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Cellular/Molecular

Mimicking Age-Associated Gadd45y Dysregulation Results
in Memory Impairments in Young Adult Mice

David V.C. Brito, Janina Kupke, Kubra Gulmez Karaca, Benjamin Zeuch, and “°Ana M.M. Oliveira
Department of Neurobiology, Interdisciplinary Centre for Neurosciences, Heidelberg University, 69120 Heidelberg, Germany

Age-related memory loss is observed across multiple mammalian species and preferentially affects hippocampus-dependent memory.
Memory impairments are characterized by accelerated decay of spatial memories. Nevertheless, the molecular mechanisms underlying
these deficits are still largely unknown. Here, we investigated the expression and function of the growth arrest DNA damage (Gadd45)
family during aging and cognition, respectively. We report that aging impairs the expression of Gadd45y in the hippocampus of cogni-
tively impaired male mice. Mimicking this decrease in young adult male mice led to age-like memory deficits in hippocampus-dependent
memory tasks. Gadd45vy reduction impaired the activity of key components of the mitogen-activated protein kinase (MAPK) pathway
(p38 and JNK) in mouse hippocampal cultures. Furthermore, we found that activation of downstream targets, such as ATF-2, c-Jun, and
CREB (cAMP response element-binding protein), was disrupted. Finally, we showed that Gadd45+y is required for induction of key early-
and late-response genes that have been associated with aging. Together, these findings indicate that Gadd45y expression regulates
cognitive abilities and synapse-to-nucleus communication and suggest Gadd45+y dysfunction as a potential mechanism contributing to
age-related cognitive impairments.
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/Signiﬁcance Statement

A high percentage of subjects experience age-related memory loss that burdens daily performance. Although many advances have
been made, the precise changes in the brain governing these deficits are unclear. Identifying molecular processes that are required
for cognition and are altered during old age is crucial to develop preventive or therapeutic strategies. Here, we show that baseline
and learning-induced expression of the growth arrest DNA damage (Gadd45) vyis selectively impaired in the hippocampus of aged
mice with cognitive deficits. Next, we show that modeling this impairment in young adult mice with normal cognitive performance
disrupts long- and short-term memories in an age-like manner. Finally, we demonstrate that Gadd45y regulates synapse-to-
nucleus communication processes that are needed for plasticity-associated gene expression.
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Introduction
Age-related cognitive decline is observed across multiple species,
including rodents and humans (Erickson and Barnes, 2003). In
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humans, ~40% of individuals aged 65 years or older experience
some form of memory loss (Aigbogun et al., 2017), even though
deterioration of cognitive functions may start earlier (Singh-
Manoux et al., 2012). Aged rodents, monkeys, and humans ex-
hibit similar age-dependent memory impairments (Erickson and
Barnes, 2003; Burke et al., 2012). Hippocampus-dependent
forms of memory, such as spatial memory, are particularly vul-
nerable to aging (Burke and Barnes, 2006) such that, in aged
subjects, memories are retained for shorter periods of time
(Kennard and Woodruff-Pak, 2011). Despite these conserved
age-related cognitive impairments, little is known about the mo-
lecular mechanisms underlying these changes.

Memory formation requires activity-dependent changes in
the function and structure of neurons. Short-term storage de-
pends on post-translational mechanisms at the level of the syn-
apse, whereas long-term memory requires activity-regulated gene
transcription (Alberini, 2009). Learning-dependent genomic re-
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sponses are disrupted in the aged hippocampus (Stefanelli et al.,
2018). Therefore, dysregulation of the coupling between neuronal
activity impinging on synapses and gene transcription in the nucleus
likely underlies age-related cognitive deficits. The activity of tran-
scription factors is a crucial layer of regulatory control in synapse-to-
nucleus communication. The transcription factors cAMP response
element-binding protein (CREB) and activating protein 1 (AP-1)
are required for plasticity and memory (Alberini, 2009). Age-
associated changes in CREB activity and expression have been
reported, and there is compelling evidence indicating that upregula-
tion of CREB levels or activity ameliorates age-related memory def-
icits (Bach etal., 1999; Yu et al., 2017b). Recently, comparison of the
hippocampal transcriptome of young adult and aged mice revealed
that AP-1-associated gene expression is also affected during aging
(Stilling et al., 2014). Hence, these changes suggest that molecular
mechanisms that regulate CREB and AP-1 transcriptional activity
might be disrupted during aging.

The growth arrest DNA damage (Gadd45) family is composed
of three family members—Gadd45a, Gadd45f3, and Gadd45y—
which are small proteins (~18 kDa) with both nuclear and cyto-
plasmic expression. Gadd45 family members regulate signaling
cascades such as the mitogen-activated protein kinase (MAPK)
cascade, cell cycle control, and DNA repair mechanisms and have
been extensively studied during tumorigenesis and cellular stress
responses, which are hallmarks of aging (Moskalev et al., 2012).
In contrast, the current knowledge of their functions in the brain
is limited to that gained by a few studies. Gadd458 and Gadd45y
mRNA expression is induced upon neuronal activity and learn-
ing (Maetal., 2009). Gadd45 has been shown to be required for
adult neurogenesis (Ma et al., 2009), and aberrant function of
Gadd458 was implicated in psychiatric disorders (Gavin et al.,
2012). Two studies have suggested that Gadd45p regulates mem-
ory formation; however, the findings in those studies were con-
flicting (Leach et al., 2012; Sultan et al., 2012). Gadd45y in the
prelimbic prefrontal cortex has been recently proposed to be re-
quired for memory consolidation (Li et al., 2019). The known
functions of Gadd45 members led us to hypothesize that aging
would be associated with dysfunction of Gadd45 family members
in the brain. Here, we investigated this possibility and the func-
tions of Gadd458 and Gadd45vy in the regulation of neuronal
signaling, gene expression, and memory formation. We found
that aging reduces Gadd45y expression in the mouse hippocam-
pus, and that mimicking this reduction in young adult mice in-
duces age-like memory impairments. Furthermore, we showed
that Gadd45+y regulates MAPK signaling as well as CREB- and
AP-1-dependent transcription. The expression of genes that have
been previously shown to be impaired during aging (Ryan et al.,
2019), such as Arc and Nptx2/Narp, was disrupted.

