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Abstract  26 

Age-related memory loss is observed across multiple mammalian species and preferentially 27 

affects hippocampus-dependent memory. Memory impairments are characterized by 28 

accelerated decay of spatial memories. Nevertheless the molecular mechanisms underlying 29 

these deficits are still largely unknown. Here, we investigated the expression and function of 30 

the growth arrest DNA damage (Gadd45) family during aging and cognition, respectively. We 31 

report that aging impairs the expression of Gadd45γ in the hippocampus of cognitively 32 

impaired male mice. Mimicking this decrease in young adult male mice led to age-like 33 

memory deficits in hippocampus-dependent memory tasks. Gadd45γ reduction impaired the 34 

activity of key components of the MAPK pathway (p38 and JNK) in mouse hippocampal 35 

cultures. Furthermore we found that activation of downstream targets, such as ATF-2, c-Jun 36 

and CREB was disrupted. Finally, we showed that Gadd45γ is required for induction of key 37 

early- and late-response genes that have been associated with aging. Together, these 38 

findings indicate that Gadd45γ expression regulates cognitive abilities and synapse-to-39 

nucleus communication, and suggest Gadd45γ dysfunction as a potential mechanism 40 

contributing to age-related cognitive impairments.  41 

Significance Statement  42 

A high percentage of subjects experience age-related memory loss that burdens daily 43 

performance. Although many advances have been made, the precise changes in the brain 44 

governing these deficits are unclear. Identifying molecular processes that are required for 45 

cognition and are altered during old age is crucial to develop preventive or therapeutic 46 

strategies. Here we show that baseline and learning-induced expression of the growth arrest 47 

DNA damage (Gadd45) γ is selectively impaired in the hippocampus of aged mice with 48 

cognitive deficits. Next, we show that modeling this impairment in young adult mice with 49 

normal cognitive performance disrupts long-and short-term memories in an aged-like 50 

manner. Finally, we demonstrate that Gadd45γ regulates synapse-to-nucleus communication 51 

processes that are needed for plasticity-associated gene expression.  52 
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Introduction  53 

Age-related cognitive decline is observed across multiple species, including rodents and 54 

humans (Erickson and Barnes, 2003). In humans, about 40% of individuals aged 65 years or 55 

older experience some form of memory loss (Aigbogun et al., 2017), even though 56 

deterioration of cognitive functions may start earlier (Singh-Manoux et al., 2012). Aged 57 

rodents, monkeys and humans exhibit similar age-dependent memory impairments (Erickson 58 

and Barnes, 2003; Burke et al., 2012). Hippocampus-dependent forms of memory, such as 59 

spatial memory, are particularly vulnerable to aging (Burke and Barnes, 2006) such that, in 60 

aged subjects, memories are retained for shorter periods of time (Kennard and Woodruff-61 

Pak, 2011). Despite these conserved age-related cognitive impairments, little is known about 62 

the molecular mechanisms underlying these changes.  63 

Memory formation requires activity-dependent changes in the function and structure of 64 

neurons. Short-term storage depends on post-translational mechanisms at the level of the 65 

synapse, whereas long-term memory requires activity-regulated gene transcription (Alberini, 66 

2009). Learning-dependent genomic responses are disrupted in the aged hippocampus 67 

(Stefanelli et al., 2018). Therefore, dysregulation of the coupling between neuronal activity 68 

impinging on synapses and gene transcription in the nucleus likely underlies age-related 69 

cognitive deficits. The activity of transcription factors is a crucial layer of regulatory control in 70 

synapse-to-nucleus communication. The transcription factors cAMP response element-71 

binding protein (CREB) and the activating protein 1 (AP-1) are required for plasticity and 72 

memory (Alberini, 2009). Age-associated changes in CREB activity and expression have 73 

been reported and there is compelling evidence indicating that upregulation of CREB levels 74 

or activity ameliorates age-related memory deficits (Bach et al., 1999; Yu et al., 2017b). 75 

Recently, comparison of the hippocampal transcriptome of young adult and aged mice 76 

revealed that AP-1-associated gene expression is also affected during aging (Stilling et al., 77 

2014). Hence these changes suggest that molecular mechanisms that regulate CREB and 78 

AP-1 transcriptional activity might be disrupted during aging. 79 
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The growth arrest and DNA damage (Gadd45) family is comprised of three family members, 80 

Gadd45α, Gadd45β and Gadd45γ, which are small proteins (~18 KDa) with both nuclear and 81 

cytoplasmic expression. Gadd45 family members regulate signaling cascades such as the 82 

MAPK cascade, cell-cycle control and DNA repair mechanisms and have been extensively 83 

studied during tumorigenesis and cellular stress responses, which are hallmarks of aging 84 

(Moskalev et al., 2012). In contrast, the current knowledge of their functions in the brain is 85 

limited to that gained by a few studies. Gadd45β and Gadd45γ mRNA expression is induced 86 

upon neuronal activity and learning (Ma et al., 2009). Gadd45β has been shown to be 87 

required for adult neurogenesis (Ma et al., 2009) and aberrant function of Gadd45β was 88 

implicated in psychiatric disorders (Gavin et al., 2012). Two studies have suggested that 89 

Gadd45β regulates memory formation, however the findings in these studies were conflicting 90 

(Leach et al., 2012; Sultan et al., 2012). Gadd45γ in the prelimbic prefrontal cortex has been 91 

recently proposed to be required for memory consolidation (Li et al., 2018). The known 92 

functions of Gadd45 members led us to hypothesize that aging would be associated with 93 

dysfunction of Gadd45 family members in the brain. Here, we investigated this possibility and 94 

the functions of Gadd45β and Gadd45γ in the regulation of neuronal signaling, gene 95 

expression and memory formation. We found that aging reduces Gadd45γ expression in the 96 

mouse hippocampus and that mimicking this reduction in young adult mice induces age-like 97 

memory impairments. Furthermore, we showed that Gadd45γ regulates MAPK signaling as 98 

well as CREB- and AP-1-dependent transcription. The expression of genes that have been 99 

previously shown to be impaired during aging (Ryan et al., 2019), such as Arc and 100 

Nptx2/Narp, was disrupted.  101 

Overall, this work uncovered a novel function for Gadd45γ in gene expression regulation and 102 

cognitive abilities. Furthermore, these findings may implicate a dysfunction in Gadd45γ 103 

expression as a contributing mechanism to age-related cognitive impairments. 104 

 105 

 106 
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Materials and Methods 107 

 108 

Subjects.  We used 3-months-old and 18-month-old C57BL/6J male mice (Janvier, Saint 109 

Berthevin, France) or male C57BL/6N mice (Charles River, Sulzfeld, Germany) that were 3-110 

months-old at the time of behavior experiments. Mice were always group-housed (3-4 mice 111 

per cage), unless severe fighting occurred, and were housed on a 12h light/dark cycle with 112 

ad libitum access to water and food, 22 ± 1°C, 55 ± 10% relative humidity. All behavioral 113 

experiments took place during the light phase. Sick and/or injured mice from cage-mate 114 

fighting were excluded from the study. Animals were randomly assigned to experimental 115 

groups and blinded analysis was performed. All procedures were carried out in accordance 116 

with German guidelines for the care and use of laboratory animals and with the European 117 

Community Council Directive 86/609/EEC. 118 

 119 

Primary hippocampal cultures. Hippocampal cultures from newborn C57Bl/6N mice 120 

(Charles River, Sulzfeld, Germany) were prepared and maintained as previously described 121 

