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Abstract: Relief learning is the association of environmental cues with the cessation of aversive
events. While there is increasing knowledge about the neural circuitry mediating relief learning,
the respective molecular pathways are not known. Therefore, the aim of the present study was to
examine different putative molecular pathways underlying relief learning. To this purpose, male
rats were subjected either to relief conditioning or to a pseudo conditioning procedure. Forty-five
minutes or 6 h after conditioning, samples of five different brain regions, namely the prefrontal
cortex, nucleus accumbens (NAC), dorsal striatum, dorsal hippocampus, and amygdala, were
collected. Using quantitative Western blots, the expression level of CREB, pCREB, ERK1/2, pERK1/2,
CaMKIIα, MAP2K, PKA, pPKA, Akt, pAkt, DARPP-32, pDARPP-32, 14-3-3, and neuroligin2 were
studied. Our analyses revealed that relief conditioned rats had higher CREB phosphorylation in
NAC 6 h after conditioning than pseudo conditioned rats. The data further revealed that this
CREB phosphorylation was mainly induced by dopamine D1 receptor-mediated activation of PKA,
however, other kinases, downstream of the NMDA receptor, may also contribute. Taken together, the
present study suggests that CREB phosphorylation, induced by a combination of different molecular
pathways downstream of dopamine D1 and NMDA receptors, is essential for the acquisition and
consolidation of relief learning.
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1. Introduction

Relief learning is the association of a cue with the relief from an aversive event and
can be observed across species, e.g., in humans, rodents, or flies [1]. Since the relief of
an aversive event is rewarding [2,3], the associated cue—also called conditioned relief
stimulus—later induces appetitive behaviors such as approach response or attenuates
defensive behavior like the startle response [1]. There is an increasing interest in under-
standing the mechanisms underlying relief learning since pathological changes of relief
learning are discussed for human diseases such as non-suicidal self-injury, trichotillomania
but also anxiety disorders [1,4]. Furthermore, pain relief learning is used to investigate the
affective/motivational aspects of chronic pain and its treatment [5]. Studies in humans and
rodents identified the nucleus accumbens (NAC) and the mesolimbic dopamine system
as critical brain structures for relief learning [2,6,7]. Similar to appetitive instrumental
learning [8], relief learning is mediated by a coincident activation of NMDA and dopamine
D1 receptors within the NAC [9,10].

While there is some basic knowledge on the neuroanatomical and neuropharmacolog-
ical basis of relief learning in mammals [1,7,10] the molecular basis of it has been poorly
investigated so far. Hence, the aim of the present study was to explore how relief learning
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affects different signaling pathways within the NAC and other brain areas being associated
with relief learning. Due to the crucial role of accumbal NMDA and dopamine D1 receptors
in the acquisition of conditioned relief [10], the signaling pathways associated with these
two receptors were in the focus of the present study.

A key protein in synaptic plasticity and memory is the cAMP response element-
binding protein (CREB) which functions as a transcriptional activator after its phosphory-
lation [11]. Previous studies in hippocampus-dependent contextual fear learning showed
a biphasic pattern for CREB phosphorylation in long-term memory formation [12–14].
In the first phase (within 1 h after conditioning) CREB phosphorylation is likely to be
stress-related and can trigger transcription of immediate early genes. In the second phase
(between 3 and 6 h after conditioning), CREB phosphorylation can modulate the expression
of downstream target genes that are related to memory consolidation [14].

Based on these findings, protein expression and phosphorylation patterns after relief
conditioning in male rats were analyzed at two time points, 45 min, and 6 h, in the
present study. First, CREB expression and phosphorylation levels were examined in the
NAC and four other brain regions that at least partly may play a role in relief learning
(prefrontal cortex, hippocampus, amygdala, dorsal striatum). Second, to identify the
molecular pathways related to CREB phosphorylation in the nucleus accumbens during
relief conditioning, the expression of selected kinases in different signaling pathways
underlying NMDA and dopamine D1 receptor activation was investigated.