Overall, this work uncovered a novel function for Gadd45vy in
gene expression regulation and cognitive abilities. Furthermore,
these findings may implicate a dysfunction in Gadd45<y expression
as a contributing mechanism to age-related cognitive impairments.

Materials and Methods

Subjects. We used 3-month-old and 18-month-old C57BL/6] male mice
(Janvier) or male C57BL/6N mice (Charles River Wiga) that were 3
months old at the time of behavior experiments. Mice were always group
housed (3—4 mice/cage), unless severe fighting occurred, and were
housed on a 12 hlight/dark cycle with ad libitum access to water and food
(22 £ 1°C, 55 = 10% relative humidity). All behavioral experiments took
place during the light phase. Sick and/or injured mice from cage-mate
fighting were excluded from the study. Animals were randomly assigned
to experimental groups and blinded analysis was performed. All proce-
dures were performed in accordance with German guidelines for the care
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and use of laboratory animals and with the European Community Coun-
cil Directive 86/609/EEC.

Primary hippocampal cultures. Hippocampal cultures from newborn
C57BL/6N mice (Charles River Wiga) were prepared and maintained as
previously described (Bading and Greenberg, 1991), except that growth
medium was supplemented with Invitrogen B27 (Thermo Fisher Scien-
tific) and 1% rat serum (v/v). Recombinant adeno-associated virus
(rAAV) infection of cultures occurred on day in vitro (DIV) 4. Infection
rates, determined by analyzing the proportion of GFP ™ cells, ranged
from 80 to 90%. Experiments were performed on DIVs 10—11. To induce
action potential bursting, cultures were treated with 50 um bicuculline
(Enzo Life Sciences) or 100 uMm gabazine (Biotrend). DNA cotransfection
was performed after a culturing period of 8 DIV using Invitrogen Lipo-
fectamine 2000 (Thermo Fisher Scientific) as described previously
(Pruunsild et al., 2011, 2017). N numbers represent independent cell
preparations.

rAAVs. Viral particles were produced and purified as described previ-
ously (Zhang et al., 2007). For expression of short-hairpin RNAs (shRNAs),
we used a vector containing the U6 promoter upstream of the shRNA
sequence (control, Gadd458, or Gadd45+y specific). The control-shRNA,
Gadd45B-shRNA, Gadd45y-shRNA1, and Gadd45y-shRNA2 se-
quences are 5’ACTACCGTTGTTATAGGTGCG'3, 5'GCAGATTC
ACTTCACCCTGAT'3, 5" TTGAAAGAGCAGTGCAGTCG'3,and 5'AT
AGCGCTGCAGATCCATTTC'3, respectively. Both the control-shRNA
and Gadd45y-shRNAL1 sequences have been previously described and
validated (Zhang et al., 2009; Oliveira et al., 2012). For each virus batch
produced, the infection rate, toxicity, viral titer, and effectiveness of
knockdown were checked before experiments were started. Viral titers
obtained after production of all viruses were similar, and the volumes
were matched to obtain final working concentrations of 10 '° viral parti-
cles/ml. At DIV 10, infected hippocampal cultures were imaged using
identical microscope settings for infection rate and toxicity analysis. The
quantification was performed using Fiji (National Institutes of Health;
Schindelin et al., 2012). None of the viral batches used induced cell death.

Stereotaxic surgery. rAAVs were injected into the dorsal hippocampus
(dHPC) at the following coordinates relative to the bregma: —2 mm
anteroposterior; = 1.5 mm mediolateral; — 1.7, —1.9,and —2.1 mm dor-
soventral. A total volume of 1.5 ul was injected per hemisphere at 200
nl/min; a 2:1 mixture of viral solution and 20% mannitol was used.
Following injections at each individual site, the needle was left in place for
60 s. At the time of behavioral experiments, the experimenter was blind
to the identity of the virus injected into each mouse. Behavioral experi-
ments started 2 weeks after rAAV delivery. After behavior experiments,
histological analysis was performed to confirm correct targeting and tis-
sue and cellular integrity. Mice that showed absence or missed targeting
of viral expression were excluded. For histological analysis, mice were
perfused with 4% paraformaldehyde (Sigma-Aldrich). The brains were
collected and postfixed in the same solution overnight, then placed into a
30% sucrose solution. Brain slices were cut at a thickness of 30 um,
incubated in Hoechst 33258 (2 wg/ml; Serva Feinbiochemica) for 5 min,
and mounted on glass slides. Slices were imaged with a 10X objective
mounted on a fluorescence microscope (Leica Microsystems). Identical
microscope settings were used between different experimental groups.

Behavioral testing. Before behavioral testing started, mice were habit-
uated to the experimenter and behavioral room by handling for 3 con-
secutive days, 1.5 min/mouse. Object—location test and contextual fear
conditioning were performed as previously described (Oliveira et al.,
2012, 2016). Different mouse cohorts were used to test long-term mem-
ory (24 h), short-term memory (5 min), or short-term memory (1 h).
After handling sessions, mice underwent a habituation session (6 min)
where they were placed in the training arena in the absence of objects.
During training, the animals were exposed to two objects and allowed to
explore for 6 min during three trials with 3 min intertrial intervals. Dur-
ing the testing session, which occurred 24 h, 1 h, or 5 min later, one object
was moved to a new location and exploration of objects was scored for 6
min. During contextual fear conditioning training, mice were allowed to
explore the conditioning chamber for 2 min and 28 s until a 0.5 mA
footshock was administered for 2 s; then, animals remained for 30 s
before returning to their home cage (HC). The testing session consisted
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of exposing the animals to the conditioning chamber for 5 min. Mice first
underwent the object—location test, and contextual fear conditioning was
performed 1 week later. If control animals did not show a preference in
one experimental batch during the object—location test due to day effects,
the whole set of animals was excluded from this analysis but was still
included in contextual fear conditioning data. The open-field test was
performed within the first session of the object—place recognition train-
ing as previously described (Gulmez Karaca et al., 2018).