(Bading and Greenberg, 1991), except that growth medium was supplemented with B27 122 

(Invitrogen/BRL,MA, USA) and 1% rat serum (vol/vol). Recombinant adeno-associated virus 123 

(rAAV) infection of cultures occurred on day in vitro (DIV) 4. Infection rates, determined by 124 

analyzing the proportion of GFP+ cells, ranged from 80-90%. Experiments were performed 125 

on DIV 10-11. To induce action potential bursting, cultures were treated with 50 μM 126 

bicuculline (Enzo Life Sciences, Germany) or 100 μM gabazine (Biotrend, Germany). DNA 127 

co-transfection was performed after a culturing period of 8 DIV using Lipofectamine 2000 128 

(Invitrogen, CA, USA) as described previously (Pruunsild et al., 2011; Pruunsild et al., 2017). 129 

N numbers represent independent cell preparations.  130 

 131 

Recombinant adeno-associated virus (rAAVs). Viral particles were produced and purified 132 

as described previously (Zhang et al., 2007). For expression of short-hairpin RNAs 133 
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(shRNAs), we used a vector containing the U6 promoter upstream of the shRNA sequence 134 

(control, Gadd45β or Gadd45γ-specific). The Control-shRNA, Gadd45β-shRNA, Gadd45γ-135 

shRNA1 and Gadd45γ-shRNA2 sequences are 5’ACTACCGTTGTTATAGGTGCG’3, 136 

5’GCAGATTCACTTCACCCTGAT’3, 5’TTGAAAGAGCAGTGCAGTCG’3, 137 

5’ATAGCGCTGCAGATCCATTTC’3, respectively. Both the Control-shRNA and Gadd45γ-138 

shRNA1 sequences have been previously described and validated (Zhang et al., 2009; 139 

Oliveira et al., 2012). For each virus batch produced, the infection rate, toxicity, viral titer and 140 

effectiveness of knockdown were checked before starting of experiments. Viral titers 141 

obtained after production of all viruses were similar and the volumes were matched to obtain 142 

final working concentrations of 1010 viral particles/mL. At DIV10, infected hippocampal 143 

cultures were imaged using identical microscope settings for infection rate and toxicity 144 

analysis. The quantification was performed using Fiji (Schindelin et al., 2012). None of the 145 

viral batches used induced cell death. 146 

 147 

Stereotaxic surgery. rAAVs were injected into the dorsal hippocampus at the following 148 

coordinates relative to Bregma: − 2 mm anteroposterior, ± 1.5 mm medio-lateral, − 1.7, − 1.9 149 

and − 2.1 mm dorsoventral. A total volume of 1.5 μl was injected per hemisphere at 200 150 

nl/min; a 2:1 mixture of viral solution and 20% mannitol was used. Following injections at 151 

each individual site, the needle was left in place for 60s. At the time of behavioral 152 

experiments, the experimenter was blind to the identity of the virus injected into each mouse. 153 

Behavioral experiments started 2 weeks after rAAV delivery. After behavior, histological 154 

analysis was performed to confirm correct targeting and tissue and cellular integrity. Mice 155 

that showed absence or miss targeting of viral expression were excluded. For histological 156 

analysis, mice were perfused with 4% paraformaldehyde (Sigma, Munich, Germany). The 157 

brains were collected and post-fixed in the same solution overnight, then placed into a 30% 158 

sucrose solution. Brain slices were cut at a thickness of 30 μm and incubated in Hoechst 159 

33258 (2μg/ml, Serva, Heidelberg, Germany) for 5 min and mounted on glass slides. Slices 160 

were imaged with 10x objective mounted on a fluorescence microscope (Leica 161 
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Microsystems). Identical microscope settings were used between different experimental 162 

groups.  163 

 164 

Behavioral testing. Before behavioral testing started, mice were habituated to the 165 

experimenter and behavioral room by handling for 3 consecutive days, 1.5 minutes per 166 

mouse. Object-location test and contextual fear conditioning were performed as previously 167 

described (Oliveira et al., 2012; Oliveira et al., 2016). Different mice cohorts were used to 168 

test long-term memory (24h), short-term memory (5min) or short-term memory (1h). After 169 

handling sessions mice underwent a habituation session (6min) where they were placed in 170 

the training arena in the absence of objects. During training, the animals were exposed to 171 

two objects and allowed to explore for 6min during 3 trials with 3min inter trial intervals. 172 

During the testing session, that occurred 24h, 1h or 5min later, one object was moved to a 173 

new location and exploration of objects was scored for 6min. During contextual fear 174 

conditioning training, mice were allowed to explore the conditioning chamber for 2min and 175 

28s until a 0.5mA footshock was administered for 2s, then animals remained for 30s before 176 

returning to their home cage. The testing session consisted of exposing the animals to the 177 

conditioning chamber for 5min. Mice underwent first object-location test and one week later 178 

contextual fear conditioning was performed. If in one experimental batch during the object-179 

location test control animals did not show a preference, due to day effects, the whole set of 180 

animals were excluded from this analysis but were still included in contextual fear 181 

conditioning data. The open field test was carried within the first session of the object-place 182 

recognition training as previously described (Gulmez Karaca et al., 2018).  183 

 184 

Luciferase reporter assays. Assays were performed as described with alterations 185 

(Pruunsild et al., 2017). We used the following Firefly Luciferase expression vectors: 186 

pGL4.29[luc2P/CRE/Hygro] (Promega) that contains four CRE cis-elements and a minimal 187 

promoter (4×CRE-pmin) or pGL4.44[luc2P/AP1 RE/Hygro] (Promega) that contains six 188 
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copies of an AP-1 response element and a minimal promoter (AP-1 RE-pmin). Additionally, 189 

the plasmid pGL4.83h[RlucP/Puro] (Promega) that contains the human EF1a promoter 190 

regulating the expression of Renilla luciferase (Rluc) was used for normalization. On DIV 8, 191 

mouse primary hippocampal cultures in 48-well plates were changed to transfection medium. 192 

Lipofectamine 2000 (Thermo Fisher Scientific) was used for transfection according to the 193 

manufacturer’s instructions. Neurons were co-transfected with one of the following 194 

constructs: Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1, Gadd45γ-shRNA2 and 195 

4×CRE-pmin or AP-1 RE-pmin (all 1 μg/well), together with Rluc (75 ng/well). DNA (μg) : 196 

Lipofectamine 2000 (μl) ratio of 1:2 in total of 25 μl/well. On DIV 10, Dual-Glo Luciferase 197 

Assay System (Promega) was used to measure Firefly luciferase (FFluc) and Renilla 198 

luciferase (Rluc) activity levels. Background signal measured from non-transfected cells was 199 

subtracted and FFluc levels were normalized to Rluc levels. Each condition was done in 200 

triplicate. Data is presented as fold change relative to the Control-shRNA condition treated 201 

with bicuculline. 202 

 203 

Quantitative reverse-transcription PCR. RNA was isolated using the RNeasy Plus Mini Kit 204 

(Qiagen, Hilden, Germany) with additional on-column DNase I digestion, according to the 205 

manufacturer’s instructions. For RNA isolation from mouse hippocampal tissue, the tissue 206 

was rapidly dissected and placed in RNAlater (Sigma, Munich, Germany). For the generation 207 

of complementary DNA, RNA was reverse transcribed with the High Capacity 208 

complementary DNA reverse-transcription kit (Applied Biosystems, Foster City, CA, USA). 209 

Quantitative reverse-transcription PCR (qRT-PCR) was performed on a Step One Plus Real 210 