2. Materials and Methods
2.1. Animal

Male Sprague-Dawley rats, 7 to 9 weeks old at the time of conditioning were used. They
were bred in our animal facility (original breeding stock: Taconic, Silkeborg, Denmark) and
kept in temperature-controlled rooms (22 ± 2 ◦C; 50 ± 10% humidity) under a light/dark
cycle of 12/12 h (lights on at 6:00 a.m.) with food and water ad libitum. Experimental
subjects were housed in groups of 4 to 6 in standard cages filled with wood chip bed-
ding (Macrolon type IV; floor area: 1820 cm2; Tecniplast, Hohenpeißenberg, Germany).
Behavioral tests and tissue isolation were performed during the light phase from 9:00
A.M. to 4:00 P.M. All studies were conducted under the European regulations for animal
experiments (2010/63/EU) and approved by the local authorities (Landesverwaltungsamt
Sachsen-Anhalt: Az. 42502-2-1172 and 42502-2-1309 Uni MD).

2.2. Apparatus

Behavioral experiments were performed in a startle system consisting of wooden
chambers (35 × 35 cm and 38 cm high; SR-LAB, San Diego Instruments, San Diego, CA,
USA) equipped with animal cylindric enclosures (9 cm inner diameter and 16 cm in length)
made of acrylic glass. Motion-sensitive transducers mounted underneath these enclosures
detected the movements of the animals. For data acquisition, the output signal of the
transducers was digitized at a sampling rate of 1 kHz and stored on a computer. As startle
magnitudes, the mean transducer output in the time window 10 to 30 ms after the startle
probe onset was taken [9,10].

As a conditioned stimulus (CS), a light cue (5 s; ~1000 lux) was presented to the animals
with a 10 W white bulb mounted on the back of the test chambers. As an unconditioned
aversive stimulus, scrambled foot shocks (0.5 s; 0.4 mA) were administered by a floor
grid of six parallel bars (0.5 cm in diameter and 1 cm apart) inserted into the enclosures
during conditioning. A white background noise of 50 dB sound pressure level (SPL) and
the acoustic startle probe (40 ms; 96 dB SPL white noise) were generated by a loudspeaker
mounted at the ceiling of the chambers.

2.3. Behavioral Procedure

On the first day, a baseline startle test was performed. The rats were introduced into
the enclosures of the startle boxes and after an acclimation time of 5 min, 10 startle probes
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stimuli with an inter-trial interval (ITI) of 30 s were presented. On day 2, animals were
conditioned. For relief conditioning, the US, followed by the CS (US offset to CS onset:
2.5 s), were presented 15 times with a mean ITI of 150 s. In the control-conditioning group,
the US and the CS presentations were uncorrelated in time (i.e., randomly presented). No
startle probes were presented during the conditioning session. Forty-five minutes or 6 h
after the conditioning procedure, most of the rats were sacrificed for tissue collection (see
below). However, a small sample of animals was subjected to a retention test one day later.
The retention test consisted of 5 min of accommodation time, followed by 10 startle probes
to habituate the startle response. Then, 20 further startle stimuli were presented, half of
them in the absence and half of them in the presence of the light CS (in a pseudorandomized
order; ITI: 30 s).

2.4. Experimental Design

The baseline startle test was used to group the rats into the groups “Relief” and
“Control” with similar mean baseline startle magnitudes. One day later, as shown in
Figure 1, they were either relief or control conditioned. A further group of rats stayed
naive, i.e., they remained in the home cage for both days. In all groups, rats were randomly
assigned to the 45 min or 6 h time points. At these time points, brain samples were taken
(in naive rats at the same time of the day as conditioned subjects, to control for circadian
modulation in the expression of the targeted proteins). Some animals in the Relief and
Control group were not used for brain dissection but were tested on day 3 in a retention test.
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2.5. Tissue Isolation

Rats were sacrificed 45 min or 6 h after the conditioning session. They were capitated
under anesthesia with isoflurane (Baxter Germany GmbH; Unterschleißheim, Germany)
and the brains were quickly extracted and dissected in coronal slices (1 mm) using rat
brain slicer matrix (PA001, David Kopf Instruments, Tujunga, CA, USA). The brains were
dissected on ice into 5 different regions, namely the prefrontal cortex (PFC), nucleus accum-
bens (NAC), dorsal striatum (STR), dorsal hippocampus (HIP), and amygdala (AMY) [15].
Samples were immediately deep frozen after dissection and stored at −80◦ C until used for
protein extraction followed by Western blot analysis.