Luciferase reporter assays. Assays were performed as previously de-
scribed, with alterations (Pruunsild et al., 2017). We used the following
Firefly luciferase (FFluc) expression vectors: pGL4.29[luc2P/CRE/Hy-
gro] (Promega), which contains four CRE cis-elements and a minimal
promoter (4XCRE-pmin), or pGL4.44[luc2P/AP1 RE/Hygro] (Pro-
mega), which contains six copies of an AP-1 response element and a
minimal promoter (AP-1 RE-pmin). Additionally, the plasmid pGL4.83
h[RlucP/Puro] (Promega), which contains the human EFla promoter
regulating the expression of Renilla luciferase (Rluc), was used for nor-
malization. On DIV 8, mouse primary hippocampal cultures in 48-well
plates were changed to transfection medium. Lipofectamine 2000
(Thermo Fisher Scientific) was used for transfection according to the
manufacturer’s instructions. Neurons were cotransfected with one of the
following constructs: control-shRNA, Gadd45B-shRNA, Gadd45y-
shRNA1, Gadd45y-shRNA2, and 4 X CRE-pmin or AP-1 RE-pmin (all 1
pg/well), together with Rluc (75 ng/well). The DNA (ug):Lipofectamine
2000 (ul) ratio was 1:2 in a total of 25 ul/well. On DIV 10, Dual-Glo
Luciferase Assay System (Promega) was used to measure FFluc and Rluc
activity levels. Background signal measured from nontransfected cells
was subtracted, and FFluc levels were normalized to Rluc levels. Each
condition was done in triplicate. Data are presented as fold change rela-
tive to the control-shRNA condition treated with bicuculline.

Quantitative reverse-transcription PCR. RNA was isolated using the RNeasy
Plus Mini Kit (Qiagen) with additional on-column DNase I digestion, according
to the manufacturer’s instructions. For RNA isolation from mouse hippocampal
tissue, the tissue was rapidly dissected and placed in RNAlater (Sigma-Aldrich).
For the generation of complementary DNA, RNA was reverse transcribed with
the Applied Biosystems High Capacity Complementary DNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). Quantitative reverse-transcription PCR
(gRT-PCR) was performed on an Applied Biosystems StepOnePlus Real-Time
PCR System (Thermo Fisher Scientific) using Applied Biosystems TagMan gene
expression assays (Thermo Fisher Scientific) for the following mouse genes: Arc
(MmO00479619_g1), c-Fos (Mm00487425_m1), Gadd45a (Mm00432802_m1),
Gadd453 (Mm00345123_m1), Gadd45y (Mm00442225_m]l), Nptx2/Narp
(Mm00479438_m1), and Tgfb2 (Mm00436955_m1). Expression levels of target
genes were normalized to the expression of the housekeeping gene GusB
(Mm00446953_m1). Results were further normalized to uninfected conditions.
In the case of early-response genes (Arcand c-Fos) or late-response genes (Nptx2/
Narp and Tgfb2), data were normalized to uninfected conditions at the expres-
sion peak, 2 or 6 h of bicuculline treatment, respectively. Controls were used to
exclude the possibility of DNA or RNA contaminations.

Western blotting. Hippocampal cultures infected on DIV 4 were lysed
on DIV 10 in boiling SDS sample buffer [160 mm Tris-HCL, pH 6.8, 4%
SDS, 30% glycerol, 10 mum dithiothreitol, and 0.02% bromophenol blue].
The cell lysates were loaded into a 12% acrylamide gel and blotted onto a
nitrocellulose membrane (GE Healthcare). The membranes were
blocked in 5% milk in PBS with 0.01% Tween (PBS-T) and probed with
the following antibodies: phospho-ATEF-2 (1:2500; #9221, Cell Signaling
Technology), total ATF-2 (1:250; sc-242, Santa Cruz Biotechnology),
phospho-c-Jun (1:1000; #9261s, Cell Signaling Technology), total-c-Jun
(1:250; sc-74543, Santa Cruz Biotechnology), phospho-CREB (1:10,000;
#05-667, Millipore), total-CREB (1:5000; #4820, Cell Signaling Technol-
ogy), phospho-Erk (1:2500; #9106, Cell Signaling Technology), total-Erk
(1:5000; #9102, Cell Signaling Technology), phospho-JNK (1:1000;
#4671, Cell Signaling Technology), total-JNK (1:5000; #9258, Cell Sig-
naling Technology), phospho-p38 (1:750; #612288, BD Biosciences),
total-p38 (1:3000; #92125s, Cell Signaling Technology). Antibodies were
diluted in 5% milk in PBS-T or in 5% bovine serum albumin in PBS-T, if
the antibodies targeted a phospho variant. Next, blots were incubated
with horseradish peroxidase-conjugated secondary antibodies. Finally,
blots were incubated in enhanced chemiluminescence Western blotting
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detection reagent (GE Healthcare or Bio-Rad) and exposed to Hyperfilm
(GE Healthcare). Data are presented as the ratio of phosphorylated/total
protein normalized internally to the respective uninfected condition.
The conditions at baseline served as a control to confirm the phosphor-
ylation of the various kinases in response to bicuculline treatment.

Calcium imaging. For calcium imaging experiments, we used a viral
vector that contained the human synapsin promoter upstream of the
recombinant calcium indicator JRGECO1a (Dana et al., 2016). On DIV
4, primary hippocampal cultures were infected with JRGECO1a alone or
coinfected with control-shRNA, Gadd45B8-shRNA, Gadd45y-shRNAI,
or Gadd45y—shRNA2. On DIVs 10-11, individual coverslips were trans-
ferred to a dish containing CO,-independent culture medium (CICM) at
room temperature. Fluorescence was detected using a cooled charge-
coupled device camera (iXon, Andor) through a 20X water immersion
objective (LUMPlanFl/IR, Olympus) on an upright microscope (BX51W1,
Olympus). jJRGECO1a-infected cells were identified by the presence of a
strongly red fluorescent soma (excitation ~560 nm). Data were collected
using proprietary software (CellR, Olympus) and analyzed using Image]
(National Institutes of Health) and Igor Pro (WaveMetrics). During imag-
ing, cells on coverslips were transferred to an imaging chamber containing
room temperature CICM, and the GABA, receptor antagonist gabazine
(100 M) was applied to induce reliable action potential bursting and asso-
ciated intracellular calcium rises. F,,,,, was measured in CICM containing 10
M ionomycin, and F, ;) was measured in CICM for 2 min before gabazine
treatment. GFP ™ cells were used to draw, with confidence, regions of interest
for the analysis of somatic calcium responses. Calcium responses were quan-
tified as a fraction of the binding affinity: [Ca*"]/Ky = (F — F,;)/(Foox —
F); Mauceri et al., 2015). A total of 120 coverslips from six independent
preparations were analyzed.