Time PCR System (Applied Biosystems, Foster City, CA, USA) using TaqMan gene 211 

expression assays (Applied Biosystems, Foster City, CA, USA) for the following mouse 212 

genes: Arc (Mm00479619_g1), c-Fos (Mm00487425_m1), Gadd45α (Mm00432802_m1), 213 

Gadd45β (Mm00345123_m1), Gadd45γ (Mm00442225_m1), Nptx2/Narp 214 

(Mm00479438_m1) and Tgfb2 (Mm00436955_m1). Expression levels of target genes were 215 

normalized to the expression of the housekeeping gene GusB (Mm00446953_m1). Results 216 



 

 9 

were further normalized to uninfected conditions. In case of early-response genes (Arc and 217 

c-Fos) or late-response genes (Nptx2/Narp and Tgfb2) data was normalized to uninfected 218 

conditions at the expression peak, 2h or 6h of bicuculline treatment, respectively. Controls 219 

were used to exclude the possibility of DNA or RNA contaminations. 220 

 221 

Western blotting. Hippocampal cultures infected on DIV 4 were lysed on DIV 10 in boiling 222 

SDS sample buffer (160 mM Tris-HCl (pH 6.8), 4% SDS, 30% glycerol, 10 mM dithiothreitol, 223 

and 0.02% bromophenol blue). The cell lysates were loaded into a 12% acrylamide gel and 224 

blotted onto a nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK). The 225 

membranes were blocked in 5% milk in phosphate-buffered saline (PBS) with 0.01% Tween 226 

(PBS-T) and probed with the following antibodies: phospo-ATF2 (1:2500, Cell Signaling 227 

#9221), total ATF-2 (1:250, Santa Cruz sc-242), phospo-c-Jun (1:1000, Cell Signaling, 228 

#9261s), total-c-Jun (1:250, Santa Cruz, sc-74543), phospo-CREB (1:10000, Millipore #05-229 

667), total-CREB (1:5000, Cell Signaling, #4820), phospho-Erk (1:2500, Cell Signaling 230 

#9106), total-Erk (1:5000, Cell Signaling, #9102), phospo-JNK (1:1000, Cell Signaling 231 

#4671), total-JNK (1:5000, Cell Signaling, #9258), phospo-p38 (1:750, BD #612288), total-232 

p38 (1:3000, Cell Signaling, #92125s). Antibodies were diluted in 5% milk in PBS-T or in 5% 233 

bovine serum albumin in PBS-T, if the antibodies targeted a phospho-variant. Next, blots 234 

were incubated with horseradish peroxidase-conjugated secondary antibodies. Finally, blots 235 

were incubated in enhanced chemiluminescence western blotting detection reagent (GE 236 

Healthcare or Bio-Rad) and exposed to Hyperfilm (GE Healthcare). Data is presented as 237 

ratio of phosphorylated/total protein normalized internally to the respective uninfected 238 

condition. The conditions at baseline served as a control to confirm the phosphorylation of 239 

the various kinases in response to bicuculline treatment. 240 

 241 

Calcium Imaging. For calcium imaging experiments we used a viral vector that contained 242 

the human synapsin promoter upstream of the recombinant calcium indicator jRGECO1a 243 
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(Dana et al., 2016).  On DIV 4, primary hippocampal cultures were infected with jRGECO1a 244 

alone or co-infected with Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 or Gadd45γ-245 

shRNA2. On DIV 10-11, individual coverslips were transferred to a dish containing CO2-246 

independent culture medium (CICM), at room temperature. Fluorescence was detected using 247 

a cooled charge-coupled device camera (iXon, Andor) through a 20x water immersion 248 

objective (LUMPlanFl/IR, Olympus) on an upright microscope (BX51W1, Olympus). 249 

jRGECO1a-infected cells were identified by the presence of a strongly red fluorescent soma 250 

(excitation ~560). Data were collected using proprietary software (cellR, Olympus) and 251 

analyzed using ImageJ and IgorPro (Wavemetrics, Lake Oswego, OR). During imaging, cells 252 

on coverslips were transferred to an imaging chamber containing room-temperature CICM, 253 

and the GABAA receptor antagonist gabazine (100 M), was applied to induce reliable action 254 

potential bursting and associated intracellular calcium rises. Fmax was measured in CICM 255 

containing 10 M ionomycin, Fmin was measured in CICM for 2 min before gabazine 256 

treatment. GFP+ cells were used to draw, with confidence, regions of interest for the analysis 257 

of somatic calcium responses. Calcium responses were quantified as a fraction of the 258 

binding affinity: [Ca2+]/Kd=(F - Fmin) / (Fmax - F) (Mauceri et al., 2015). A total of 120 coverslips 259 

from 6 independent preparations were analyzed. 260 

 261 

Experimental Design and Statistical Analysis. For normally distributed data sets, two-262 

tailed unpaired Student’s t tests were used to compare two groups. If more than two groups 263 

were analyzed simultaneously, a one- or two-way ANOVA was used followed by appropriate 264 

multiple comparison post hoc tests to control for multiple comparisons as specified. Normally 265 

distributed significant data was marked with *. In case of a non-Gaussian distribution, two-266 

tailed Mann-Whitney tests were used to compare two distinct groups or a Kruskal-Wallis test 267 

followed by Dunn´s post hoc test to compare more than 2 groups. Non-normal distributed 268 

significant data was marked with #. The sample size was determined based on similar 269 

experiments carried-out in the past and in the literature. All plotted data represent mean ± 270 

SEM. Statistical analysis was performed using GraphPad Prism for Mac OS X, version 7. For 271 
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behavioral experiments the investigators were blind to group allocation during data collection 272 

and analysis. All behavioral sessions were video recorded and manually scored by an 273 

experimenter blind to the group identity to determine the exploration of objects during training 274 

and testing phases or freezing behavior. Animal locomotion during open field test or mean 275 

velocity during fear conditioning training were scored using Smart Video Tracking Software 276 

(Harvard Apparatus) or the TSE systems fear conditioning software, respectively. For in vitro 277 

experiments no blinding was performed since the outcome was dependent on software 278 

analysis and not manual scoring. All statistical details of experiments can be found in the 279 

results section. 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 
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Results 296 

 297 

Aging reduces Gadd45γ expression in the mouse hippocampus. To investigate a 298 

possible link between Gadd45 family members and aging-related cognitive decline, we 299 

examined whether aging induces alterations in the expression of Gadd45 family members. 300 

We compared Gadd45α, Gadd45β and Gadd45γ mRNA expression in the dorsal 301 

hippocampus of young adult to the one in aged mice which were previously shown to exhibit 302 

impairments in hippocampal forms of memory, namely object place recognition and fear 303 

conditioning (Oliveira et al., 2012). Specifically, we performed qRT-PCR analysis from 304 

isolated dorsal hippocampus (dHPC) tissue of young and aged mice that underwent training 305 

in an object recognition test or remained in home-cage (HC) conditions (Figure 1A). Young 306 

adult mice presented similar Gadd45α baseline and trained levels. In contrast, training 307 

induced the expression of Gadd45β and Gadd45γ in young adult mice (Figure 1B-D, one-308 

way ANOVA followed by Bonferroni’s Multiple Comparison Test, Gadd45α: F (3,13) = 0.104, 309 

P = 0.9563; Gadd45β: F (3,13) = 7.837, P = 0.0031 and Gadd45γ: F (3, 13) = 26.69, P < 310 

