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Abstract

Stress response involves several mechanisms and mediators that allow individuals to adapt to a changing environment.
The effects of stress may be adaptive or maladaptive, based on the timing and intensity of exposure as well as on the
individual vulnerability. In particular, exposure to mild and brief stressors provides beneficial advantages in a short-
term period, by activating protective functions to react with the external demands.

On these bases, the purpose of our study was to establish the time-dependent effects of acute stress exposure on
neuroplastic mechanisms in adult male rats. Moreover, we aim at establishing the consequences of the acute challenge
on memory processes by testing rats in the Novel Object Recognition (NOR) test. We found that acute restraint stress
up-regulated total Bdnf expression 1h post stress specifically in rat prefrontal cortex, an effect that was sustained by the
increase of Bdnfisoform IV as well as by the pool of Bdnf transcripts with long 3’UTR. Furthermore, in the same brain
region, the acute stress modulated in a time specific manner the expression of different activity-dependent genes,
namely Arc, Gadd45 and Nr4al. At behavioral level, the challenge was able to improve the performance in the NOR
test specifically 1h post stress, an effect that positively correlated with the expression of the neurotrophic factors.

Taken together, our results suggest that a single session of acute stress enhances memory and learning functions with a

specific temporal profile, by improving neuroplastic mechanisms within the prefrontal cortex.



Introduction

Stress response involves several mechanisms and mediators that allow individuals to adapt to a changing environment.
The effects of stress may be adaptive or maladaptive, with severe and prolonged stress underlying the development of a
pathological status, whereas mild and short stress increasing the adaptive ability of the subject to cope with life stress
events (McEwen 2007; McEwen et al. 2015).

In the field of psychiatric disorders, great attention has been paid in exploring the behavioral and molecular alterations
driven by chronic stress exposure, with the aim to clarify the causes of their development and to assess the action of a
pharmacological intervention for the identification of novel potential targets (Willner 2005; Pochwat et al. 2014; Luoni
et al. 2015; Calabrese et al. 2016, 2017; Molteni et al. 2016; Rossetti et al. 2016, 2018; Yin et al. 2016). However, few
attempts have been done at investigating the impact of acute stress in driving both positive and negative responses as a
function of its duration and severity, thus leading to a different susceptibility and vulnerability to the challenging
condition. Furthermore, stressful events have severe consequences on learning and memory and their extent has
different effects at cognitive level, with impairment and improvement in the performance, respectively driven by
repetitive and single stressors. Interestingly, learning under stress may facilitate memory functions (Schwabe 2017),
through the involvement of several molecular pathways (Sandi and Pinelo-Nava 2007).

In this context, the neurotrophin Brain Derived Neurotrophic Factor (Bdnf), which plays a pivotal role in mechanisms
of neural and synaptic plasticity (Calabrese et al. 2009; Kowianski et al. 2018), is known to be modulated by the
exposure to adverse life events. Furthermore it has been shown that Bdnf is a molecular mediator of the therapeutic
activity of antidepressant drugs (Duman and Monteggia 2006; Martinowich et al. 2007).

Accordingly, we showed that stress may exert opposing action on Bdnf, with chronic stress decreasing its levels (Luoni
et al. 2015), whereas acute stress enhancing its expression with an anatomical specificity (Molteni et al. 2009;
Fumagalli et al. 2012; Brivio et al. 2018, 2019).

Besides its role in response to stress events, Bdnf participates in long-term potentiation and it is involved in the
modulation of different stages of memory processes, including acquisition, short and long term memory formation and
consolidation, retrieval, extinction and reconsolidation (Bekinschtein et al. 2014; Lu et al. 2015).

On this basis, here we investigated the temporal profile of the effect exerted by 1h of restraint stress on the expression
of total Bdnf in the rat brain. To evaluate whether the modulation of Bdnf was sustained by its major transcripts, we
focused on the Bdnf long 3°UTR pool of transcripts and on Bdnf isoform IV that are the most abundant and well
characterized transcripts in the brain areas primarily affected by stress. Bdnf long 3’UTR transcripts are targeted to
distal dendrites, thereby contributing to synaptic activity as well as to long term potentiation (Lau et al. 2010; Allen et
al. 2013), whereas isoform IV displays a strictly somatic localization and, as an activity-dependent gene, it is modulated
by several upstream stimulatory factors (Pruunsild et al. 2011). The molecular analyses were conducted in brain areas
profoundly affected by stress and regions critical also for working memory and executive functions (Stuss and Knight
2009; Kim et al. 2015), such as the prefrontal cortex (PFC) and the hippocampus (dorsal (dHip) and ventral (vHip)).
Moreover, to assess whether acute stress could alter memory functions, we investigated its impact on cognitive
performance by exposing the animals to the novel object recognition test (NOR) 1, 4 and 24h after the restraint. We also
established the contribution of the neurotrophin in the beneficial advantages caused by the challenge exposure in the

cognitive task.