Experimental design and statistical analysis. For normally distributed
data sets, two-tailed unpaired Student’s ¢ tests were used to compare
two groups. If more than two groups were analyzed simultaneously, a
one- or two-way ANOVA was used followed by appropriate multiple-
comparisons post hoc tests to control for multiple comparisons as speci-
fied. Normally distributed significant data were marked with *. In the
case of a non-Gaussian distribution, two-tailed Mann—-Whitney tests
were used to compare two distinct groups or a Kruskal-Wallis (KW) test
followed by Dunn’s post hoc test to compare more than two groups.
Non-normally distributed significant data were marked with #. The sam-
ple size was determined based on similar experiments performed in the
past and in the literature. All plotted data represent the mean = SEM.
Statistical analysis was performed using GraphPad Prism for Mac OS X,
version 7 (GraphPad Software). For behavioral experiments, the investi-
gators were blind to group allocation during data collection and analysis.
All behavioral sessions were video recorded and manually scored by an
experimenter blind to the group identity to determine the exploration of
objects during training and testing phases or freezing behavior. Animal
locomotion during the open-field test and mean velocity during fear
conditioning training were scored using Smart Video Tracking Software
(Harvard Apparatus) and the TSE Systems Fear Conditioning software,
respectively. For in vitro experiments, no blinding was performed be-
cause the outcome was dependent on software analysis and not manual
scoring. All statistical details of experiments can be found in the Results
section.

Results

Aging reduces Gadd45+y expression in the

mouse hippocampus

To investigate a possible link between Gadd45 family members
and aging-related cognitive decline, we examined whether aging
induces alterations in the expression of Gadd45 family members.
We compared Gadd45«, Gadd45, and Gadd45y mRNA expres-
sion in the dHPC of young adult mice to that in aged mice which
were previously shown to exhibit impairments in hippocampal
forms of memory—namely, object—place recognition and fear
conditioning (Oliveira et al., 2012). Specifically, we performed
qRT-PCR analysis from isolated dHPC tissue of young and aged
mice that underwent training in an object recognition test or
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Figure1.

Gadd45-y expression is decreased in the hippocampus of aged mice. 4, Schematic representation of the experimental design. B-D, qRT-PCR analysis of Gadd45 «« (B), Gadd45 3 (€), and

Gadd45y (D) expression in the dorsal hippocampus of young adult and aged mice in HC conditions or 30 min after training in the object location test. Young HC, n = 5 mice; young trained, n = 5
mice; aged HC, n = 3 mice; aged trained, n = 4 mice. Expression levels are normalized to young HClevels (dashed lines). *p << 0.05, **p << 0.01,***p << 0.001, ****p << 0.0001 by one-way ANOVA
test followed by Bonferroni post hoc test with pairwise comparisons. ns, Not significant. Error bars represent SEM.

remained in HC conditions (Fig. 1A). Young adult mice pre-
sented similar Gadd45a baseline and trained levels. In contrast,
training induced the expression of Gadd45B and Gadd45vy in
young adult mice (Fig. 1 B-D; one-way ANOVA followed by Bon-
ferroni’s multiple-comparisons test; Gadd45a: F; 15y = 0.104,
p = 0.9563; Gadd45B: Fs,5 = 7.837, p = 0.0031; Gadd45y:
F3,13) = 26.69, p < 0.0001). These findings are in agreement with
previous studies showing that the expression of Gadd45f3 and
Gadd45y is regulated by neuronal activity (Ma et al., 2009; Leach
et al.,, 2012; Sultan et al., 2012). Interestingly, we found that
dHPC Gadd45y levels were reduced in aged mice, both in HC and
trained conditions (Fig. 1D). This impairment was Gadd45y spe-
cific, as Gadd45c and Gadd45[3 levels were similar in young adult
and aged mice. Both groups presented comparable total object ex-
ploration times (young vs aged: two-tailed Student’s ¢ test, ., =
1.405, p = 0.2028). Thus, our findings show that Gadd45+y expres-
sion is compromised in the dorsal hippocampus of aged mice and
suggest a role in age-related cognitive decline.

Reduced Gadd45+y levels impair memory formation in young
adult mice

Given our finding that Gadd45y expression is reduced in the
hippocampus of cognitively impaired aged mice, we hypothe-
sized that reducing Gadd45y expression in the hippocampus of
young adult mice would promote memory deficits. To investigate
this hypothesis, we generated rAVVs to deliver a control shRNA
(control-shRNA) or a previously characterized Gadd45vy-
specific ShRNA (Gadd45y-shRNA1). We used the rAAV1/2 se-
rotype to preferentially knock down Gadd45y in neurons given
its established neuronal tropism (Xu et al., 2001). Additionally, a
Gadd458-specific ShRNA sequence (Gadd45B-shRNA) was de-
signed to compare the functions of the two family members. The
viral constructs also contained an expression cassette for GFP