0.0001). These findings are in agreement with previous studies showing that the expression 311 

of Gadd45β and Gadd45γ is regulated by neuronal activity (Ma et al., 2009; Leach et al., 312 

2012; Sultan et al., 2012). Interestingly, we found that dHPC Gadd45γ levels were reduced in 313 

aged mice, both in HC and trained conditions (Figure 1D). This impairment was Gadd45γ 314 

specific as Gadd45α and Gadd45β levels were similar in young adult and aged mice. Both 315 

groups presented comparable total object exploration times (Young vs. Aged: Two-tailed 316 

Student's T Test, t(7) = 1.405, P = 0.2028). Thus, our findings show that Gadd45γ 317 

expression is compromised in the dorsal hippocampus of aged mice and suggest a role in 318 

age-related cognitive decline.    319 

 320 

Reduced Gadd45γ levels impair memory formation in young adult mice. Given our 321 

finding that Gadd45γ expression is reduced in the hippocampus of cognitively impaired aged 322 
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mice, we hypothesized that reducing Gadd45γ expression in the hippocampus of young adult 323 

mice would promote memory deficits. To investigate this hypothesis, we generated 324 

recombinant adeno-associated viruses (rAVV) to deliver a control shRNA (Control-shRNA), 325 

or a previously characterized Gadd45γ-specific shRNA (Gadd45γ-shRNA1). We used the 326 

rAAV1/2 serotype to preferentially knock down Gadd45γ in neurons given its established 327 

neuronal tropism (Xu et al., 2001). Additionally, a Gadd45β-specific shRNA sequence 328 

(Gadd45β-shRNA) was designed to compare the functions of the two family members. The 329 

viral constructs also contained an expression cassette for GFP under control of the chicken 330 

β-actin promoter that served as an infection marker (Figure 2A). Infection rates in primary 331 

hippocampal cultures were determined by analyzing the percentage of GFP+ cells, which 332 

ranged from 80-90% (Figure 2B). qRT-PCR analysis revealed that both Gadd45β-shRNA- 333 

and Gadd45γ-shRNA1-infected neurons showed a significant and specific decrease in 334 

Gadd45β and Gadd45γ mRNA expression compared to control conditions. This effect was 335 

present both in baseline conditions and upon induction of action potential bursting by 336 

treatment with the GABAA receptor antagonist, bicuculline (Figure 2D and E; Two-tailed 337 

Student's T Test, Baseline: t(4) = 1.653, P = 0.1737; t(4) = 4.994, P = 0.0075; t(4) = 0.5047, 338 

P = 0.6403; t(6) = 0.6404, P = 0.5456; t(6) = 1.843, P = 0.1149; t(8) = 6.609, P  =0.0002; and 339 

2h bicuculine: t(4) = 2.205, P = 0.0922; t(4) = 4.767, P = 00089; t(4) = 0.03639, P = 0.9727; 340 

t(6) = 0.1194, P = 0.9088; t(6) = 2.102, P = 0.0802; t(6) = 6.975, P = 0.0004). Having 341 

established the effectiveness of our knockdown tools, we sought to test if Gadd45β or 342 

Gadd45γ knockdown affects locomotor activity or anxiety-like behavior (tendency to 343 

thigmotaxis). We employed stereotaxic surgery to deliver rAAV-Control-shRNA, rAAV-344 

Gadd45β-shRNA or Gadd45γ-shRNA1 into the dHPC of young adult mice and performed an 345 

open field test two weeks later (Figure 2F). We confirmed robust viral-mediated expression in 346 

the dHPC of injected animals by assessing GFP expression and knock-down efficiency by 347 

qRT-PCR analysis (Figure 2G-H; Control-shRNA vs Gadd45β-shRNA: Two-tailed Student's 348 

T Test, t(15) = 4.940, P = 0.0002; Control-shRNA vs Gadd45γ-shRNA1: Two-tailed Student's 349 

T Test, t(17) = 4.275, P = 0.0005). No gross anatomical and histological brain changes were 350 
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observed in Gadd45β or Gadd45γ knockdown conditions. We did not find a significant 351 

difference between the three groups in the total distance travelled or the percentage of the 352 

time spent in the central zone (Figure 2I-M, Two-tailed Student’s T Test; Total distance 353 

traveled: J) t (21) = 0.7425, P = 0.4660; K) t (26) = 1.033, P = 0.3109, Time in center: L) t 354 

(21) = 1.532, P = 0.1404, M) t (26) = 0.3536, P = 0.7265). Thus, our model allows the 355 

evaluation of cognitive functions without confounds originating from impaired locomotion or 356 

altered anxiety-like behavior. Since aging is associated with hippocampus-dependent 357 

memory impairments (Erickson and Barnes, 2003; Weber et al., 2015), we subjected mice to 358 

hippocampus-dependent memory tasks (Figure 3A). Decreasing Gadd45β levels did not 359 

change the preference for the displaced object 24h after training in the object-place 360 

recognition test (Figure 3B, Two-tailed Student's T Test, t (14) = 0.1916, P = 0.8508). In 361 

contrast, Gadd45γ-shRNA1 animals showed an impaired preference for the displaced object 362 

24h after training (Figure 3C, Two-tailed Student's T Test, t (21) = 2.545, P = 0.0189). This 363 

impairment was not due to differences in object exploratory behavior (one-way ANOVA 364 

followed by a Bonferroni's Multiple Comparisons Test, F (2, 21) = 0.3681, P = 0.6964). Next, 365 

we tested these animals in contextual fear conditioning. Similarly to what we observed in the 366 

object-place recognition test, the Gadd45β-shRNA group did not show long-term fear 367 

memory impairments (Figure 3D, t (14) = 1.23, P = 0.2398). Knockdown of Gadd45γ in the 368 

dHPC of young adult mice, however, promoted long-term memory deficits in contextual fear 369 

memory 24h after training (Figure 3E, Two-tailed Student's T Test, t (29) = 2.334). This 370 

impairment was not a result of distinct responsiveness to the shock administration between 371 

the groups during the training session (one-way ANOVA followed by a Bonferroni's Multiple 372 

Comparisons Test, F (5, 42) = 57.66, P<0.0001). Hence, this set of experiments shows that 373 

Gadd45γ is required for hippocampus-dependent long-term memory formation.  374 

We next subjected mice to the same hippocampus-dependent memory tasks as above, but 375 

this time employed shorter time delays between training and testing to assess short-term 376 

memory (1h or 5min delay after training) (Figure 4A). In line with the above-mentioned 377 

findings, Gadd45β knockdown mice showed intact memory compared to control animals in 378 
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both tasks (Figure 4B, Two-tailed Student's T Test, t (12) = 1.845, P = 0.0899 and Figure 4D, 379 

t (13) = 1.086, P = 0.2971). In contrast, mice transduced with Gadd45γ-shRNA1 showed 380 

short-term memory impairments in locating the displaced object in the object location test 1h 381 

after training (Figure 4C, Two-tailed Student's T Test, t (8) = 4.838, P = 0.0013). These 382 

effects were specific to object location memory since no deficits were observed in contextual 383 

fear conditioning (Figure 4E, Two-tailed Student's T Test, t (14) = 1.192, P = 0.2530). 384 

Knocking-down Gadd45γ did not promote memory impairments when a recall session was 385 

performed 5min after object-place recognition training (Figure 4F, Two-tailed Student's T 386 

Test, t (8) = 2388, P = 0.8172) or contextual fear conditioning (Figure 4G, Two-tailed 387 