Methods
Animals
Adult male (post-natal day 90) Sprague-Dawley rats (Charles River, Italy) were brought into the laboratory two weeks
before the start of the experiment. Rats were housed with food and water ad libitum and were maintained on a 12-h
light/dark cycle and in a constant temperature (22 + 2°C) and humidity (50 £ 5%) conditions. All procedures used in
this study are conformed to the rules and principles of the 2010/63/UE Directive, according to the authorizations from

the Health Ministry. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Experimental paradigm and groups:

After two weeks, rats were randomly assigned to the following experimental groups: no stress (n=10), stress(1h)1h
(n=6), stress(1h)4h (n=5), stress(1h)24h (n=5), no stress-NORS5’(n=6), no stress-NOR(n=6), stress(1h)1h-NORS5’(n=6),
stress(1h)1h-NOR (n=5), stress(1h)4h-NOR (n=6), stress (1h)24h-NOR (n=7). Animals were stressed for 1h and
sacrificed 1, 4 or 24h after the acute challenge, except for the animals of the no stress groups that were left undisturbed
in their home cages. Moreover, half of both stressed and non-stressed animals were exposed to the novel object
recognition (NOR) test 1, 4 or 24 h post-stress. During the NOR test, part of the animals was sacrificed after the first
five minutes of test (NORS’), whereas the others were killed at the end of the cognitive task (NOR).

Stress procedure

Rats were exposed to 1h of acute restraint stress, in an air-assessable cylinders (diameter 8,25 cm; length 20,32;
Stereoglass Srl, Italy) (the size of the device was similar to the size of the animal, which made the animal almost

immobile in the container) and sacrificed 1, 4 or 24 h after the acute challenge (fig. 1A).

Novel object recognition test

After 10 minutes of habituation in the open field in the two previous days, animals were allowed to explore two
identical objects (white cylinders, 7 cm in diameter, 11 cm high) in an open field (50cm x 50cm x 40cm) for five
minutes (trial session-encoding phase). After 1h in the home cage (consolidation phase), the retention trial (testing
session- retrieval phase) was conducted and one of the objects presented previously was replaced by a novel object
(black prism, 5 cm wide, 14 cm high) (fig. 4A). During the 5-minute test, the duration of exploration of each object (ie.
sitting in close proximity to the objects, sniffing or touching them) was measured. The task was performed in an
isolated room under dim light conditions, in the absence of a direct overhead lighting. The NOR discrimination index
was calculated according to the following formula: time of novel object exploration minus time of familiar object
exploration divided by time of novel plus familiar object exploration, multiplied by 100. The rats exposed to the

cognitive test were sacrificed immediately at the end of the encoding or retention phase.

Brain tissues collection:

PFC and both dHip and vHip were dissected, frozen on dry ice and stored - 80°C for later analyses. Specifically, the
PFC (defined as Cgl, Cg3 and IL subregions corresponding to the plates 6-10 according to the atlas of Paxinos and
Watson (Paxinos and Watson 1986) was dissected from 2-mm-thick slices, whereas the dHip and vHip (respectively

plates 25-33 and plates 34-43 according to the atlas of Paxinos and Watson) were dissected from the whole brain.

RNA preparation and gene expression analysis by quantitative Real-time PCR.




Total RNA was isolated by a single step of guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation
reagent (Bio-Rad Laboratories, Italy) according to the manufacturer’s instructions and quantified by spectrophotometric
analysis. The RNA concentrations were measured by spectrophotometry (OD260/280 1.8<ratio<2). Following total
RNA extraction, the samples were processed for real-time polymerase chain reaction (RT-PCR) to assess total Bdnf,
Bdnf long 3°UTR, Bdnf isoform IV, Arc, Growth Arrest and DNA Damage-inducible protein (Gadd45/ and Nuclear
Receptor Subfamily 4 Group A Member 1 (Nr4al). An aliquot of each sample was treated with DNase to avoid DNA
contamination. RNA was analyzed by TagMan qRT PCR instrument (CFX384 real time system, Bio-Rad Laboratories,
Italy) using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories, Italy). Samples (10ng/ul) were run in
384 well formats in triplicate as multiplexed reactions with a normalizing internal control (36B4). Primers sequences
(Table 1A/B) used were purchased from Eurofins MWG-Operon and Life Technologies.

Thermal cycling was initiated with an incubation at 50°C for 10 min (RNA retrotranscription) and then at 95°C for 5
min (TagMan polymerase activation). After this initial step, 39 cycles of PCR were performed. Each PCR cycle
consisted of heating the samples at 95°C for 10 s to enable the melting process and then for 30 s at 60°C for the
annealing and extension reactions. A comparative cycle threshold method was used to calculate the relative target gene

expression by applying the 244D method (Livak and Schmittgen 2001).

Statistical analysis

All the analyses were conducted by using “IBM SPSS Statistics, version 24”.

The behavioural data were analyzed with the one-way analysis of variance (ANOVA). When appropriate, further
differences were analyzed by Fisher’s Protected Least Significant Difference (PLSD). Molecular results were analyzed
with the one-way (ANOVA) or two-way ANOVA, followed by PLSD. In addition, to evaluate the association between
the cognitive performance and the alteration of gene expression, Pearson correlation coefficients (r) were conducted
between NOR discrimination index of single animals and the corresponding mRNA levels. Significance for all tests was
assumed for p<0.05. Data are presented as means standard error (SEM). For graphic clarity, results are presented as

mean percent of No stress.