2.6. Protein Extraction (from Brain Samples) and Western Blot Analysis

The brain samples were homogenized on ice in 1xPBS (pH 7.4), containing proteinase
inhibitor (cOmplete™ Protease Inhibitor Cocktail, Roche, Basel, Switzerland), phosphatase
inhibitor (PhosSTOP™, Roche, Basel, Switzerland), and 250 U Benzonase®Nuclease (Sigma-
Aldrich, St.Louis, MI, USA # SLBS8402) using K-Control™ TLC homogenizer. For protein
extraction the homogenized samples were solubilized in 4xSDS sample buffer containing
1% (w/v) SDS, 40% (v/v) glycerol, 20% (v/v) β-mercaptoethanol, 250 mM Tris pH 6.8,
0.004% (w/v) Bromophenol blue and, boiled at 95 ◦C for 5 min. Protein quantification was
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performed by amido black assay [16]. For Western blot analysis 18 µg protein per lane
was loaded on a 5–20% gradient SDS-PAGE, separated with a constant current of 10 mA,
and subsequently transferred on a nitrocellulose membrane (LI-COR, Lincoln, NE, USA, #
926-31092). The membranes were incubated with blocking buffer (5% non-fat dried milk
or 5% BSA-Albumin fraction V, ROTH #8076.5- in 1xTBS, 0.1% Tween, depending on the
antibody) for 60 min at room temperature and finally incubated with the following primary
antibodies; CREB (Cell signaling, Denver, MA, USA, #919, 1:1000), Phospho-CREB (Ser133)
(Cell Signaling, Denver, MA, USA, #9198, 1:1000), ERK1/ERK2 (R&D system, Minneapolis,
MN, USA, #MAB1576, 1:1000), Phospho-ERK1 (T202, Y204)/phospho-ERK2 (T185/Y187)
(R&D system, Minneapolis, MN, USA, #AF1018, 1:2000), Akt (pan) (Cell Signaling, Denver,
MA, USA, #2920, 1:2000), Phospho-Akt (Thr308) (Cell Signaling, Denver, MA, USA, #13038,
1:1000), PKA (Cell Signaling, Denver, MA, USA, #4782, 1:1000), Phospho-PKA (Thr197)
(Cell Signaling, Denver, MA, USA, #4781, 1:1000) CaMKII alpha (Abcam, Cambridge,
UK, #ab92332, 1:1000), 14-3-3 (Abcam, Cambridge, UK, #ab9063, 1:1000), Neurologin2
(SySy, Göttingen, Germany, #129511, 1:1000), MAP2K (Proteintech, Rosemont, IL, USA,
#17340-1-AP, 1:1000), DARPP-32 (19A3) (Cell Signaling, Denver, MA, USA, #2306, 1:1000),
Phospho-DARPP-32 (Thr34) (Cell Signaling, Denver, MA, USA, #12438, 1:1000), Beta-Actin
(Cell Signaling, Denver, MA, USA #8457, 1:1000), and Beta-Actin (Cell Signaling, Denver,
MA, USA, #3700, 1:2500) overnight at 4 degree. Following four times 5-min washing
with 1xTBS and 1xTBST, the corresponding horseradish peroxidase-conjugated secondary
antibodies (1:7500, Dianova, Hamburg, Germany) were added to the membrane for 90
min at room temperature. The blots were washed 4 times in PBS and PBST for 5 min each
and treated with chemiluminescence substrate (ECL, Thermo Fischer, Waltham, MA, USA,
#32106), West Dura Extended Duration Substrate (DURA, Thermo Fischer, Waltham, MA,
USA, #34076), and West Femto Maximum Sensitivity Substrate (FEMTO, Thermo Fischer,
Waltham, MA, USA, #34096), based on the protein-dependent signal intensity. The density
of the bands was measured by Image Studio Lite version 5.2.5 and normalized to the ß-actin
signal from each blot. Western blot was performed in triplicate for each sample.