Student's T Test (10) = 0.4399, P = 0.6694), showing that memory acquisition and early 388 

short-term memory are not compromised in Gadd45γ-shRNA1 animals. Altogether this set of 389 

experiments indicates that hippocampal Gadd45γ is required for long-term memory and late 390 

stages of short-term recognition memory.  391 

 392 

Gadd45γ regulates MAPK signaling and downstream transcription factor activation.  393 

Gadd45 family members are known to regulate mitogen-activated protein kinase (MAPK) 394 

signaling cascades in several tissues outside of the nervous system through the interaction 395 

with kinases upstream of JNK and p38 MAPKs, but not ERK (Takekawa and Saito, 1998; 396 

Tornatore et al., 2008). Considering that both short- and long-lasting neuronal adaptive 397 

responses have been suggested to require JNK/p38 activity (Alonso et al., 2003; Bevilaqua 398 

et al., 2003; Guan et al., 2003; Sherrin et al., 2010; Giese and Mizuno, 2013; Morel et al., 399 

2018), and Gadd45γ regulates these pathways, we next asked whether Gadd45 regulates 400 

MAPK signaling in hippocampal neurons. We addressed this by knocking down Gadd45β or 401 

Gadd45γ expression in primary hippocampal cultures and by measuring the phosphorylation 402 

levels of JNK, p38 and ERK in response to increased neuronal activity (Figure 5A). To rule 403 

out possible off-target effects we confirmed our findings with a second Gadd45γ-specific 404 

shRNA sequence (Gadd45γ-shRNA2). Infection rates and functional knock-down of this 405 

rAAV were similar to previously validated shRNAs (Figure 5B-D Two-tailed Student's T Test, 406 
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Baseline: t(2) = 0.3629, P = 0.7515; t(8) = 1.901, P = 0.0938; t(8) = 7.046, P = 0.0001; 407 

Bicuculine: t(2) = 0.1101, P = 0.9224; t(6) = 2.08, P = 0.0827; t(8) = 13.44, P < 0.0001). 408 

Reduction of Gadd45β expression did not affect JNK, p38 and ERK phosphorylation levels 409 

compared to control conditions (Figure 5E-H, Two-tailed Student's T Test, p38: t (8) = 410 

0.6737, P = 0.5195; JNK: t (7) = 0.9099, P = 0.3931; ERK: t (6) = 0.2913, P = 0.7806). In 411 

contrast, reduced Gadd45γ resulted in impaired JNK and p38 phosphorylation (Figure 5E-G, 412 

Two-tailed Student's T Test, p38: t (18) = 2.345, P = 0.0307; t (14) = 4.885, P = 0.0002 and 413 

JNK: t (8) = 3.257, P = 0.0116, t (14) = 4.31, P = 0.0007) whereas ERK phosphorylation was 414 

not affected (Figure 5E,H, Two-tailed Student's T, t (10) = 0.6112, P = 0.5547; t (12) = 415 

0.01475, P = 0.9885). To further explore the functional consequences of Gadd45γ reduction, 416 

we analyzed the phosphorylation of transcription factors downstream of JNK and p38, such 417 

as ATF-2/CREB2, c-Jun, and CREB (Figure 6A). We observed that in Gadd45β-shRNA 418 

conditions, the phosphorylated forms of these transcription factors were not different from 419 

controls (Figure 6B-E, Two-tailed Student's T Test, ATF-2: t (8) = 0.6737, P = 0.5806; c-Jun: 420 

t (8) = 0.3787, P = 0.7148; CREB: t (6) = 1.556, P = 0.1706). However, the phosphorylation 421 

of c-Jun, ATF-2 and CREB was significantly diminished when Gadd45γ levels were reduced 422 

(Figure 6B-E, Two-tailed Student's T Test, ATF-2: t (10) = 5,266, P = 0.0004; t (10) = 2.792, 423 

P = 0.0191; c-Jun: t (10) = 2.167, P = 0.0554; t (8) = 2.429, P = 0.0413; CREB: t (12) = 3.57, 424 

P = 0.0039, t (12) = 2.285, P = 0.0413). These findings provide evidence that Gadd45γ 425 

regulates MAPK signaling in neurons.  426 

 427 

Gadd45γ regulates CRE and AP-1 transcriptional activity and downstream activity-428 

dependent gene transcription. Given the disruption in the phosphorylation of CREB and in 429 

the components of AP-1 complex (c-Jun, ATF, c-Fos (Alberini, 2009)), we next aimed at 430 

testing whether Gadd45γ reduction would impair AP-1- and CREB-dependent transcriptional 431 

activity. This analysis was further motivated by the established roles of CREB and AP-1 in 432 

memory formation (Alberini, 2009) and by studies linking CREB dysfunction and aging 433 

(Benito and Barco, 2010; Oliveira and Bading, 2011; Yu et al., 2017b; Yu et al., 2017a). We 434 
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performed luciferase reporter assays using a reporter plasmid containing the firefly luciferase 435 

under the control of CRE or AP-1 binding sites in primary hippocampal cultures (Figure 7A). 436 

To this end, we co-transfected constructs encoding CRE-luciferase or AP-1-luciferase and 437 

Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2 (Figure 7B). 438 

Luciferase activity was assessed both under basal conditions and after induction of neuronal 439 

activity (Figure 7C,D). In agreement with our data showing regulation of MAPK signaling 440 

specifically by Gadd45γ, Gadd45β reduction did not affect CRE or AP-1 transcriptional 441 

activity (Figure 7C,D). In contrast, reducing Gadd45γ expression significantly impaired 442 

luciferase expression in both assays (Figure 7C,D one-way ANOVA followed by a Sidak’s 443 

Multiple Comparison Test, CRE: F (7,32) = 16.23, P < 0.0001; AP-1: F (7,47) = 36.22, P< 444 

0.0001). These results revealed that Gadd45γ expression is required for baseline AP-1 and 445 

activity-induced AP-1 and CRE transcriptional activity. To determine whether Gadd45γ 446 

regulates the expression of endogenous CRE and AP-1 target genes, we monitored the 447 

expression of CREB- (Impey et al., 2004) (Arc and c-Fos) and AP-1-dependent genes (Malik 448 

et al., 2014) (Nptx2/Narp and Tgfb2) that are regulated by synaptic activity and which 449 

expression has been shown to be dysregulated with aging (Arc and Nptx2/Narp) (Ryan et al., 450 

2019) (Figure 8A). CREB- and AP-1-dependent gene expression was disrupted in response 451 

to increased neuronal activity in Gadd45γ knockdown conditions (Figure 8B-E, Arc: one-way 452 

ANOVA followed by a Dunnett's Multiple Comparisons Test; Baseline: F (3,28) = 2.471, P 453 

=0.0825; 2h: F (3,28) = 38.33, P < 0.0001; 4h: F (3, 27) = 48,85, P < 0.0001; 6h: F (3, 28) = 454 

34,76, P < 0.0001; c-fos: one-way ANOVA followed by Dunnett's Multiple Comparisons Test 455 

or Kruskal-Wallis; Baseline: F (3,28) = 2.974, P = 0.0486; 2h: KW statistic = 21.55, P < 456 

0.0001; 4h: F (3, 27) = 16.3, P < 0.0001; 6h: F (3, 28) = 45.89, P < 0.0001; Nptx2/Narp: one-457 

way ANOVA  followed by Dunnett's Multiple Comparisons Test or Kruskal-Wallis followed by 458 

a Dunn's Multiple Comparisons Test; Baseline F (3,24) = 6.684, P = 0.0019; 2h: F (3,24) = 459 