Results

Acute stress enhanced total Bdnf expression mainly in the prefrontal cortex

To investigate the time profile and the brain-region specificity of the effects mediated by a single session of a restraint
stress on the expression of the neurotrophin Bdnf, we measured its mRNA levels at different time points in the PFC,
dHip and vHip, areas known to be connected with the systems implicated in the ability to cope with external and
internal challenges (Fuster et al. 2000; Kim et al. 2015).

One-way ANOVA analysis revealed a significant effect of stress on the expression of the total form of Bdnf specifically
in the PFC (F3.23=11.452, p=0.000) but not in the dHip and vHip (dHip: F323:1.215, p=0.426; vHip: F3.19:1.797,
p=0.546) (fig.1). Post hoc analysis revealed that 1h after the stress total Bdnf mRNA levels significantly increased
(+67%, p=0.000 vs No stress) only in PFC.

These results indicated that the acute restraint stress enhanced the expression of the total form of the neurotrophin

specifically in the PFC of rats sacrificed 1h after the end of the acute stress exposure.

Acute stress exposure modulated Bdnf transcripts with a specific temporal profile in the prefrontal cortex.

Considering the effects of the acute stress on total Bdnf expression, we decided to investigate whether these changes
were paralleled by a significant modulation of the major Bdnf transcripts, namely Bdnf long 3 ’UTR and Bdnf isoform
1.

In PFC, as indicated by the one-way ANOVA analysis, Bdnf long 3'UTR was significantly affected by stress (Fs.
23:28.368, p=0.000), with an up-regulation 1h (+101%, p<0.000 vs No stress), 4h (+47%, p=0.001 vs No stress) and 24
h (+40%, p<0.002 vs No stress) post stress (fig. 2A). Similarly, acute stress significantly affected Bdnf isoform IV
expression (F3.23:28.393, p=0.001) (one-way ANOVA). Indeed, as shown in fig.2B, we found a significant increase in
the rats sacrificed 1h (+152%, p=0.000 vs No stress), 4h (+43%, p=0.024 vs No stress) and 24h (+47%, p=0.013 vs No
stress) after the end of the restraint session, with respect to non-stressed animals.

By contrast, in dHip and vHip, we found a different pattern of expression (table 2A/B). One-way ANOVA analysis
showed a significant effect of stress on Bdnf long 3’UTR expression in both the brain regions (dHip: F3.23:9.656,
p=0.000; vHip: F3.19:4.199, p=0.020). Accordingly, as indicated by the post hoc analysis, Bdnf long 3’UTR mRNA
levels were significantly decreased 1h after stress (dHip:-35%, p= 0,001 vs No stress; vHip: -24%, p= 0,000 vs No
stress), and of note, in dHip Bdnf was downregulated also 24h after the restraint (-41%, p=0,000 vs No stress).
Moreover, in vHip, Bdnf isoform IV was significantly affected by stress, as indicated by the one-way ANOVA (Fs.
18:9.121, p=0.001). Indeed, as shown in table 2B, we found an up regulation of Bdnf IV expression 1h (+67%, p= 0.038
vs No stress), 4h (+142%, p=000 vs No stress) and 24h (+119%, p=0.001 vs No stress) post stress. Conversely, in dHip
Bdnf isoform IV was not modulated by stress (F323:0.171, p=0.915).



Exposure to the acute challenge up-regulated IEGs expression in a time specific manner

In order to investigate the effect of stress on neuronal activity, we focused on three activity-dependent immediate early
genes Arc, Gadd45 and Nr4al. In particular, Nr4al adapts synaptic activity and it acts as [EG and transcription factor,
responding to different stressors and stimuli (Chen et al. 2014; Helbling et al. 2014). In comparison to Arc and
Gadd45p well studied genes known to be responsive to extracellular stimuli (Ma et al. 2009; Okuno 2011), Nr4al, to
date, has been poorly investigated as factor that displays a complex regulation under stressful situations.

As shown in fig. 3A, in PFC, Arc gene expression was significantly affected by stress (F3-23:14.842, p=0.000) (one-way
ANOVA). In particular, we observed an up-regulation of its mRNA levels 1h (+175%, p=0.000 vs No stress), 4h
(+75%, p=0.014 vs No stress) and 24h(+88%, p=0.005 vs No stress) post stress (fig. 3A). Similarly, acute stress
modulated Gadd45/ (F3-23:29.569, p=0.000) (fig. 3B) and Nr4al (F323:20.955, p<0.000) (fig. 3C) as indicated by the
one-way ANOVA analysis. Indeed, the expression of both genes was up-regulated 1h (Gadd454+117%, p<0.000 vs No
stress; Nrdal: +143%, p<0.000) and 24h (Gadd45p:+31%, p=0.038 vs No stress; Nrdal: +74%, p=0.001) after the
acute challenge.