2.7. Statistical Analysis

Data were expressed as means ±SEMs. Behavioral data were analyzed with analysis
of variance (ANOVA). Planned comparisons of protein expression and phosphorylation in
control- and relief conditioned rats were performed with non-parametric t-tests (Prism 8.0,
GraphPad Software Inc., La Jolla, CA, USA). A significance level of p ≤ 0.05 was used for
all tests. Outliers (Q = 5%) were removed from the analysis.

3. Results
3.1. Behavioral Analysis

In the retention test on conditioned relief, the light stimulus attenuated the startle
magnitude in the relief-conditioned rats but not in the control-conditioned rats (Figure 2).
This is supported by an ANOVA using group (Control, Relief) as between-subject factor
and trial type (startle alone, CS-startle) as within-group factor. There was an interaction
between group and trial type (F1,20 = 7.31, p = 0.01) and a significant effect of trial type
(F1,20 = 10.87, p = 0.004) but not of group (F1,20 = 1.28, p = 0.28). Furthermore, post-hoc
Sidak’s tests showed significant startle attenuation in the Relief group (t11 = 4.24, p = 0.0008)
but not in the Control group (t11 = 0.42, p = 0.90).
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3.2. Analysis of Protein Expression, Protein Phosphorylation, and Phosphorylation Ratios

Figures 3–6 depict the levels of protein expression and protein phosphorylation as
well as the phosphorylation ratio (calculated within each sample) of the control- and relief-
conditioned rats that were normalized to the mean levels of the naive animals. Since we
were interested in the molecular basis of relief learning, we focused our statistical analyses
on the comparison of the control- and relief-conditioned animals, i.e., group Control vs.
group Relief. Differences between these groups should be caused by associative learning
during relief conditioning. However, of note, animals of both of these groups were exposed
to the conditioning setup, light stimuli, and electric stimuli, whereas this was not the case
in naive animals. This means that differences between the naive group and the control-
and relief-conditioned groups may represent molecular changes induced by the exposure
to set up, light, and electric stimuli.

3.2.1. Relief Learning Affects CREB Expression Time-Dependent and Brain
Region-Specifically

The first part of the protein analysis was focused on CREB expression and phosphory-
lation, 45 min and 6 h after conditioning. Figure 3 depicts the mean of these parameters,
normalized to the levels in the naive group, as well as the mean phosphorylation ratio
(pCREB/CREB × 100).

In the NAC (Figure 3a), total CREB expression after relief conditioning was not
different in the two groups after 45 min and 6 h. Of note, after 45 min the level of pCREB
was attenuated in relief-conditioned rats compared to the control group (p = 0.04). After 6
h, pCREB (p = 0.007), as well as phosphorylation ratio of CREB (p = 0.04), were significantly
higher in relief-conditioned animals compared to the control group.

In the HIP (Figure 3b), the expression level of total CREB and the pCREB were
significantly decreased 45 min after relief conditioning (p = 0.003 and p = 0.03, respectively).
After 6 h, no significant differences between the two conditioned groups were seen, but a
clear tendency towards higher phosphorylation could be observed in the fraction of relief
learners. Interestingly, in the PFC (Figure 3c), relief conditioning leads to a significant
decrease of pCREB (p = 0.01) and the phosphorylation ratio (p = 0.002) after 6 h, while no
differences were seen after 45 min. In STR and AMY, the expression and activation level of
CREB in both conditioned groups, as well as both time points, were similar.



