasma are mediated in part by Creb.

Taken together, our data demonstrate that exposure to young
blood counteracts aging at the molecular, structural, functional and
cognitive levels in the aged hippocampus. Mechanistically, we identified
Creb as one member of the regulatory network underlying structural
and cognitive enhancements by young blood. We previously observed
increased neurogenesis in the DG of aged heterochronic parabionts!2,
and although we do not exclude a role for neurogenesis in the current
study, dala remain inconsistent regarding a causal link between
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decreased neurogenesis and age-related cognitive decline?>=*". This
suggests that cognitive improvements elicited by young blood may not
be limited to neurogenesis but may also be due to enhancements in
synaptic plasticity. Additionally, we previously identified ‘pro-aging’
factors in young heterochronic parabionts as negative regulators of
neurogenesis and cognition; however, these factors were unchanged
in aged heterochronic parabionts'?. Correspondingly, our studies sug-
gest two distinct strategies for reversing aging phenotypes. One possi-
bility is that introducing ‘pro-youthful’ factors from young blood can
reverse age-related impairments in the brain, and a second possibility
is that abrogating pro-aging faclors from aged blood can counteract
such impairments. These two possibilities are nol mutually exclusive,
warrant further investigation and may each provide a successful strat-
egy to combat the effects of aging, It is important to consider that the
results of this study are currently limited to aged mice; however, future
studies are warranted in aged humans and potentially those suffering
from age-related neurodegenerative disorders.

METHODS
Methods and any associated references are available in the online
version of the paper.

Nate: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Institutions. Every effort was put forth into ensuring that multiple inves-
ligators were ahle 1o reproduce the basic findings at both the Universily of
California San Francisco (UCSF) and Stanford/VA Palo Alto using differ-
ent facilities, instruments and tools. For behavioral experiments, efforts were
made to equate testing protocols between institutions, but a number of
environmental factors differing between institutions persisted. Such confound-
ing factors could directly result in the differences observed between the two
institutions in animal baseline freezing and errors committed. In particular,
the investigators, animal husbandry methods, type ofanimal chow provided,
vivarium noise levels and overall behavior room dimensions and layouls
differed between the institutions. Additionally, plasma denaturalion and
K-Creb cognitive experiments were conducted over 2 years after the first
plasma-treatment cognitive experiments,

Animal models. The following mouse lines were used: C57BL/6 young mice
{The Jackson Laboratory) and C57BL/6 young and aged mice (National
Institutes of Aging). All studies were done in male mice. The numbers of
mice used Lo resull in statistically significant differences were calculated using
standard power calculations with o = 0.05 and a power of (L8, We used an
online tool (http://www.stat. uiowa.edu/~rlenth/Power/index.himl) to calcu
late power and sample sizes based on experience with the respective tests,
the variability of the assays and inter-individual differences within groups.
Mice were housed under specific pathogen-free conditions undera 12 h lighe,
12 h dark cycle, and all animal handling and use was in accordance with insti-
tutional guidelines approved by the UCSFE Institutional Animal Care and Use
Commillee and the VA Palo Allo Commillee on Animal Research.

Parabiosis. Parabiosis surgery followed previously described procedures! 11,
Mirror-image incisions at the left and right flanks were made through the
skin, and shorter incisions were made through the abdominal wall. The peri-
toneal openings of the adjacent parabionts were sutured together. Elbow and
knee joints from each parabiont were sutured together, and the skin of each
mouse was stapled (9-mm Autoclip, Clay Adams) to the skin of the adjacent
parabiont. Each mouse was injected subcutaneously with enrolloxacin (Bayer)
antibiotic and buprenorphine (Butler Schein) as directed for pain and moni-
tored during recovery. For overall health and maintenance behavior, several
recovery characteristics were analyzed at various times after surgery, includ-
ing paired weights, grooming and stress responses. General appearance was
recorded at the indicated intervals using a basic groeming appearance scale
that ranged from an absence of grooming behavior (0) to normal, healthy
grooming behavior (4). Intermediate scores reflect the degree and frequency
al which fur was groomed and/or maintained on various regions of the paired
body, including muzzle, eyes, head, torso and legs, adapted from guidelines
from Smaolinsky et al., 2009 (refs. 28,29).