under control of the chicken B-actin promoter that served as an
infection marker (Fig. 2A). Infection rates in primary hippocam-
pal cultures were determined by analyzing the percentage of
GFP ™ cells, which ranged from 80 to 90% (Fig. 2B). qRT-PCR
analysis revealed that both Gadd45B8—shRNA- and Gadd45y-
shRNA1-infected neurons showed a significant and specific de-
crease in Gadd453 and Gadd45y mRNA expression compared
with control conditions. This effect was present both in baseline
conditions and upon induction of action potential bursting by
treatment with the GABA, receptor antagonist bicuculline (Fig.
2D, E; two-tailed Student’s ¢ test; baseline: t,, = 1.653, p =
0.1737; tyy = 4.994, p = 0.0075; t4) = 0.5047, p = 0.6403;
ts) = 0.6404, p = 0.5456; 15, = 1.843, p = 0.1149; 1, = 6.609,
p =0.0002; 2 h bicuculline: t,, = 2.205, p = 0.0922; t,) = 4.767,
p = 00089; t4) = 0.03639, p = 0.9727; ) = 0.1194, p = 0.9088;
te) = 2102, p = 0.0802; ts, = 6.975, p = 0.0004). Having estab-
lished the effectiveness of our knock-down tools, we sought to
test whether Gadd453 or Gadd45y knockdown affects locomotor
activity or anxiety-like behavior (tendency to thigmotaxis). We
used stereotaxic surgery to deliver rAAV-control-shRNA, rAAV-
Gadd45B-shRNA, or Gadd45y-shRNA1 into the dHPC of
young adult mice and performed an open-field test 2 weeks later
(Fig. 2F). We confirmed robust viral-mediated expression in the
dHPC of injected animals by assessing GFP expression and
knock-down efficiency by qRT-PCR analysis (Fig. 2G,H; con-
trol-shRNA vs Gadd45p3-shRNA: two-tailed Student’s ¢ test,
tas) = 4.940, p = 0.0002; control-shRNA vs Gadd45y—shRNA1:
two-tailed Student’s  test, ;) = 4.275, p = 0.0005). No gross
anatomical or histological brain changes were observed in
Gadd45B or Gadd45y knock-down conditions. We did not find a
significant difference between the three groups in the total dis-
tance traveled or the percentage of time spent in the central zone
[Fig. 2I-M; two-tailed Student’s ¢ test; total distance traveled:
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Figure 2.  Characterization of rAAV constructs for shRNA expression. 4, Schematic representation of the viral constructs used. The viral vector contains a U6 promoter driving either Gadd453-
specific (Gadd453—shRNA), Gadd45y-specific (Gadd45y—shRNA1), or control (control-shRNA) shRNA sequences and a cytomegalovirus (CMV)/chicken (Figure legend continues.)
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Figure3. Reducing hippocampal Gadd45-ylevelsin young adult mice impairs long-term memory formation. 4, Schematic representation of the experimental design for long-term memory tests.

B, C, Twenty-four hour object—location memory test of young adult mice expressing control-shRNA (n = 8 mice), Gadd453—shRNA (n = 8 mice; B), control-shRNA (n = 12 mice), or
Gadd45y—shRNAT (n = 13 mice; () in the dHPC. The dashed lines represent equal preference for either object (chance preference). D, E, Twenty-four hour contextual fear memory test of young
adult mice expressing control-shRNA (n = 8 mice), Gadd45B8—shRNA (n = 8 mice; D), or control—shRNA (n = 16 mice), Gadd45-y—shRNAT (n = 15 mice; E) in the dHPC. *p << 0.05 by two-tailed

unpaired Student’s ¢ test. ns, Not significant. Error bars represent SEM.

fo1) = 0.7425, p = 0.4660 (Fig. 2] ); £26) = 1.033, p = 0.3109 (Fig.
2K); time in center: f,;, = 1.532, p = 0.1404 (Fig. 2L); t(5e) =
0.3536, p = 0.7265 (Fig. 2M)]. Thus, our model allows the eval-
uation of cognitive functions without confounds originating
from impaired locomotion or altered anxiety-like behavior. Be-
cause aging is associated with hippocampus-dependent memory
impairments (Erickson and Barnes, 2003; Weber et al., 2015), we
subjected mice to hippocampus-dependent memory tasks (Fig.
3A). Decreasing Gadd453levels did not change the preference for
the displaced object 24 h after training in the object—place recog-
nition test (Fig. 3B; two-tailed Student’s t test, t,,) = 0.1916,p =
0.8508). In contrast, Gadd45y-shRNA1 animals showed an
impaired preference for the displaced object 24 h after training

<«

(Figure legend continued.) ~ [B-actin (CBA) hybrid promoter driving GFP as an infection
marker. bGH polyA, Bovine growth hormone polyadenylation signal; ITR, inverted terminal
repeat; WPRE, woodchuck hepatitis virus post-transcriptional requlatory element. B, Represen-
tative images of GFP -cultured hippocampal cells infected with control—shRNA, Gadd453—
shRNA, or Gadd45y—shRNA1. Scale bars, 40 wm. €, Schematic representation of the in vitro
experimental design. D, E, qRT-PCR analysis of Gadd45 v, Gadd45 3, and Gadd45-y expression
under baseline conditions (n = 3-5 independent neuronal cultures; D) or after 2 h bicuculline
treatment (n = 3—4 independent neuronal cultures; E). Expression levels were normalized to
the corresponding baseline or bicuculline-treated uninfected controls (dashed lines). **p <
0.01, ***p < 0.001 by two-tailed unpaired Student's  test. F, Schematic representation of the
in vivo experimental design. G, Representative images of the dorsal hippocampus of control—
shRNA, Gadd45 3—shRNA, or Gadd45-y—shRNAT groups 4 weeks after stereotaxic surgery. Scale
bars, 100 m. H, qRT-PCR analysis of Gadd453 and Gadd45-y expression in the dorsal hip-
pocampus of Gadd453—shRNA-injected mice (n = 8 mice) or Gadd45~y—shRNA1-injected
mice (7 = 9 mice) 30 min after object—location training normalized to control-shRNA [n = 9
or 10 mice (dashed line)]. I, Representative exploration traces of all groups during the open-
field test. J, K, Locomotion analysis of control-shRNA (n = 11 mice) versus Gadd453—shRNA
groups (n = 12 mice; J) and control-shRNA (n = 14 mice) versus Gadd45y—shRNA groups
(n = 14 mice; K), quantified as the total distance traveled during the open-field test. L, M,
Anxiety-like behavior, quantified as the percentage of time spent in the center of the arena
during the open-field test of control-shRNA (n = 12 mice) versus Gadd453—shRNA groups
(n = 12 mice; L) and control-shRNA (n = 14 mice) versus Gadd45y—shRNA groups (n = 14
mice; M). Two-tailed unpaired Student’s ¢ test. ns, Not significant. Error bars represent SEM.

(Fig. 3C; two-tailed Student’s ¢ test, t,,, = 2.545, p = 0.0189).
This impairment was not due to differences in object exploratory
behavior (one-way ANOVA followed by Bonferroni’s multiple-
comparisons test, F(, ;) = 0.3681, p = 0.6964). Next, we tested
these animals in contextual fear conditioning. Similar to what we
observed in the object—place recognition test, the Gadd458-
shRNA group did not show long-term fear memory impairments
(Fig. 3D; t(14y = 1.23, p = 0.2398). Knock down of Gadd45y in
the dHPC of young adult mice, however, promoted long-term
memory deficits in contextual fear memory 24 h after training (Fig.
3E; two-tailed Student’s ¢ test, #,9) = 2.334). This impairment was
not a result of distinct responsiveness to the shock administration
between the groups during the training session (one-way ANOVA
followed by Bonferroni’s multiple-comparisons test, Fs 4, = 57.66,
p < 0.0001). Hence, this set of experiments shows that
Gadd45vy is required for hippocampus-dependent long-term
memory formation.