In dHip we observed a similar pattern of activation for Arc and Gadd45 [, with their mRNA levels being significantly
modulated by stress (F323:5.987, p=0.029; F3.23:17.360, p=0.00 respectively) (one-way ANOVA). Indeed, we found an
increased expression of Arc and Gadd45f4 1h (+39%, p=0,010 vs No stress; +63%, p=000, respectively) and 24h
(+40%, p=0,010 vs No stress; +25%, p=033, respectively) post stress (table 3A), whereas we did not find any
modulation for Nr4al. In vHip (table 3B), only Arc expression was affected by stress, as indicated by the one-way
ANOVA analysis (F3.19:7.163, p=0.002). Accordingly, its mRNA levels were increased 4h (+42%, p=0.007 vs No
stress) and 24h (+61%, p=0.000 vs No stress) after the challenge. By contrast, neither Gadd45/ nor Nrd4al were

modulated in the vHip by 1h of restrain stress.

Acute stress enhanced the cognitive performance specifically 1h post stress

Since our molecular analysis clearly indicate that acute stress enhanced Bdnf expression with a specific temporal
profile, and seen the well-established influence of the neurotrophin in memory and cognitive-related mechanisms (Park
and Poo 2013; Kowianski et al. 2018), we investigate whether the exposure to the acute restraint stress could influence
memory processes, by exposing the rats in the novel object recognition test, 1, 4 and 24 h after the challenge (fig. 4B).
Exposure to 1h of acute restraint stress was associated with an improvement of the cognitive performance in the NOR
test, as confirmed by the significant effect of stress (F3-21:3.790, p=0.027). Indeed, post hoc analysis showed that
animals exposed to the NOR performed significantly better when examined 1h post stress, as compared to no stress-
animals tested in the NOR (+100%, p=0.018 vs No stress). By contrast, the beneficial effect of stress disappeared 4 and

24h post stress, thus underlying the transient effects of stress in promoting working memory (fig. 4C).



Correlation between Bdnf expression and the cognitive performance at 1h post-stress

Discrimination index was examined to investigate potential covariation within the expression levels of total Bdnf and
Bdnf long 3°’UTR. The analyses revealed that discrimination index positively correlated with the expression of total
Bdnf (> = 0.3189, p=0.004) (fig. 5A) and Bdnf long 3’UTR (r* = 0.1682, p=0.0465) (fig. 5B), suggesting that the
enhancement of neuroplastic mechanisms may contribute to the cognitive improvement observed in acutely stressed

rats.

Acute stress enhanced Bdnf expression during both the encoding and the retrieval phase of the NOR test.

In order to further investigate how the acute challenge affected the cognitive performance specifically 1h post-stress,
when we found a major improvement of the NOR discrimination index, we assessed the expression of total Bdnf and
Bdnflong 3°UTR not only at the end of the retrieval phase (NOR group), but also following the 5 minutes of encoding
(NOR 5”). Two-way ANOVA analysis revealed a significant effect of stress (Fi.25:7.644, p=0.011) and test (Fi-
25:20.816, p=0.000) on the total form of the neurotrophin (fig. 6A). Indeed, acute stress enhanced its expression at the
end of the retrieval phase of the NOR independently from acute stress pre-exposure.

Similarly, as shown in figure 6B, Bdnflong 3’UTR mRNA levels were found to be affected by both stress (F1.25:24.649,
p=0.000) and test (F1-25:26.270, p=0.001) (two-way ANOVA) .



Discussion

In this study, we demonstrated that acute stress modulates Bdnf expression with a specific temporal and anatomical
profile. Moreover, at behavioral level, our results further support the concept that acute stress positively acts on
cognitive performance within a precise time frame and suggests that this improvement may be related to an
enhancement of neurotrophic factors.

We found that in the PFC 1h of acute stress increased the whole pool of the neurotrophin transcripts at 1h post stress,
whereas 4 and 24 h later total Bdnf mRNA levels were not different from sham animals suggesting that, in the PFC, the
acute challenge may transiently affect neuroplastic mechanisms.

Moreover, the mRNA levels of the Bdnf long 3’'UTR pool of transcripts and of Bdnf isoform IV were similarly
increased 1h after the stress exposure. In particular, the pool of Bdnf transcripts with long 3’UTR are localized to the
dendritic compartment (Allen et al. 2013) and their stress-induced upregulation may contribute to the rapid transcription
and translation of the neurotrophin specifically at synaptic level. Furthermore, according to the evidence that Bdnf
isoform IV is strongly activated by depolarization of primary cortical (Martinowich et al. 2003; Pruunsild et al. 2011)
and hippocampal neurons (Martinowich et al. 2003), its upregulation within 1h is in line with its role as activity
dependent gene that is critical for neural plasticity.

Differently to what observed for the total form of the neurotrophin, both Bdnf long 3’UTR and Bdnf isoform IV were
still upregulated 4 and 24 h following the challenge, indicating that other Bdnf isoforms may be differently modulated,
thus counteracting the effect found for total Bdnf at these time points.

Conversely, in the dHip and vHip, total Bdnf was not significantly altered by stress exposure, suggesting a cortical
specificity in the response to this protocol of acute challenge. Indeed, by using others paradigm it has been shown that
short-time stress application increased Bdnf in the whole hippocampus, whereas longer stress decreased it (Marmigére
et al. 2003). Interestingly, in the dHip and vHip, we found that acute stress reduced the expression of Bdnflong 3’UTR
in both the hippocampal subregions, in line to what observed 1h post 10 minutes of forced swim stress (Shi et al. 2010)
and immediately after and 24h post 1h of acute restraint stress in the CA3 and DG of the hippocampus (Murakami et al.
2005). On the contrary, only in vHip Bdnf isoform IV was enhanced by stress, supporting the role of this hippocampal
subregion in emotion and stress, differently from the dorsal counterpart that is more related to memory and cognition
(Fanselow and Dong 2010).