Stereotaxic injections. Animals were placed in a stereotaxic frame and anes-
thetized with 2% isoflurane (Patterson Veterinary) (2 | per min oxygen flow
rate) delivered through an anesthesia nose cone. Ophthalmic eye ointment was
applied to the cornea to prevent desiccation during surgerv. The area around the
incision was lrimmed. Viral solutions were injected bilaterally into the dorsal
hippocampi using the following coordinates: (from bregma) anterior = -2 mm,
lateral = 1.5 mm and (from skull surface) height = —2.1 mm. A 2 pl volume was
injected stereotaxically over 10 min (injection speed: 0.20 ul per min) using a
5-ul 26s-gauge Hamilton syringe. To limit reflux along the injection track, the
needle was maintained in situ for 8 min, slowly pulled out halt-way and kept in
position for an additional 2 min. The skin was closed using silk suture. Each
mouse was injected subcutancously with the analgesic buprenorphine (Butler
Schein), Mice were single housed and monilored during recovery.

Gene microarray analysis. Hippocampi from isochronic and heterochronic
parabionts were dissected, and total RNA was extracted using TRIzol
reagent (Invitrogen). cDNA and ¢RNA were sequentially synthesized
and amplified using an BNA Amplification Kit {Ambion) according to the
manufacturer’s protocol. cRNA was then hybridized to the Illumina beadchip

array MouseWG-6 v2.0 (Illumina) according to the manufacturer’s instruc-
tions. Data were analyzed by [lumina beadstudio data analysis software
{INumina) following the manufacturer’s guidelines. Cluster 3.0 software
was used for unsupervised hierarchical clustering of z-scored data sets. Java
TreeView software was used for generating heat maps. A cutoff at P <0.01 and
absolute d score > 2 or d score > 1.5 was used based on SAM software (SAM
3.00 algorithm, http://statweb.stanford.edu/~tibs/SAM/ was applied for the
data set analysis). Significantly changed probe sets were analyzed for statistically
enriched pathways using IPA (Ingenuity Systems, http://www.ingenuity.com)
and categorized for biological function using AmiGO (The Gene Ontology
Consortium, http://www.godatabase.org/cgi-bin/amigo/go/cgi).

Immunchistochemistry. Tissue processing and immunohistochemistry
were performed on free-floating sections following standard published
techniques ™, Mice were anesthetized with chloral hydrate (Sigma-Aldrich) and
transcardially perfused with 0.9% saline, and brains were removed and fixed
in phosphate-butfered 4% paraformaldehyde for 48 h before cryprotection
with 30% sucrosec. Free-floating coronal scctions (40 pm) were incubated
overnight with rabbil anti-Egrl (1:500, 588, Sanla Cruz), rabbil anti-c-Fos
(1:500, 4-17, Millipore) or rabbil anti-pCreb (1:1,000, Ser133, 06-519,
Millipore) primary antibodies, and staining was revealed using biotinylated
secondary antibodies and the ABC kit (Vector) with diaminobenzidine
(DAB; Sigma-Aldrich). Individual cell numbers were quantified by Egrl and
c-Tos, and pCreb was quantified as the mean signal intensity using NITH
Image] sottware.

Golgi staining. After brain removal, hemispheres were immersed in 10 ml
modified Golgi-Cox staining solution {courtesy of 1. Jing and E. Lee at Cornell
University) for 7- 10 d at room temperature in the dark, Brains were transferred
to 30% sucrose in dH,0 at 4 °C for 72 h. Sections (150 wm) were mounted
onto slides coated with 0.3% gelatin in dH,O. After brietly drying, slides were
dipped in 40% sucrose three times and air dried for 72 h in the dark. Slides
were immersed into dH,0O three times for 10 min with gentle shaking and then
transferred to a developing solution for 6 min. Slides were then rinsed three
times for 10 min in dH,0, dehydrated through graded ethanol, immersed
in Histoclear and then coverslipped using DPX mounting medium (Sigma-
Aldrich). Neurons were traced at 100x, and all subsequent analyses were done
using Neurolucida Software (v10, MBF Bioscience). Sholl analysis was per-
formed for each neuron by placing concentric spheres at 10-jm intervals from
the soma. The number of times the dendrite intersected each sphere and the
total dendritic length within each sphere were quantified. Dendritic length was
summed across distance in the x, y, and z planes and across multiple dendritic
branches of the neurons that are contained within each radius.