6.369, P = 0.0025; 4h: KW statistic = 16.95, P = 0.0007; 6h F (3, 24) = 12.73, P < 0.0001; 460 

Tgfb2: one-way ANOVA followed by a Dunnett's Multiple Comparisons Test, Baseline F 461 

(3,28) = 2.471, P = 0.0015; 2h F (3,28) = 38.33, P < 0.0001; 4h F (3, 27) = 48,85, P < 462 
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0.0001; 6h F (3, 28) = 34,76, P < 0.0001). Moreover, in line with luciferase assays, CREB 463 

target genes were predominantly decreased in an activity-dependent manner while AP-1-464 

target genes showed consistent baseline and activity-dependent decreases when Gadd45γ 465 

was reduced. Gadd45β knockdown did not promote any changes in gene expression 466 

compared to control conditions. These results show that Gadd45γ regulates CREB- and AP-467 

1-dependent gene expression in neurons. It should be noted that cross-talk between both 468 

signaling pathways may occur since we detected deficits in c-Fos expression, a component 469 

of the AP-1 complex (Alberini, 2009).  470 

To confirm that the effects seen in MAPK signaling and downstream transcription factor 471 

activity were directly dependent on Gadd45γ function and not due to an overall disruption of 472 

neuronal responses and/or calcium-dependent signaling pathways, we assessed calcium 473 

rises triggered by neuronal activity. We measured intracellular calcium dynamics using the 474 

genetically encoded calcium indicator jRGECO1a (Figure 9A), which has high sensitivity in 475 

dissociated neurons, in primary hippocampal cultures co-infected with the above described 476 

shRNA constructs. Co-expression of shRNA constructs and jRGECO1a was reliably 477 

determined using GFP/mCherry fluorescence, and only GFP+ cells were analyzed. Neurons 478 

were treated with the GABAA antagonist gabazine to induce action potential bursting (Figure 479 

9B-D). No differences in the amplitude (Figure 9E, one-way ANOVA followed by a Sidak's 480 

Multiple Comparisons Test F (4,25) = 0.435, P = 0.7820) or frequency (Figure 9F, one-way 481 

ANOVA followed by a Sidak's Multiple Comparisons Test, F (4,25) = 0.5321) of action 482 

potential bursts were detected in Gadd45β-shRNA-, Gadd45γ-shRNA1-, or Gadd45γ-483 

shRNA2-infected neurons. This set of experiments indicates that deficits in MAPK signaling 484 

and activity-dependent gene expression promoted by Gadd45γ reduction are not explained 485 

by altered calcium responses to neuronal activity. This supports the hypothesis that, similar 486 

to its function in other cell types (Takekawa and Saito, 1998; Tornatore et al., 2008), 487 

Gadd45γ directly regulates MAPK signaling in neurons. 488 

 489 
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Discussion  490 
 491 

This study reveals that aging is associated with reduction in Gadd45γ expression and that 492 

reducing hippocampal Gadd45γ levels in young adult mice negatively impacts cognitive 493 

function. Furthermore, our results show that Gadd45γ regulates synapse-to-nucleus 494 

signaling and AP-1- and CREB-regulated genomic programs. These findings provide insight 495 

into the functions of Gadd45 family members in the hippocampus.  496 

Previous studies on the functions of Gadd45 family members in the brain focused mainly on 497 

Gadd45β. Knocking out Gadd45β promoted enhanced long-term memory in one study 498 

(Sultan et al., 2012) and deficient hippocampus-dependent long-term memory in another 499 

(Leach et al., 2012). Considering that both reports applied a global knock-out strategy, 500 

possible confounds originating from developmental compensatory mechanisms and/or 501 

differential functions in different brain regions that bias conclusions about the function of 502 

Gadd45β in hippocampus-dependent memory may have been present. Here, we acutely 503 

decreased the expression of Gadd45β in the dorsal hippocampus of adult mice and found no 504 

differences in long- or short-term memory. Moreover, knockdown of Gadd45β in primary 505 

hippocampal cultures did not affect stimulus-induced MAPK signaling, transcription factor 506 

activity, or gene expression. This result suggests that previously reported effects of Gadd45β 507 

knockout may not be a direct consequence of Gadd45β-associated functions in the 508 

hippocampus. 509 

Here we describe that, analogous to its role in other cell types (Tamura et al., 2012), 510 

Gadd45γ functions as a regulator of MAPK signaling pathways in hippocampal neurons. 511 

MAPK signaling cascades regulate the activity of downstream transcription factors with 512 

established roles in memory formation (Alberini, 2009). Here we found that Gadd45γ 513 

regulates the transcriptional activity of CREB and AP-1 and downstream gene expression. 514 

Thus, our data suggests that Gadd45γ may mediate the formation of long-term memory 515 

through the regulation of CREB- and AP-1-dependent memory genes. This putative role of 516 

Gadd45γ should, however, be tested in vivo in future studies.  517 
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Recently it has been suggested that Gadd45γ can act as a DNA demethylase (Grassi et al., 518 

2017; Li et al., 2018) and this way regulate gene expression. Our findings show a novel 519 

mechanism by which Gadd45γ regulates gene expression in neurons. This is supported by 520 

our study using luciferase assays that demonstrate the ability of Gadd45γ to regulate CREB- 521 

and AP-1-dependent transcription independently of the epigenome. Moreover, we observed 522 

a striking similarity in the magnitude of the effects obtained in the luciferase assays and the 523 

analysis of expression of CREB- and AP-1 endogenous target genes. In both assays, AP-1-524 

dependent transcription required Gadd45γ both in basal and induced conditions, whereas 525 

CREB-dependent gene expression required Gadd45γ only after stimulation, thus suggesting 526 

that the regulation of CREB- and AP-1-target genes depends on Gadd45γ mediated 527 

synapse-to-nucleus communication. It is plausible that Gadd45γ-dependent regulation of 528 

MAPK signaling and its reported DNA demethylase activity work in conjunction in the fine 529 

tuning of genomic responses underlying memory formation. It was shown that in the 530 

prelimbic prefrontal cortex, nuclear Gadd45γ regulates a late transcriptional response by 531 

DNA demethylation activity. Together with our data, this study suggests a mechanistic 532 

framework in which cytoplasmic Gadd45γ regulates the immediate transcriptional response 533 

to learning and nuclear Gadd45γ facilitates through DNA demethylation later phases of 534 

transcription activation. However, this remains to be investigated.  535 

We found that Gadd45γ reduction impairs short-term object-place recognition memory. 536 

Short- and long-term forms of plasticity have been associated to JNK and p38 activity. JNK 537 

targets synaptic proteins that regulate the insertion of AMPA receptors (Coffey, 2014). 538 

Similarly, p38 is required for AMPA receptor trafficking associated with mGluR-induced LTD 539 

and NMDAR-induced LTD (Correa and Eales, 2012). In vivo studies also suggest that both 540 

JNK and p38 are activated upon learning stimuli (Giese and Mizuno, 2013). Pharmacological 541 

inhibition of p38 immediately after learning impaired both short- and long- term memory 542 

formation (Alonso et al., 2003). Therefore, impairments in the activation of p38 and/or JNK 543 

may underlie the short-term memory deficits identified in our study. 544 
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Several studies demonstrated that altered CREB activity during aging has been linked to 545 

dysregulated calcium homeostasis (Oliveira and Bading, 2011). We found, however, that 546 