Furthermore, in order to investigate whether the increase of Bdnf was paralleled by changes of IEGs involved in activity
dependent plasticity, we focused on the IEGs Arc, Gadd453 and Nr4al known to be rapidly activated following acute
environmental stimulations (Okuno 2011) and involved in brain functions including learning and memory (Flavell and
Greenberg 2008). Similarly to what we have previously observed (Brivio et al. 2018, 2019), the strongest modulation
was found in PFC, with the expression of Arc Gadd45f and Nr4al markedly up-regulated by the acute stress.
Nevertheless, the enhancement of IEGs transcription also in hippocampus is not surprising, where Arc and Gadd45f
were up-regulated by stress specifically in the dorsal subregion, as already showed by Ma and colleagues (Ma et al.
2009). In particular, the peak of Arc mRNA levels in PFC, dHip and vHip post challenge may be due to the rapid
activation of intracellular signal transduction pathways, such as the MAPK and CREB (Barry and Commins 2017).
Moreover, the increased expression of Gadd45p and Nrd4al found 24h post-challenge may be mediated by several
factors, such as epigenetic mechanisms (Rye et al. 2014) that operate with a different temporal profile. This effect is in
line with evidence showing that the enhancement of IEGs expression is not limited to the first few hours post stress but

it also occurs during resting period (Marrone et al. 2008; Barry and Commins 2017; Clayton et al. 2019).



Interestingly, since these genes are implicated in several mechanisms, including neuronal development and synaptic
plasticity (Flavell and Greenberg 2008), their enhancement may contribute to different brain processes thus magnifying
the consequences of the exposure to the acute challenge.

Our results support the idea that the exposure to an acute challenge leads to a complex pattern of changes that may be
different depending on the brain region considered and on the function mediated by a specific intracellular mechanism
in a distinct area. Additionally, these findings underlined how short stress may trigger the modulation of mechanisms of
neuroplasticity mainly within the PFC, thus contributing to store information that could serve to prepare a response to a
new stimulus, as for example, a cognitive task. Also, it is known that neurotrophic factors are implicated in long term
potentiation and that stress may modify cognitive function through the control of Bdnf (Dragunow et al. 1993).

The role of stress in modulating learning and memory has been well described (Oitzl et al. 2001; Joéls et al. 2006), with
different issues based on the type and length of stressors. Indeed, while chronic stress has detrimental effect on
cognitive functions (McEwen and Sapolsky 1995), acute stress may have a dual effect: it may improve memory or,
when severe, it can impair it (Hains and Arnsten 2008). In the field of adaptive response to stress, several studies have
shown that stress, in close association with learning task, facilitated the memory consolidation (De Kloet et al. 1999)
and might be essential for the good learning (Sandi 1997; Lupien et al. 2002). Here, we found the positive influence of
1h of acute restraint stress in modulating the cognitive performance when the animals were examined shortly after
stress. This effect was not present 4h and 24h following the challenge, suggesting a transient impact of stress pre-
exposure on the performance. In accordance, it has been demonstrated that 20 minutes of forced swim stress enhanced
working memory in the T-maze 4 and 24 h after the stress (Yuen et al. 2009). The discrepancy between our results and
the effect showed by Yuen and colleagues, found at 4 and 24 h after the challenge, may be due to the different stress
used and to the different cognitive task employed. Moreover, other behavioral studies demonstrated that a single session
of moderate stress facilitated classical fear conditioning (Shors et al. 1992).

At molecular level, the positive, albeit weak, correlation between NOR index and the expression of neurotrophin
transcripts suggested a connection among the improvement in the cognitive performance and the specific modulation of
neuroplastic mechanisms within the rat PFC, even if we are aware that further studies are needed to more directly
substantiate a role for Bdnf in stress-related cognitive changes.

Since the NOR test consists of three steps (acquisition, consolidation, and recall) (Antunes and Biala 2012), the acute
stress may impact on the behavioral outcome by acting differently on each phase of the task. Accordingly, in order to
deeper investigate how stress can affect the encoding and retrieval part of the cognitive task, we focused on
mechanisms of neuroplasticity exactly at the end of both the phases of NOR test.

We demonstrated that stress facilitated the cognitive performance by up-regulating the expression of the major
neurotrophin transcripts during the encoding phase and additionally, Bdnf long 3’UTR, the pool targeted into dendrites
thereby governing synaptic mechanisms (Allen et al. 2013), was further enhanced during the retrieval phase.

Taken together, the present findings suggest that acute stress was able to up-regulate the gene expression of
neurotrophic factors with a precise time-profile specifically in the PFC, a brain region that is fundamental for the stress
response as well as for memory encoding and retrieval (Anderson et al. 2000). Moreover, the improvement of cognitive
performance due to stress exposure further highlight how stress may be a potent regulator of learning and memory,
through the activation of neuroplastic factors. We believe that the characterization of the molecular mechanisms
underlying the positive effect of stress exposure on memory may provide key targets to improve cognitive functions

that are strongly deteriorated in neurological and psychiatric disorders.