We next subjected mice to the same hippocampus-dependent
memory tasks as above, but this time we used shorter time delays
between training and testing to assess short-term memory (1 h or
5 min delay after training; Fig. 4A). In line with the aforemen-
tioned findings, Gadd4583 knock-down mice showed intact
memory compared with control animals in both tasks (Fig. 4 B, D;
two-tailed Student’s f test, £,,) = 1.845, p = 0.0899 and ¢, =
1.086, p = 0.2971). In contrast, mice transduced with Gadd45y-
shRNA1 showed short-term memory impairments in locating
the displaced object in the object—location test 1 h after training
(Fig. 4C; two-tailed Student’s ¢ test, t, = 4.838, p = 0.0013).
These effects were specific to object—location memory because no
deficits were observed in contextual fear conditioning (Fig. 4E;
two-tailed Student’s ¢ test, #,,) = 1.192, p = 0.2530). Knocking
down Gadd45+y did not promote memory impairments when a
recall session was performed 5 min after object—place recognition
training (Fig. 4F; two-tailed Student’s t test, t = 2388, p =
0.8172) or contextual fear conditioning (Fig. 4G; two-tailed Stu-
dent’s t test, t,5, = 0.4399, p = 0.6694), showing that memory
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recognition memory formation in a delay-specific manner. 4, Schematic representation of the
young adult mice expressing control-shRNA (n = 7 mice), Gadd453—shRNA (n = 7 mice; B), or

control-shRNA (n = 5 mice), Gadd45y—-shRNA1 (n = 5 mice; €) in the dHPC. D, E, One hour contextual fear memory test of young adult mice expressing control-shRNA (n = 7 mice),

Gadd453-shRNA (n = 8 mice; D), or control-shRNA (n = 8 mice), Gadd45y—shRNA1 (n =

8 mice; E) in the dHPC. F, G, Five minute object—location memory test (F) and contextual fear

conditioning test (G) of young adult mice expressing control-shRNA (n = 6 mice) or Gadd45y—shRNA1 (n = 6 mice) in the dHPC. **p << 0.01 by two-tailed unpaired Student’s £ test. ns, Not

significant. Error bars represent SEM.

acquisition and early short-term memory are not compromised
in Gadd45y-shRNA1 animals. Altogether, this set of experiments
indicates that hippocampal Gadd45vy is required for long-term
memory and late stages of short-term recognition memory.

Gadd457y regulates MAPK signaling and downstream
transcription factor activation

Gadd45 family members are known to regulate MAPK signaling
cascades in several tissues outside of the nervous system through
the interaction with kinases upstream of JNK and p38 MAPKs,
but not ERK (Takekawa and Saito, 1998; Tornatore et al., 2008).
Considering that both short- and long-lasting neuronal adaptive
responses have been suggested to require JNK/p38 activity
(Alonso et al., 2003; Bevilaqua et al., 2003; Guan et al., 2003;
Sherrin et al., 2010; Giese and Mizuno, 2013; Morel et al., 2018),
and Gadd45+y regulates these pathways, we next asked whether
Gadd45 regulates MAPK signaling in hippocampal neurons. We
addressed this by knocking down Gadd458 or Gadd45y expres-
sion in primary hippocampal cultures and by measuring the
phosphorylation levels of JNK, p38, and ERK in response to in-
creased neuronal activity (Fig. 5A). To rule out possible off-target

effects, we confirmed our findings with a second Gadd45+y-
specific ShRNA sequence (Gadd45y-shRNA2). Infection rates
and functional knock down of this rAAV were similar to previ-
ously validated shRNAs (Fig. 5B—D; two-tailed Student’s ¢ test;
baseline: .,) = 0.3629, p = 0.7515; 15, = 1.901, p = 0.0938; t5, =
7.046, p = 0.0001; bicuculline: 75, = 0.1101, p = 0.9224; £, =
2.08, p = 0.0827; t = 13.44, p < 0.0001). Reduction of
Gadd45p expression did not affect JNK, p38, or ERK phosphor-
ylation levels compared with control conditions (Fig. 5E-H; two-
tailed Student’s ¢ test; p38: t4) = 0.6737, p = 0.5195; JNK: ¢, =
0.9099, p = 0.3931; ERK: £, = 0.2913, p = 0.7806). In contrast,
reduced Gadd45y resulted in impaired JNK and p38 phosphor-
ylation (Fig. 5E-G; two-tailed Student’s ¢ test; p38: ,4) = 2.345,
P = 0.0307; 1,4, = 4.885, p = 0.0002; and JNK: t, = 3.257, p =
0.0116;5 t(,4, = 4.31, p = 0.0007), whereas ERK phosphorylation
was not affected (Fig. 5E, H; two-tailed Student’s ¢ test; t(,) =
0.6112, p = 0.5547; t,,y = 0.01475, p = 0.9885). To further
explore the functional consequences of Gadd45y reduction, we
analyzed the phosphorylation of transcription factors down-
stream of JNK and p38, such as ATF-2/CREB2, c-Jun, and CREB
(Fig. 6A). We observed that, in Gadd453-shRNA conditions, the
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phosphorylated forms of these transcription factors were not dif-
ferent from controls (Fig. 6B—E; two-tailed Student’s t test;
ATF-2: t 4 = 0.6737, p = 0.5806; c-Jun: £, = 0.3787, p = 0.7148;
CREB: ¢4, = 1.556, p = 0.1706). However, the phosphorylation
of c-Jun, ATF-2, and CREB was significantly diminished when
Gadd45y levels were reduced (Fig. 6B—E; two-tailed Student’s ¢
test; ATF-2: t(,4) = 5.266, p = 0.0004; t(,5) = 2.792, p = 0.0191;
c-Jun: £, = 2.167, p = 0.0554; t .4, = 2.429, p = 0.0413; CREB:
f12) = 3.57,p = 0.0039; £, = 2.285, p = 0.0413). These findings
provide evidence that Gadd45y regulates MAPK signaling in
neurons.