Extracellular electrophysiology. Extracellular electrophysiology was per

formed as previously describedl. Acute hippocampal slices (400-pum thick)
were prepared from aged parabionts. Slices were maintained in artificial cer-
ebrospinal fluid (ACST; (in mM) NaCl, 124.0; KCl, 2.5; KH,PO4, 1.2; CaCl,,
2.4; Mg30,, 1.3; NaHCO,, 26.0; and glucose, 10.0) continuously oxygenated
with 5% CO; and 95% O,. Recordings were performed with an Axopatch-
2B amplifier and pClamp 10.2 soltware (Axon Instruments). Submerged
slices were conlinuously perfused with oxvgenated ACSF at a Mlow rale of
2 ml per min from a reservoir by gravity feeding, Field potential {(population
spikes) was recorded using glass microelectrodes filled with ACSF (resistance:
4-8 ML), Biphasic current pulses (0.2-ms duration for one phase, 0.4 ms in
total) were delivered in 10-s intervals through a concentric bipolar stimulat-
ing electrode (THC, Inc.). No obvious synaptic depression or facilitation was
observed with this frequency stimulation. To record field population spikes
in the dentale gyrus, the recording electrode was placed in the lateral or
medial side of the dorsal part of the dentate gyrus. The slimulating electrode
was placed directly above the hippocampal fissure to stimulate the perforant
pathway fibers. Signals were filtered at | kHz and digitized at 10 kHz, Tetanic
stimulation consisted of two trains of 100 pulses {0.4-ms pulse duration, 100 Hz)
delivered with an intertrain interval of 5 s. The amplitude of each population
spike was measured from the initial phase of the negative wave. Up to five
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consecutive traces were averaged for each measurement. Synaptic transmission
was assessed by generating input-output curves, with the stimulus strength
adjusted to be ~30% of the maximum. LTP was calculated as the mean per-
centage change in the amplilude of the population spike after high-frequency
stimulation relative to its basal amplitude,

Western blot analysis. Mouse hippocampi were dissected after perfusion
of the animal, snap frozen and lysed in RIPA lysis buffer (500 mM Tris,
pH 7.4, 150 mM NaCl, 0.5% Na deoxycholate, 1% NP40, 0.1% SDS and
cOmplete protease inhibitors; Roche). Tissue lysates were mixed with 4x NuPage
LDS loading buffer (Invitrogen), 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 Tris-buffered saline with
Tween (TBST) and incubated with rabbit anti-actin (1:5.000, A-5060, Sigma),
mouse anti-Gapdh (1:10,000, 6C5, Abcam) rabbit anti-Creb (1:1.000, 48H2,
Cell Signaling) and rabbit anti-pCreb (1:1,000, Ser133, D1Ge, Cell Signaling).
Horseradish peroxidase—conjugated secondary antibodies and an ECL kit
{GE Healthcare/Amersham Pharmacia Biotech) were used to detect protein
signals. Mulliple exposures were laken Lo select images within the dynamic
range of the film (GE Healthcare Amersham Hyperfilm ECL). Selected films
were scanned (300 dots per inch) and quantified using Image] software
{Version 1.46k). Actin bands were used for normalization,

Viral plasmids. We generated AAVs (AAV-DJ*Z) that overexpressed a DNA
binding-incompetent form of Creb (K-Creb), which have been previously
shown to exhibit dominant-negative inhibition of endogenous Creb signaling
{Clontech)®!. The AAV plasmids expressed a K-Creb-T2A-GEP construct
under a cylomegalovirus (CMV) promoter. The K-Creb sequence was isolated
using the Phusion Hot Start IT DNA Polymerase (Fisher Scientific, Inc) using
the following PCR primers: 5-ATATATGCTAGCGCCACCATGACCATG
GAATCTGGAGC-3" and 5 -ATATATGGATCCATCTGATTTGTGGCAGT
AAAGGTC-3. K-Creb was then cloned into the AAV backbone using the
restriction enzymes Nhel and BamHI. The K-Creb construct is in frame with
both the T2A domain and GEP. We generated lentiviruses (LVs) encoding
shRNAs targeting endogenous Creb using a lentiviral shRNA expression sys-
tem (pGreenPuro shRNA, System Biosciences) according to the manufacturer’s
instructions, The Creb-targeted sequences were cloned into the pGreen
Puro vector (Creb, 5-GTACAGCTGGCTAACAATGG-37), Plasmid quality
was tested with western blot analysis and sequencing. AAVs and LVs were
stereotaxically injected into one hippocampus, and a control virus, based on
the same viral plasmid, was injected as an internal control at the same location
into the contralateral hemisphere.

Viruses. LV veclors were generated al the UCSF Viracore, and AAV veclors
were generated at the Stanford Neuroscience Gene Vector and Virus Core. We
used AAV-DJ* to efficiently infect neurons over a wide area of the hippocam-
pus®*, Viral titers were between 5 x 10% and 1.2 x 10% viral particles per ml.