10



Author Information
Paola Brivio, Giulia Sbrini, Marco Andrea Riva and Francesca Calabrese: Department of Pharmacological and

Biomolecular Sciences, Universita’ degli Studi di Milano, Via Balzaretti 9, 20133 Milan, Italy

Author’s contributions

FC and MAR were responsible for the study concept and design

PB and GS performed and analyzed the behavioral and the molecular analysis.
Data analysis and interpretation were done by PB and FC.

PB drafted the manuscript and FC and MAR critically revised the manuscript.

All authors critically reviewed the content and approved the final version for publication.

Conflict of Interest

The authors declare that they have no conflict of interest

Statement on the welfare of animals
All procedures used in this study involving animals have conformed to the rules and principles of the 2010/63/UE

Directive, according to the authorizations from the Health Ministry n 151/2017-PR.

Informed consent

Informed consent was obtained from all individual participants included in the study

Country name for the suggested reviewers
Mariusz Papp: Poland

Peter Gass: Germany

Colm O'tuathaigh: Ireland

Michael Bader: Germany

Freddy Jeanneteau: France

11



Bibliography

Allen M, Bird C, Feng W, et al (2013) HuD Promotes BDNF Expression in Brain Neurons via Selective Stabilization of
the BDNF Long 3'UTR mRNA. PLoS One. doi: 10.1371/journal.pone.0055718

Anderson ND, lidaka T, Cabeza R, et al (2000) The effects of divided attention on encoding- and retrieval-related brain
activity: A PET study of younger and older adults. J Cogn Neurosci. doi: 10.1162/089892900562598

Antunes M, Biala G (2012) The novel object recognition memory: Neurobiology, test procedure, and its modifications.
Cogn. Process.

Barry DN, Commins S (2017) Temporal dynamics of Immediate Early Gene expression during cellular consolidation of
spatial memory. Behav Brain Res. doi: 10.1016/j.bbr.2017.03.019

Bekinschtein P, Cammarota M, Medina JH (2014) BDNF and memory processing. Neuropharmacology

Brivio P, Corsini G, Riva MA, Calabrese F (2019) Chronic vortioxetine treatment improves the responsiveness to an
acute stress acting through the ventral hippocampus in a glucocorticoid-dependent way. Pharmacol Res. doi:
10.1016/j.phrs.2019.02.006

Brivio P, Sbrini G, Peeva P, et al (2018) TPH2 Deficiency Influences Neuroplastic Mechanisms and Alters the
Response to an Acute Stress in a Sex Specific Manner. Front Mol Neurosci. doi: 10.3389/fnmol.2018.00389

Calabrese F, Brivio P, Gruca P, et al (2017) Chronic Mild Stress-Induced Alterations of Local Protein Synthesis: A
Role for Cognitive Impairment. ACS Chem Neurosci. doi: 10.1021/acschemneuro.6b00392

Calabrese F, Molteni R, Racagni G, Riva MA (2009) Neuronal plasticity: A link between stress and mood disorders.
Psychoneuroendocrinology

Calabrese F, Savino E, Papp M, et al (2016) Chronic mild stress-induced alterations of clock gene expression in rat
prefrontal cortex: Modulatory effects of prolonged lurasidone treatment. Pharmacol Res. doi:
10.1016/j.phrs.2015.12.023

Chen Y, Wang Y, Ertiirk A, et al (2014) Activity-induced Nr4al regulates spine density and distribution pattern of
excitatory synapses in pyramidal neurons. Neuron. doi: 10.1016/j.neuron.2014.05.027

Clayton DF, Anreiter I, Aristizabal M, et al (2019) The role of the genome in experience-dependent plasticity:
Extending the analogy of the genomic action potential. Proc Natl Acad Sci. doi: 10.1073/pnas.1820837116

De Kloet ER, Oitzl MS, Joéls M (1999) Stress and cognition: Are corticosteroids good or bad guys? Trends Neurosci.
doi: 10.1016/S0166-2236(99)01438-1

Dragunow, Beilharz, Mason, et al (1993) Brain-derived neurotrophic factor expression after long-term potentiation.
Neurosci Lett 160:232-236

Duman RS, Monteggia LM (2006) A Neurotrophic Model for Stress-Related Mood Disorders. Biol. Psychiatry

Fanselow MS, Dong HW (2010) Are the Dorsal and Ventral Hippocampus Functionally Distinct Structures? Neuron

Flavell SW, Greenberg ME (2008) Signaling Mechanisms Linking Neuronal Activity to Gene Expression and Plasticity
of the Nervous System. Annu Rev Neurosci. doi: 10.1146/annurev.neuro.31.060407.125631

Fumagalli F, Calabrese F, Luoni A, et al (2012) Modulation of BDNF expression by repeated treatment with the novel
antipsychotic lurasidone under basal condition and in response to acute stress. Int J Neuropsychopharmacol. doi:
10.1017/S1461145711000150

Fuster JM, Bodner M, Kroger JK (2000) Cross-modal and cross-temporal association in neurons of frontal cortex.
Nature. doi: 10.1038/35012613

Hains AB, Arnsten AFT (2008) Molecular mechanisms of stress-induced prefrontal cortical impairment: Implications
for mental illness. Learn. Mem.