Cells 2021, 10, 238 6 of 15Cells 2021, 10, x FOR PEER REVIEW 6 of 15 
 

 

 

Figure 3. Expression and phosphorylation levels of CREB 45 min and 6 h after control and relief conditioning. (a) In the 

nucleus accumbens (NAC), the phosphorylation level of CREB was lower after 45 min but higher after 6 h in relief condi-

tioned rats than in control-conditioned rats. (b) In the HIP, CREB, and pCREB expression were lower 45 min after relief 

conditioning, compared with control conditioning. (c) In the PFC, a significant decrease of pCREB and the phosphoryla-

tion ratio were observed 6 h after relief conditioning. (d) In STR and, (e) the AMY no differences between the two condi-

tioned groups were seen. (f) A representative example of a Western blot representing the total and the phosphorylation 

levels of CREB in the NAC, 45 min and 6 h after conditioning, showing higher level of pCREB in relief conditioning com-

pared with control conditioning (3 different biological samples/group). Bar diagrams depict the mean ±SEM (n = 7-8/group; 

* p ≤ 0.05). 

3.2.2. Moderate Induction of Kinases Underlying NMDA Receptor Signaling Plays a 

Role in Relief Learning 

We have previously shown, that accumbal NMDA receptor activation plays a key 

role in the acquisition of conditioned relief [9]. NMDA receptor activation can induce 

CREB phosphorylation via different signaling pathways. One of the pathways involves 

MAP2K that regulates MAPK kinase (MEK). MEK phosphorylation then can activate ERK 

that phosphorylates CREB at Ser-133 [17]. An alternative pathway for NMDA receptor 

mediated CREB phosphorylation includes the Ca2+-calmodulin-dependent kinase (CaMK) 

that is activated by the calcium influx [18]. To determine which of these signaling path-

ways and kinases mediates the CREB phosphorylation during relief learning, the expres-

sion levels ERK1/2, pERK1/2, CaMKIIα, and MAP2K were analyzed in the five selected 

brain regions at both time points. 

Figure 3. Expression and phosphorylation levels of CREB 45 min and 6 h after control and relief conditioning. (a) In
the nucleus accumbens (NAC), the phosphorylation level of CREB was lower after 45 min but higher after 6 h in relief
conditioned rats than in control-conditioned rats. (b) In the HIP, CREB, and pCREB expression were lower 45 min after relief
conditioning, compared with control conditioning. (c) In the PFC, a significant decrease of pCREB and the phosphorylation
ratio were observed 6 h after relief conditioning. (d) In STR and, (e) the AMY no differences between the two conditioned
groups were seen. (f) A representative example of a Western blot representing the total and the phosphorylation levels
of CREB in the NAC, 45 min and 6 h after conditioning, showing higher level of pCREB in relief conditioning compared
with control conditioning (3 different biological samples/group). Bar diagrams depict the mean ± SEM (n = 7–8/group;
* p ≤ 0.05).

3.2.2. Moderate Induction of Kinases Underlying NMDA Receptor Signaling Plays a Role
in Relief Learning

We have previously shown, that accumbal NMDA receptor activation plays a key
role in the acquisition of conditioned relief [9]. NMDA receptor activation can induce
CREB phosphorylation via different signaling pathways. One of the pathways involves
MAP2K that regulates MAPK kinase (MEK). MEK phosphorylation then can activate ERK
that phosphorylates CREB at Ser-133 [17]. An alternative pathway for NMDA receptor
mediated CREB phosphorylation includes the Ca2+-calmodulin-dependent kinase (CaMK)
that is activated by the calcium influx [18]. To determine which of these signaling pathways
and kinases mediates the CREB phosphorylation during relief learning, the expression
levels ERK1/2, pERK1/2, CaMKIIα, and MAP2K were analyzed in the five selected brain
regions at both time points.
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In the NAC, 45 min after relief conditioning, the expression level of these candidate
kinases was not affected, while after 6 h a moderately but not significantly higher level
of pERK and CaMKIIα expression was observed in relief-conditioned rats (Figure 4a,b,
Supplementary Figure S1). However, there were significant group differences when pERK
and CaMKIIα expression levels were analyzed together (Figure 4c; ANOVA, factor group:
F1,20 = 6.20, p = 0.02,). This suggests that relief conditioning activates both pathways
together and that CREB phosphorylation could be mediated by their joint activation. There
were no effects of relief conditioning on these kinases in the four other brain regions at
both time points (see Supplementary Figure S2).
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3.2.3. Dopamine D1 Receptor Mediated PKA Activation Is Involved in CREB
Phosphorylation after Relief Conditioning