Gadd45+y regulates CRE and AP-1 transcriptional activity and
downstream activity-dependent gene transcription

Given the disruption in the phosphorylation of CREB and in the
components of the AP-1 complex [c-Jun, ATF, c-Fos (Alberini,
2009)], we next aimed at testing whether Gadd45y reduction
would impair AP-1- and CREB-dependent transcriptional activ-
ity. This analysis was further motivated by the established roles of
CREB and AP-1 in memory formation (Alberini, 2009) and by
studies linking CREB dysfunction and aging (Benito and Barco,
2010; Oliveira and Bading, 2011; Yu et al., 2017a,b). We per-
formed luciferase reporter assays using a reporter plasmid con-
taining the Firefly luciferase under the control of CRE or AP-1
binding sites in primary hippocampal cultures (Fig. 7A). To this
end, we cotransfected constructs encoding CRE-luciferase or AP-

1-luciferase and control-shRNA, Gadd45B3-shRNA, Gadd45y—
shRNA1, or Gadd45y-shRNA2 (Fig. 7B). Luciferase activity was
assessed both under basal conditions and after induction of neu-
ronal activity (Fig. 7C,D). In agreement with our data showing
regulation of MAPK signaling specifically by Gadd45+y, Gadd45f3
reduction did not affect CRE or AP-1 transcriptional activity (Fig.
7C,D). In contrast, reducing Gadd457y expression significantly
impaired luciferase expression in both assays (Fig. 7C,D; one-way
ANOVA followed by Sidak’s multiple-comparisons test; CRE:
Fipsm = 1623, p < 0.0001; AP-1: F, .y = 36.22, p < 0.0001).
These results revealed that Gadd45y expression is required for
baseline AP-1 and activity-induced AP-1 and CRE transcrip-
tional activity. To determine whether Gadd45+y regulates the ex-
pression of endogenous CRE and AP-1 target genes, we
monitored the expression of CREB-dependent genes (Impey et
al., 2004; Arc and c-Fos) and AP-1-dependent genes (Malik et al.,
2014; Nptx2/Narp and Tgfb2) that are regulated by synaptic ac-
tivity and whose expression has been shown to be dysregulated
with aging (Arc and Nptx2/Narp; Ryan et al.,, 2019; Fig. 8A).
CREB- and AP-1-dependent gene expression was disrupted in
response to increased neuronal activity in Gadd45y knock-down
conditions (Fig. 8B—E; Arc: one-way ANOVA followed by Dun-
nett’s multiple-comparisons test; baseline: F(; ,5) = 2.471, p =
0.0825; 2 h: F5 5 = 38.33, p < 0.0001; 4 h: F, ,,) = 48,85, p <
0.0001; 6 h: F(5 56, = 34,76, p < 0.0001; c-fos: one-way ANOVA
followed by Dunnett’s multiple-comparisons test or Kruskal—
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Wallis; baseline: F; ,5) = 2.974, p = 0.0486; 2 h: KW statistic =
21.55, p < 0.0001; 4 h: F5 ,;, = 16.3, p < 0.0001; 6 h: F(5 ) =
45.89, p < 0.0001; Nptx2/Narp: one-way ANOVA followed by
Dunnett’s multiple-comparisons test or Kruskal-Wallis followed
by Dunn’s multiple-comparisons test; baseline: F(;,4) = 6.684,
p =0.0019; 2 h: F; ,,) = 6.369, p = 0.0025; 4 h: KW statistic =
16.95, p = 0.0007; 6 h: F(5 5,y = 12.73, p < 0.0001; Tgfb2: one-way
ANOVA followed by Dunnett’s multiple-comparisons test; base-
line: F; 54, = 2.471, p = 0.0015; 2 h: F5 55, = 38.33, p < 0.0001;
4h: F s, = 48.85, p < 0.0001; 6 h: F(; ) = 34.76, p < 0.0001).
Moreover, in line with luciferase assays, CREB target genes were
predominantly decreased in an activity-dependent manner,
whereas AP-1-target genes showed consistent baseline and
activity-dependent decreases when Gadd45y was reduced.
Gadd45p knockdown did not promote any changes in gene ex-
pression compared with control conditions. These results show
that Gadd45+y regulates CREB- and AP-1-dependent gene ex-
pression in neurons. It should be noted that cross talk between
both signaling pathways may occur because we detected deficits

in ¢-Fos expression, a component of the AP-1 complex (Alberini,
2009).

To confirm that the effects seen in MAPK signaling and down-
stream transcription factor activity were directly dependent on
Gadd45+y function and not due to an overall disruption of neu-
ronal responses and/or calcium-dependent signaling pathways,
we assessed calcium rises triggered by neuronal activity. We mea-
sured intracellular calcium dynamics using the genetically en-
coded calcium indicator JRGECO1a (Fig. 9A), which has high
sensitivity in dissociated neurons, in primary hippocampal cul-
tures coinfected with the above-described shRNA constructs. Co-
expression of shRNA constructs and jRGECOla was reliably
determined using GFP/mCherry fluorescence, and only GFP ™
cells were analyzed. Neurons were treated with the GABA, an-
tagonist gabazine to induce action potential bursting (Fig. 9B—
D). No differences in the amplitude (Fig. 9E; one-way ANOVA
followed by Sidak’s multiple-comparisons test: F, ,5) = 0.435,
p = 0.7820) or frequency (Fig. 9F; one-way ANOVA followed by
Sidak’s multiple-comparisons test: F(, ,5, = 0.5321) of action po-
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expression of the CREB-dependent genes Arc (n = 7— 8 independent neuronal cultures; B) and c-Fos (n = 6 — 8 independent neuronal cultures; C) or the AP-1-dependent genes Nptx2/Narp (n =
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tential bursts were detected in Gadd45B8—shRNA-, Gadd45y—
shRNA1-, or Gadd45y—shRNA2-infected neurons. This set of
experiments indicates that deficits in MAPK signaling and
activity-dependent gene expression promoted by Gadd45y re-
duction are not explained by altered calcium responses to neuro-
nal activity. This supports the hypothesis that, similar to its
function in other cell types (Takekawa and Saito, 1998; Tornatore
et al., 2008), Gadd45y directly regulates MAPK signaling in
neurons.