Cell culture experiments. An N2A neuronal cell line (American Type Culture
Collection, CCL-131) was used for in vifro cxperiments. Cells were plated
al a confluency ol 85-90% for transleclion experiments. Lipofectamine
2000 (Invitrogen) was used as the transfection reagent. The culture medium
{(DMEM + 10% FBS) was exchanged after 6 h to reduce toxicity cavsed by
the transfection reagent. Gene expression was assessed with the help of GFP
reporters and fluorescence microscopy. Cells were lysed 24 h after transfec-
tion. Experiments were performed in triplicates. For transcriptional activity
analysis of Creb, luciferase reporter plasmids (Signosis) were co-transfected
with ¢ither Creb or K-Creb plasmids into N2A cells. The Luciferase reporter
assay was used [ollowing the manufacturer’s instructions (Promega).

Contextual fear conditioning. Our paradigm followed previously published
techniques®. Mice learned to associate the environmental context (fear-
conditioning chamber) with an aversive stimulus (mild foot shock; uncon-
ditioned stimulus, US), which enabled testing for hippocampal-dependent
contextual fear conditioning. 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. Speciflic training parameters were as follows: tone duralion, 30 s;
level, 70 dB, 2 kHz; shock duration, 2 s; intensity, 0.6 mA. 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 shoclk
(0.6 mA), Two minutes later, a second CS-US pair was delivered. On dav 2,
each mouse was first placed in the fear-conditioning chamber containing the
same exact context but with no administration of a C5 or foot shock. Freezing
was analyzed for 1-3 min. One hour later, the mice were placed ina new con-
Lext containing a different odor, dleaning solution, (loor texture, chamber walls
and shape. Animals were allowed to explore for 2 min before being re-exposed
to the C8. Freezing was analyzed for | -3 min. Freezing was measured using a
FreezeScan video tracking system and software (Cleversys, Inc).

RAWM. Our paradigm followed a previously described protocol?”. The goal
arm location containing a platform remained constant throughout the training
and testing phases, and the start arm was changed during each trial. On day 1
during the training phase, mice were trained for 15 Lrials, with Lrials alternating
belween a visible and a hidden platform. On day 2 during the testing phase,
mice were tested for 15 trials with a hidden platform. Entry into an incorrect
arm was scored as an error, and errors were averaged over the training blocks
(three consecutive trials).

Plasma collection. Pooled mouse plasma was collected from 700 young
(3 months) or aged (18 months) mice by intracardial bleed at time of eutha-
nasia. Plasma was prepared [rom blood collected with EDTA followed by
centrifugation at 1,000g. For plasma denaturation, plasma was heated for
2-3 min at 95 °C, followed by a short spin at 1,000g. All plasma aliquots
were stored at —80 °C until use. Before administration, plasma was dialyzed
using 3.5-kDa D-tube dialyzers (EMD Millipore) in PBS to remove EDTA.
Young adult mice were systemically treated with plasma (100 pl per injection)
isolated from voung or aged mice by intraorbital injections or intravenously
into the tail vein cight times over 24 d.

Corticosterone analysis. Blood was obtained from each mouse in a pair by
serial submandibular bleeding under rapid isoflurane exposure; the sampling
site on the muzzle was alternated for each time point to minimize discomfort.
Plasma was isolated and stored at —80 °C until measurement of the stress-
response hormone corticosterone (CORT) by a competitive CORT ELISA
{Enzo Lite Sciences). Urine was abtained by placing each pair on a wire-cage
hopper and palpating the bladder to void urine into individual Eppendort
tubes for each mouse of the pair. Samples for all lime points were collected
according to a strict schedule to minimixe circadian fluctuations in blood
hormone concentrations. Urine CORT was measured according to manufac
turer recommendations using the CORT ELISA kit {Enzo Life Sciences). Raw
absorbance values for all CORT ELISAs were obtained from a microtiter plate
reader at an absorbance of 405 nm, CORT concentrations of test samples were
calculated from a four-parameter logistic curve fit of the percentage steroid
bound versus the |CORT] of the standards.

Data and statistical analyses. All experiments were randomized and per-
formed b-},' a blinded indepen dent researcher. Researchers remained blinded
throughout histological, biochemical and behavioral assessments, Groups
were unblinded at the end of each experiment before statistical analysis. Data
are expressed as the mean + s.e.m. The distribution of the data in each set of
experiments was tested for normality using the D'Agostino-Pearson omnibus
test or the Shapiro-Wilk test. No significant differcnces in variance between
groups were detected using an F test. Statistical analyses were performed with
Prism 5.0 software (GraphPad Software). Means between lwo groups were
compared with a two-tailed, unpaired Student’s ¢ test. Comparisons of means
from multiple groups with each other or against one control group were ana-
lyzed with one-way ANOVA followed by the appropriate post-hoc tests (as
indicated in the figure legends). All histology, electrophysiology and behavior
experiments were conducted in a randomized and blinded fashion.
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