In addition to NMDA receptor activation, stimulation of dopamine D1 receptor is
required for relief learning, too [10]. The cAMP-PKA signaling pathway is the main down-
stream effector of dopamine receptors. This pathway also leads to the phosphorylation of
CREB at Ser-133 and plays an important role in learning and memory [9,10]. Therefore, we
also measured the expression and phosphorylation level of kinases involved in dopamine
D1 receptor-mediated signaling in the NAC (Figure 5). As depicted in Figure 5a, 6 h after
conditioning in the relief-conditioned rats, the level of pPKA and the phosphorylation ratio
of PKA (pPKA/PKA × 100) were significantly increased (p = 0.01 and p = 0.05, respectively)
compared with the control-conditioned (Figure 5a,d).

In addition to PKA, dopamine receptors can also modulate the activity of Akt (PKB).
Akt phosphorylation can occur at Thr308 or Ser473. In this study, the Akt expression and
phosphorylation on Thr308 were analyzed. After 45 min, no Western blot signal of pAkt
was detectable in the NAC, and after 6 h, no effects of relief conditioning on Akt expression
and phosphorylation were found (Figure 5b,e).

Via PKA and Ca2+ signaling pathways, dopamine D1 receptor stimulation can modu-
late the expression and phosphorylation of DARPP-32 (Dopamine and cAMP-regulated
phosphoprotein), which is another important regulator for CREB phosphorylation. Phos-
phorylation of DARPP-32 can happen at Thr34 or Thr75. These different phosphorylation
sites lead to either induction or reduction of Ser133 CREB phosphorylation [19,20]. Neither
45 min nor 6 h after relief conditioning, the level of total DARPP-32 and pDARPP-32 (at
Thr34) in the NAC were changed (Figure 5c,f).
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Figure 5. Expression and phosphorylation level of PKA, Akt, and DARPP-32, as well as their phosphorylation ratio in the
NAC. (a) PKA phosphorylation and the phosphorylation ratio were significantly increased 6 h after relief conditioning
in NAC. (b) The expression level of Akt was not affected after 45 min and 6 h after relief conditioning. No signal of pAkt
was detected 45 min after conditioning while after 6 h the phosphorylation levels of the relief and control groups were
not different. (c) DARPP-32 expression and phosphorylation levels were not affected by relief conditioning in the relief
group compared to the control group. (d–f) Representative Western blot, showing the expression and phosphorylation
levels of PKA, Akt, and DARPP-32, 45 min and 6 h following control or relief conditioning in NAC (3 different biological
samples/group). Bar diagrams depict the mean ± SEM (n = 5–6/group; * p ≤ 0.05).

3.2.4. 14-3-3 and Neuroligin2

Motivated by the data of a comprehensive collaborative study of our group on the
proteome after instrumental learning [21], we also investigated the potential involvement
of 14-3-3 and neuroligin2 in relief learning. In all five brain regions investigated here, we
found that 14-3-3 expression was not affected 45 min after relief conditioning. However, 6 h
after relief conditioning the protein level of 14-3-3 was significantly increased in the NAC
(p = 0.02; Figure 6, Supplementary Figure S3). Regarding the expression of neuroligin2,
no significant changes in any regions of the study and any timepoints following relief
conditions were observed (Supplementary Figure S4).
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Figure 6. The expression level of 14-3-3 protein. (a)The expression level of 14-3-3 was not affected 45 min after relief
conditioning in any regions of study. (b) 6 h after conditioning the expression level of 14-3-3 in NAC was significantly
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following control or relief conditioning in NAC (3 different biological samples/group).