Helbling JC, Minni AM, Pallet V, Moisan MP (2014) Stress and glucocorticoid regulation of NR4A genes in mice. J
Neurosci Res. doi: 10.1002/jnr.23366

Joéls M, Pu Z, Wiegert O, et al (2006) Learning under stress: how does it work? Trends Cogn Sci. doi:
10.1016/j.tics.2006.02.002

Kim EJ, Pellman B, Kim JJ (2015) Stress effects on the hippocampus: A critical review. Learn. Mem.

Kowianski P, Lietzau G, Czuba E, et al (2018) BDNF: A Key Factor with Multipotent Impact on Brain Signaling and
Synaptic Plasticity. Cell. Mol. Neurobiol.

Lau AG, Irier HA, Gu J, et al (2010) Distinct 3'UTRs differentially regulate activity-dependent translation of brain-
derived neurotrophic factor (BDNF). Proc Natl Acad Sci U S A. doi: 10.1073/pnas.1002929107

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2-
AACT method. Methods. doi: 10.1006/meth.2001.1262

Lu B, Nagappan G, Lu Y (2015) BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb Exp
Pharmacol. doi: 10.1007/978-3-642-45106-5_9

Luoni A, Macchi F, Papp M, et al (2015) Lurasidone exerts antidepressant properties in the chronic mild stress model
through the regulation of synaptic and neuroplastic mechanisms in the rat prefrontal cortex. Int J
Neuropsychopharmacol. doi: 10.1093/ijnp/pyu061

Lupien SJ, Wilkinson CW, Briere S, et al (2002) The modulatory effects of corticosteroids on cognition: Studies in
young human populations. Psychoneuroendocrinology. doi: 10.1016/S0306-4530(01)00061-0

12



Ma DK, Jang MH, Guo JU, et al (2009) Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation
and adult neurogenesis. Science (80- ). doi: 10.1126/science.1166859

Marmigere F, Givalois L, Rage F, et al (2003) Rapid induction of BDNF expression in the hippocampus during
immobilization stress challenge in adult rats. Hippocampus

Marrone DF, Schaner MJ, McNaughton BL, et al (2008) Immediate-early gene expression at rest recapitulates recent
experience. J Neurosci. doi: 10.1523/JNEUROSCI.4235-07.2008

Martinowich K, Hattori D, Wu H, et al (2003) DNA Methylation-Related Chromatin Remodeling in Activity-
Dependent Bdnf Gene Regulation. Science (80- ). doi: 10.1126/science.1090842

Martinowich K, Manji H, Lu B (2007) New insights into BDNF function in depression and anxiety. Nat. Neurosci.

McEwen BS (2007) Physiology and neurobiology of stress and adaptation: central role of the brain. Physiol Rev. doi:
10.1152/physrev.00041.2006

McEwen BS, Bowles NP, Gray JD, et al (2015) Mechanisms of stress in the brain. Nat Neurosci. doi: 10.1038/nn.4086

McEwen BS, Sapolsky RM (1995) Stress and cognitive function. Curr Opin Neurobiol. doi: 10.1016/0959-
4388(95)80028-X

Molteni R, Calabrese F, Cattaneo A, et al (2009) Acute stress responsiveness of the neurotrophin bdnf in the rat
hippocampus is modulated by chronic treatment with the antidepressant duloxetine. Neuropsychopharmacology.
doi: 10.1038/npp.2008.208

Molteni R, Rossetti AC, Savino E, et al (2016) Chronic mild stress modulates activity-dependent transcription of BDNF
in rat hippocampal slices. Neural Plast. doi: 10.1155/2016/2592319

Murakami S, Imbe H, Morikawa Y, et al (2005) Chronic stress, as well as acute stress, reduces BDNF mRNA
expression in the rat hippocampus but less robustly. Neurosci Res. doi: 10.1016/j.neures.2005.06.008

Oitzl MS, Reichardt HM, Joels M, de Kloet ER (2001) Point mutation in the mouse glucocorticoid receptor preventing
DNA binding impairs spatial memory. Proc Natl Acad Sci. doi: 10.1073/pnas.231313998

Okuno H (2011) Regulation and function of immediate-early genes in the brain: Beyond neuronal activity markers.
Neurosci. Res.

Park H, Poo MM (2013) Neurotrophin regulation of neural circuit development and function. Nat. Rev. Neurosci.

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. In: Sydney Acad. Press.