Discussion

This study reveals that aging is associated with reduction in
Gadd45vy expression, and that reducing hippocampal Gadd45y
levels in young adult mice negatively impacts cognitive function.
Furthermore, our results show that Gadd45y regulates synapse-
to-nucleus signaling and AP-1- and CREB-regulated genomic
programs. These findings provide insight into the functions of
Gadd45 family members in the hippocampus.

Previous studies on the functions of Gadd45 family members
in the brain focused mainly on Gadd45p. Knocking out Gadd453
promoted enhanced long-term memory in one study (Sultan et
al,, 2012) and deficient hippocampus-dependent long-term
memory in another (Leach et al., 2012). Considering that both
reports applied a global knock-out strategy, possible confounds
originating from developmental compensatory mechanisms

and/or differential functions in different brain regions that bias
conclusions about the function of Gadd458 in hippocampus-
dependent memory may have been present. Here, we acutely
decreased the expression of Gadd45p in the dorsal hippocampus
of adult mice and found no differences in long- or short-term
memory. Moreover, knockdown of Gadd458 in primary hip-
pocampal cultures did not affect stimulus-induced MAPK signal-
ing, transcription factor activity, or gene expression. This result
suggests that previously reported effects of Gadd458 knockout
may not be a direct consequence of Gadd45B-associated func-
tions in the hippocampus.

Here, we describe that, analogous to its role in other cell types
(Tamuraetal., 2012), Gadd45y functions as a regulator of MAPK
signaling pathways in hippocampal neurons. MAPK signaling
cascades regulate the activity of downstream transcription factors
with established roles in memory formation (Alberini, 2009).
Here, we found that Gadd45y regulates the transcriptional activ-
ity of CREB and AP-1 and downstream gene expression. Thus,
our data suggest that Gadd45y may mediate the formation of
long-term memory through the regulation of CREB- and AP-1-
dependent memory genes. However, this putative role of
Gadd45 should be tested in vivo in future studies.

Recently, it has been suggested that Gadd45y can actasa DNA
demethylase (Grassi etal., 2017; Lietal., 2019) and in this way can
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regulate gene expression. Our findings show a novel mechanism
by which Gadd45+y regulates gene expression in neurons. This is
supported by our study using luciferase assays that demonstrate
the ability of Gadd45y to regulate CREB- and AP-1-dependent
transcription independently of the epigenome. Moreover, we ob-
served a striking similarity in the magnitude of the effects ob-
tained in the luciferase assays and the analysis of expression of
CREB- and AP-1-endogenous target genes. In both assays, AP-1-
dependent transcription required Gadd45vy in both basal and
induced conditions, whereas CREB-dependent gene expression
required Gadd45vy only after stimulation, thus suggesting that the
regulation of CREB and AP-1 target genes depends on Gadd45+y-
mediated synapse-to-nucleus communication. It is plausible that
Gadd45y-dependent regulation of MAPK signaling and its re-
ported DNA demethylase activity work in conjunction in the fine
tuning of genomic responses underlying memory formation. It
was shown that, in the prelimbic prefrontal cortex, nuclear
Gadd45y regulates a late transcriptional response by DNA de-
methylation activity. Together with our data, this study suggests a

mechanistic framework in which cytoplasmic Gadd45y regulates
the immediate transcriptional response to learning and nu-
clear Gadd45 facilitates, through DNA demethylation, later
phases of transcription activation. However, this remains to be
investigated.

We found that Gadd45y reduction impairs short-term
object—place recognition memory. Short- and long-term forms
of plasticity have been associated with JNK and p38 activity.
JNK targets synaptic proteins that regulate the insertion of
AMPA receptors (Coffey, 2014). Similarly, p38 is required for
AMPA receptor trafficking associated with mGluR-induced
LTD and NMDAR-induced LTD (Corréa and Eales, 2012). In
vivo studies also suggest that both JNK and p38 are activated
upon learning stimuli (Giese and Mizuno, 2013). Pharmaco-
logical inhibition of p38 immediately after learning impaired
both short- and long-term memory formation (Alonso et al.,
2003). Therefore, impairments in the activation of p38 and/or
JNK may underlie the short-term memory deficits identified
in our study.
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Several studies demonstrated that altered CREB activity dur-
ing aging has been linked to dysregulated calcium homeostasis
(Oliveira and Bading, 2011). We found, however, that Gadd45y
knockdown, which mimics age-associated changes, impacts
CREB phosphorylation independently of changes in calcium
dynamics. This suggests that, during aging, dysregulation of
Gadd45+y-dependent regulatory mechanisms may be another
factor contributing to altered CREB function. Intriguingly, the
memory phenotypes identified in our study mimic well estab-
lished aging-dependent cognitive deficits observed across species.
We observed a delay-specific short-term recognition memory
impairment, which is also observed across different species dur-
ing aging. Aged animals only present short-term memory impair-
ments when longer delays between training and recall are used
(Erickson and Barnes, 2003; Burke et al., 2012). Moreover, a
disruption of contextual fear memory was limited to long-term
memory impairments in the case of Gadd45vy reduction. This
finding is in line with rodent studies showing that associative
memory—in particular, contextual fear memory—is less vulner-
able to aging (Foster et al., 2012). In light of these findings, it is
tempting to speculate that aging-associated Gadd45y expression
dysregulation is associated with these phenotypes. However, in
addition to reduction in Gadd45y expression, substantial altera-
tions in signaling and gene expression accompany aging. This
could potentially mask/alter Gadd45y functions in this context
compared with young adult brain. This should be addressed in
future experiments by directly analyzing Gadd45y functions in
the altered setting of the aged hippocampus.

In conclusion, this study demonstrates that Gadd45+yis a crit-
ical regulator of synapse-to-nucleus communication and cogni-
tive functions in the young adult mouse hippocampus. Our
results further suggest Gadd45+y as a molecular candidate that
may contribute to cognitive impairments in aging-associated
pathological conditions. Identifying the underlying causes that
lead to Gadd45+y dysfunction could potentially allow for the
design of strategies that may prevent or delay the onset of age-
associated memory deficits across species. Furthermore, Gadd45y
expression is altered in the prefrontal cortex of patients suffering
from alcohol dependence (Kapoor et al., 2019) and in the hippocam-
pus of mice subjected to unpredictable chronic mild stress, an estab-
lished model for depression (Grassi et al., 2017). Therefore, our
study further suggests molecular mechanisms that may be present in
the pathophysiological development of psychiatric conditions
and/or associated cognitive deficits.
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