Gadd45γ knockdown, which mimics age-associated changes, impacts CREB 547 

phosphorylation independently of changes in calcium dynamics. This suggests that during 548 

aging, dysregulation of Gadd45γ-dependent regulatory mechanisms may be another factor 549 

contributing to altered CREB function. Intriguingly, the memory phenotypes identified in our 550 

study mimic well established aging-dependent cognitive deficits observed across species. 551 

We observed a delay-specific short-term recognition memory impairment, which is also 552 

observed across different species during aging. Aged animals only present short-term 553 

memory impairments when longer delays between training and recall are used (Erickson and 554 

Barnes, 2003; Burke et al., 2012). Moreover, a disruption of contextual fear memory was 555 

limited to long-term memory impairments in the case of Gadd45γ reduction. This finding is in 556 

line with rodent studies showing that associative memory, in particular contextual fear 557 

memory, is less vulnerable to aging (Foster et al., 2012). In light of these findings, it is 558 

tempting to speculate that aging-associated Gadd45γ expression dysregulation is associated 559 

with these phenotypes. However, in addition to reduction in Gadd45γ expression, substantial 560 

alterations in signaling and gene expression accompany aging. This could potentially 561 

mask/alter Gadd45γ functions in this context compared to young adult brain. This should be 562 

addressed in future experiments by directly analyzing Gadd45γ functions in the altered 563 

setting of the aged hippocampus. 564 

In conclusion, this study demonstrates that Gadd45γ is a critical regulator of synapse-to-565 

nucleus communication and cognitive functions in the young adult mouse hippocampus. Our 566 

results further suggest Gadd45γ as a molecular candidate that may contribute to cognitive 567 

impairments in aging-associated pathological conditions. Identifying the underlying causes 568 

that lead to Gadd45γ dysfunction could potentially allow for the design of strategies that may 569 

prevent or delay the onset of age-associated memory deficits across species. Furthermore, 570 

Gadd45γ expression is altered in the prefrontal cortex of patients suffering from alcohol 571 

dependence (Kapoor et al., 2019) and in the hippocampus of mice subjected to 572 
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unpredictable chronic mild stress, an established model for depression (Grassi et al., 2017). 573 

Therefore, our study further suggests molecular mechanisms that may be present in the 574 

pathophysiological development of psychiatric conditions and/or associated cognitive deficits.  575 

 576 
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Figure legends 768 

 769 

Figure 1. Gadd45γ expression is decreased in the hippocampus of aged mice. A) Schematic 770 

representation of the experimental design. HC: home cage, dHPC: dorsal hippocampus. B-771 

D) qRT-PCR analysis of B) Gadd45α, C) Gadd45β and D) Gadd45γ expression in the dorsal 772 

hippocampus of young adult and aged mice in home-cage (HC) conditions or 30 minutes 773 

after training in the object location test. Young HC (n=5 mice), Young trained (n=5 mice), 774 

Aged HC (n=3 mice), Aged trained (n=4 mice). Expression levels are normalized to young 775 

HC levels (dashed line). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA 776 

test followed by Bonferroni post hoc test with pairwise comparisons, ns: not significant. Error 777 

bars represent SEM.  778 

 779 

Figure 2. Characterization of rAAV constructs for shRNA expression. A) Schematic 780 

representation of the viral constructs used. The viral vector contains a U6 promoter driving 781 

either Gadd45β-specific (Gadd45β-shRNA), Gadd45γ-specific (Gadd45γ-shRNA1) or control 782 

(Control-shRNA) shRNA sequences and a cytomegalovirus (CMV)/chicken β-actin (CBA) 783 

hybrid promoter driving GFP as an infection marker. bGH polyA: Bovine growth hormone 784 

polyadenylation signal. ITR: inverted terminal repeat, WPRE: Woodchuck Hepatitis virus 785 

post-transcriptional regulatory element. B) Representative images of GFP+ cultured 786 

hippocampal cells infected with Control-shRNA, Gadd45β-shRNA or Gadd45γ-shRNA1. 787 

Scale bar=40μm. C) Schematic representation of the in vitro experimental design. qRT-PCR 788 

analysis of Gadd45α, Gadd45β, and Gadd45γ expression D) under baseline conditions (n=3-789 

5 independent neuronal cultures) or E) after 2h bicuculline treatment (n=3-4 independent 790 

neuronal cultures). Expression levels were normalized to the corresponding baseline or 791 

bicuculline treated uninfected controls (dashed line). DIV: day in vitro, **p<0.01, ***p<0.001 792 

by Two-tailed unpaired Student’s t-test. F) Schematic representation of the in vivo 793 

experimental design. dHPC: dorsal hippocampus. G) Representative images of the dorsal 794 
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hippocampus of Control-shRNA, Gadd45β-shRNA, or Gadd45γ-shRNA1 groups 4 weeks 795 

after stereotaxic surgery. Scale bar=100μm. H) qRT-PCR analysis of Gadd45β and Gadd45γ 796 

expression in the dorsal hippocampus of Gadd45β-shRNA- (n=8 mice) or Gadd45γ-shRNA1- 797 

(n=9 mice) injected mice 30 minutes after object-location training normalized to Control-798 

shRNA (n=9 or 10 mice (dashed line)). I) Representative exploration traces of all groups 799 

during the open field test. Locomotion analysis of J) Control-shRNA (n=11 mice) vs. 800 

Gadd45βsh-RNA groups (n=12, mice) and K) Control-shRNA (n=14, mice) vs Gadd45γ-801 

shRNA groups (n=14, mice), quantified as the total distance travelled during the open field 802 

test. Anxiety-like behavior, quantified as the percentage of time spent in the center of the 803 

arena during the open field test of L) Control-shRNA (n=12 mice) vs. Gadd45βsh-RNA 804 

groups (n=12 mice) and M) Control-shRNA (n=14 mice) vs Gadd45γ-shRNA groups (n=14 805 

mice). Two-tailed unpaired Student’s t-test; ns: not significant. Error bars represent SEM.  806 

 807 

Figure 3. Reducing hippocampal Gadd45γ levels in young adult mice impairs long-term 808 

memory formation. A) Schematic representation of the experimental design for long-term 809 

memory tests. dHPC: dorsal hippocampus. 24h object location memory test of young adult 810 

mice expressing B) Control-shRNA (n=8 mice), Gadd45β-shRNA (n=8 mice), or C) Control-811 

shRNA (n=12 mice) Gadd45γ-shRNA1 (n=13 mice) in the dHPC. The dashed line represents 812 

equal preference for either object (chance preference).  24h contextual fear memory test of 813 

young adult mice expressing D) Control-shRNA (n=8, mice), Gadd45β-shRNA (n=8, mice), 814 

or E) Control-shRNA (n=16, mice), Gadd45γ-shRNA1 (n=15, mice) in the dHPC. *p<0.05, by 815 

two-tailed unpaired Student’s t-test, ns: not significant. Error bars represent SEM. 816 

 817 

Figure 4. Reducing hippocampal Gadd45γ levels in young adult mice impairs short-term 818 

recognition memory formation in a delay-specific manner. A) Schematic representation of the 819 

experimental design for short-term memory tests. dHPC: dorsal hippocampus. 1h object 820 

location memory test of young adult mice expressing B) Control-shRNA (n=7 mice), 821 
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Gadd45β-shRNA (n=7 mice), or C) Control-shRNA (n=5 mice), Gadd45γ-shRNA1 (n=5 mice) 822 

in the dHPC.  1h contextual fear memory test of young adult mice expressing D) Control-823 

shRNA (n=7 mice), Gadd45β-shRNA (n=8 mice), or E) Control-shRNA (n=8 mice), Gadd45γ-824 

shRNA1 (n=8, mice) in the dHPC. 5min object location memory test F) and contextual fear 825 

conditioning test G) of young adult mice expressing Control-shRNA (n=6 mice) or Gadd45γ-826 

shRNA1 (n=6 mice) in the dHPC. *p<0.05, **p<0.01 by two-tailed unpaired Student’s t-test, 827 

ns: not significant. Error bars represent SEM.  828 

 829 

Figure 5. Gadd45γ regulates MAPK signaling in mouse hippocampal cultures. A) Schematic 830 

representation of the experimental design. DIV: day in vitro. B) Schematic representation of 831 