Pochwat B, Szewczyk B, Sowa-Kucma M, et al (2014) Antidepressant-like activity of magnesium in the chronic mild
stress model in rats: Alterations in the NMDA receptor subunits. Int J Neuropsychopharmacol. doi:
10.1017/S1461145713001089

Pruunsild P, Sepp M, Orav E, et al (2011) Identification of cis-Elements and Transcription Factors Regulating Neuronal
Activity-Dependent Transcription of Human BDNF Gene. J Neurosci. doi: 10.1523/jneurosci.4540-10.2011

Rossetti A, Paladini MS, Colombo M, et al (2018) Chronic Stress Exposure Reduces Parvalbumin Expression in the Rat
Hippocampus through an Imbalance of Redox Mechanisms: Restorative Effect of the Antipsychotic Lurasidone.
Int J Neuropsychopharmacol 21:883—893

Rossetti AC, Papp M, Gruca P, et al (2016) Stress-induced anhedonia is associated with the activation of the
inflammatory system in the rat brain: Restorative effect of pharmacological intervention. Pharmacol Res. doi:
10.1016/j.phrs.2015.10.022

Rye M, Sandve GK, Daub CO, et al (2014) Chromatin states reveal functional associations for globally defined
transcription start sites in four human cell lines. BMC Genomics. doi: 10.1186/1471-2164-15-120

Sandi C (1997) Experience-dependent facilitating effect of corticosterone on spatial memory formation in the water
maze. Eur J Neurosci. doi: 10.1111/j.1460-9568.1997.tb01412.x

Sandi C, Pinelo-Nava MT (2007) Stress and Memory: Behavioral Effects and Neurobiological Mechanisms. Neural
Plast. doi: 10.1155/2007/78970

Schwabe L (2017) Memory under stress: from single systems to network changes. Eur. J. Neurosci.

Shi S Sen, Shao S hong, Yuan B ping, et al (2010) Acute stress and chronic stress change brain-derived neurotrophic
factor (BDNF) and tyrosine kinase-coupled receptor (TrkB) expression in both young and aged rat hippocampus.
Yonsei Med J. doi: 10.3349/ym;j.2010.51.5.661

Shors TJ, Weiss C, Thompson RF (1992) Stress-induced facilitation of classical conditioning. Science

Stuss DT, Knight RT (2009) Principles of Frontal Lobe Function

Willner P (2005) Chronic mild stress (CMS) revisited: Consistency and behavioural- neurobiological concordance in
the effects of CMS. Neuropsychobiology

Yin X, Guven N, Dietis N (2016) Stress-based animal models of depression: Do we actually know what we are doing?
Brain Res.

Yuen EY, Liu W, Karatsoreos IN, et al (2009) Acute stress enhances glutamatergic transmission in prefrontal cortex
and facilitates working memory. Proc Natl Acad Sci. doi: 10.1073/pnas.0906791106

13



Figure Legends:

Fig 1: Analysis of total Bdnf mRNA levels in the prefrontal cortex (PFC), dorsal (dHip) and ventral hippocampus
(vHip) of acutely stressed rats, 1h, 4h and 24h after the end of the challenge (stress 1h). Panel A represents the stress
paradigm. Panel B shows total Bdnf expression in PFC, dHiP and vHip. The data are expressed as a percentage of No
stress (set at 100%) and represent the mean + SEM of at least 5 independent determinations. *** p<0.001 vs No stress
(one-way ANOVA with Fisher’s PLSD).
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Fig 2: Analysis of Bdnf long 3’'UTR (A) and Bdnf isoform IV (B) mRNA levels in the prefrontal cortex of acutely
stressed rats, 1h, 4h and 24h after the end of the challenge (stress 1h).

The data are expressed as a percentage of No stress (set at 100%) and represent the mean + SEM of at least 5
independent determinations. * p<0.05; ** p<0.01; *** p<0.001 vs No stress (one-way ANOVA with Fisher’s PLSD).
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Fig 3: Analysis of Arc (4), Gadd455(B) and Nrdal (C) mRNA levels in the prefrontal cortex of acutely stressed rats,

1h, 4h and 24h after the end of the challenge (stress 1h).

The data are expressed as a percentage of No stress (set at 100%) and represent the mean + SEM of at least 5

independent determinations. * p<0.05; ** p<0.01; *** p<0.001 vs No stress (one-way ANOVA with Fisher’s PLSD).
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Fig.4: Analysis of the cognitive performance of acutely stressed animals (stress (1h)) exposed to the novel object
recognition test (NOR) 1h, 4h and 24h after the end of the challenge.

Panel A: schematic picture of the novel object recognition test; Panel B: schematic representation of the experimental
paradigm; panel C: novel object recognition test (NOR) discrimination index evaluated 1h, 4h and 24h after the end of
the challenge. The data, expressed as discrimination index, are the mean of at least 5 independent determinations +
SEM. * p<0.05, vs No stress (one-way ANOVA with PLSD).
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Fig. 5: Correlation between total Bdnf and Bdnf long 3’'UTR mRNA levels and NOR index. Panels A-B show the
correlation analysis between the levels of total Bdnf (A) and Bdnf long 3°UTR (B) and NOR discrimination index.
Analyses by Pearson’s product-moment correlation (R?). Data are expressed as scatterplots, with a line indicating the
coefficient of the correlation between the individual data point.
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Fig. 6: Analysis of total Bdnf and Bdnf long 3 UTR in the prefrontal cortex of acutely stressed during the encoding
(NOR 5°) and retrieval phase (NOR) of the novel object recognition test.

Panels A-B show the mRNA levels of total Bdnf and Bdnflong 3’UTR in rats exposed to 1h of acute restraint stress and
tested to the novel object recognition test. The data are expressed as a percentage of No stress/NORS’ (set at 100%) and
represent the mean = SEM of at least 6 independent determinations. S: independent effect of the stress (p<0.05); T:
independent effect of the test (p<0.01) (two-way ANOVA).
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