Gadd45γ-shRNA2 viral construct. The viral vector contains a U6 promoter driving Gadd45γ-832 

specific (Gadd45γ-shRNA2) and a cytomegalovirus (CMV)/chicken β-actin (CBA) hybrid 833 

promoter driving GFP as an infection marker. Representative images of cultured 834 

hippocampal cells infected with this virus are shown. Scale bar=40μm. bGH polyA: Bovine 835 

growth hormone polyadenylation signal. ITR: inverted terminal repeat, WPRE: Woodchuck 836 

Hepatitis virus post-transcriptional regulatory element. C) Schematic representation of the 837 

experimental design. DIV: day in vitro. D) qRT-PCR analysis of Gadd45α (n=2 independent 838 

neuronal cultures), Gadd45β (n=5 independent neuronal cultures), and Gadd45γ (n=5 839 

independent neuronal cultures) expression levels in hippocampal cultured cells infected with 840 

Control-shRNA or Gadd45γ-shRNA2 under basal conditions (left) or after 2h bicuculline 841 

treatment (right). Expression levels were normalized to the corresponding uninfected controls 842 

in baseline conditions or upon bicuculline treatment (dashed line). E) Representative 843 

immunoblot scans using phosphospecific and total protein antibodies in hippocampal 844 

cultures infected with rAAV expressing Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 845 

or Gadd45γ-shRNA2. Hippocampal cultures were harvested at baseline conditions or after 846 

1h of bicuculline treatment. Immunoblot quantification of F) p38 (n=5-8 independent neuronal 847 

cultures) G) JNK (n=5-8 independent neuronal cultures) and H) ERK (n=4-7 independent 848 

neuronal cultures) presented in ratios of phosphorylated / total protein normalized to 849 
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corresponding uninfected 1h bicuculline condition (dashed line). *p<0.05, ***p<0.001, 850 

****p<0.0001 by two-tailed unpaired Student’s t test, ns: not significant. Error bars represent 851 

SEM.  852 

 853 

Figure 6. Gadd45γ regulates the phosphorylation of downstream transcription factors in 854 

hippocampal mouse neuronal cultures. A) Schematic representation of the experimental 855 

design. DIV: day in vitro. B) Representative immunoblot scans using phosphospecific and 856 

total protein antibodies in hippocampal cultures infected with rAAV expressing Control-857 

shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1 or Gadd45γ-shRNA2. Hippocampal cultures 858 

were harvested at baseline conditions or after 1h of bicuculline treatment. Immunoblot 859 

quantification of C) ATF-2 (n=4-6 independent neuronal cultures) D) c-Jun (n=5-6 860 

independent neuronal cultures) and E) CREB (n=5-7 independent neuronal cultures) 861 

presented in ratios of phosphorylated / total protein normalized to uninfected 1h bicuculline 862 

condition (dashed line). *p<0.05, **p<0.01, ***p<0.001 by two-tailed unpaired Student’s t test, 863 

ns: not significant. Error bars represent SEM.  864 

 865 

Figure 7. Gadd45γ regulates CREB and AP-1 activity in mouse hippocampal cultures. A) 866 

Schematic representation of the experimental design. DIV: day in vitro. B) Representative 867 

images of hippocampal cultured cells co-transfected with Control-shRNA, Gadd45β-shRNA, 868 

Gadd45γ-shRNA1, or Gadd45γ-shRNA2 and luciferase reporter plasmids. Scale bar=40μm. 869 

Luciferase reporter assays were performed using dissociated hippocampal cultures co-870 

transfected with Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2 871 

constructs, and reporter plasmids expressing firefly luciferase (FFluc) under the control of C) 872 

CRE (n=5 independent neuronal cultures) or D) AP-1 (n=7 independent neuronal cultures) 873 

transcriptional activity. C,D) Shown is luciferase activity as measured from untreated 874 

hippocampal cultures and cultures treated for 6h or 18h with bicuculline. Values are 875 

normalized to Control-shRNA condition treated with bicuculline for the respective time 876 
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duration (6h or 18h), (dashed line). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by one-877 

way ANOVA test followed by Sidak’s or Dunnett's post hoc test with pairwise comparisons. 878 

ns: not significant. Error bars represent SEM. 879 

 880 

Figure 8. Gadd45γ regulates CREB and AP-1 dependent transcription in mouse 881 

hippocampal cultures. A) Schematic representation of the experimental design for qRT-PCR 882 

analysis of the expression of the CREB-dependent genes B) Arc (n=7-8 independent 883 

neuronal cultures) and C) c-Fos (n=6-8, independent neuronal cultures) or the AP-1-884 

dependent genes D) Nptx2/Narp (n=6-7 independent neuronal cultures) and E) Tgfb2 (n=6-7 885 

independent neuronal cultures). Hippocampal cultures were harvested at baseline conditions 886 

or after 2h, 4h or 6h of bicuculline treatment. Uninfected controls treated with bicuculline 887 

were used for normalization at the corresponding peak of gene expression: 2h (Arc and c-888 

Fos) or 6h (Nptx2/Narp and Tgfb2) (dashed line). DIV: day in vitro, *p<0.05, **p<0.01, 889 

***p<0.001 and ****p<0.0001 by one-way ANOVA test followed by Sidak’s or Dunnett's post 890 

hoc test with pairwise comparisons and #p<0.05, ##p<0.01 and ###p<0.001 Kruskal-Wallis test 891 

followed by Dunn´s post hoc test was used for non-gaussian distribution. ns: not significant. 892 

Error bars represent SEM.  893 

 894 

Figure 9. Gadd45γ reduction does not alter calcium dynamics in response to neuronal 895 

activity. A) Schematic representation of the viral constructs used. The viral vector driving 896 

jRGECO1a expression does so under control of the human synapsin (hSyn) promoter.  897 

Neuronal cultures were either singly infected with jRGECO1a or co-infected with jRGECO1a 898 

and Control-shRNA, Gadd45β-shRNA, Gadd45γ-shRNA1, or Gadd45γ-shRNA2. bGH polyA: 899 

Bovine growth hormone polyadenylation signal. ITR: inverted terminal repeat, WPRE: 900 

Woodchuck Hepatitis virus post-transcriptional regulatory element. B) Schematic 901 

representation of the experimental design. DIV: day in vitro. C) Images of representative 902 

cultured hippocampal cells infected with jRGECO1a at baseline or after ionomycin treatment. 903 
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Scale bar=40μm. D) Representative traces showing the first gabazine-evoked burst of all 904 

groups. E) Amplitude (n=6 independent neuronal cultures) and F) frequency (n=6 905 

independent neuronal cultures) of evoked action potential bursts during gabazine treatment 906 

in all groups. One-way ANOVA test followed by Sidak's Multiple Comparisons Test with 907 

pairwise comparisons was used, ns: not significant. Error bars represent SEM.  908 




