4. Discussion

The aim of this study was to reveal molecular underpinnings of relief learning in male
rats. Based on previous findings, the coincidence activation of NMDA and dopamine D1
receptors in NAC is crucial for relief memory formation [7,8]. Therefore, we focused on
signaling pathways underlying NMDA and dopamine D1 receptor activation and analyzed
the expression and phosphorylation levels of key proteins within these pathways upon
relief conditioning. To do so, rats were either control or relief conditioned. A further group
stayed naive, i.e., they were just kept in the home cage and had no experimental experi-
ence. During relief conditioning, the offset of the US and the onset of CS was temporally
associated (a fixed inter-stimulus interval of 2.5 s) while during control conditioning the
presentation of US and CS was randomly distributed, i.e., CS and US was mostly unpaired
but could also be forward or backward paired [4]. 45 min and 6 h following the condition-
ing procedures, brain dissection was performed. Of note, an additional group of rats was
tested one day later for retention of conditioned relief. In these rats, we observed a robust
attenuation of the startle magnitude by the light CS after relief conditioning while the CS
had no effects in control-conditioned rats (see Figure 2). Both, the startle attenuation after
relief conditioning and the absence of CS effects on startle after control conditioning is in
line with previous studies, e.g., [4,5,7,8]. Of note, our control conditioning procedure, i.e.,
random pairing of US and CS, is considered as the optimal control condition for associative
learning [22].

Our molecular analyses were focused on brain regions that have been shown to be
involved in relief learning or similar associative learning processes, namely the NAC, PFC,
AMY, or HIP while the STR is most probably not involved in such learning processes and,
hence, served as an arbitrary control brain region. First, we analyzed the expression and
phosphorylation level of CREB. CREB plays a key role in memory acquisition and consoli-
dation [23] and CREB activity within the NAC is critical for the gating of emotional stimuli
to animal behavioral response [24]. CREB activity is dependent on its phosphorylation
status that can be modulated by various upstream protein kinases or phosphatases [25].
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CREB phosphorylation can occur at three different sites in which phosphorylation at Ser133
induces the transcription and translation of CREB target genes such as immediate early
genes [26]. Although the critical role of CREB in memory formation is very well studied,
there is limited information about the modulation of CREB expression and phosphorylation
upon learning. Of note, long term memory formation is dependent on one or two waves of
protein synthesis [27,28]. For example, in a one-trial context-dependent fear conditioning,
two phases of CREB phosphorylation were determined, the first phase was within 0–30 min
(highest level after 7 min) and the late phase was between 3 and 6 h after conditioning [14].
In another study of fear conditioning, it was demonstrated that the paired association of
foot shock (US) and tone (CS) leads to a monophasic pattern of CREB activation 15 min
after conditioning. While in an unpaired paradigm, a biphasic pattern (within 1 h and 9–12
after conditioning) was observed in the hippocampus (CA1) [28]. Therefore, the present
study was designed to include two time points. Since the first phase of activation is mainly
expected to happen within 1 h after conditioning, we selected the time point of 45 min after
conditioning to evaluate a potential first phase of CREB activation. A further analysis was
then performed 6 h after conditioning to evaluate the second phase of CREB activation.

To demonstrate the involvement of CREB, the expression of CREB and phosphorylated
CREB-Ser-133 were studied in all candidate regions of the brain at both time points. Western
blot data revealed a biphasic pattern of CREB phosphorylation in the NAC. First, 45
min after conditioning, there was a decrease of CREB phosphorylation, and later, 6 h
after conditioning, the CREB phosphorylation level in relief-conditioned animals was
significantly higher than in the control group. Both processes may be caused by the
activation of NMDA receptors during relief conditioning. NMDA receptors are linked to
protein phosphatases and kinases, and activation of NMDA receptors in extrasynaptic or
synaptic regions of neurons lead to pCREB dephosphorylation or CREB-phosphorylation,
respectively. Calcium-dependent signals per se can also act as a switch between intracellular
signaling pathways that can modulate neuronal plasticity through CREB phosphorylation
and/or dephosphorylation in different types of learning [29,30]. Our findings point towards
a dual role of the NMDA receptor in CREB phosphorylation and dephosphorylation in
order to modulate plasticity.

Interestingly, the decreased CREB phosphorylation in the NAC at 45 min was accom-
panied by decreased CREB phosphorylation in the hippocampus in relief-conditioned rats
(Figure 3a,b). However, in both areas, the pCREB/CREB ratio was not affected. In contrast,
after 6 h, when increased phosphorylation ratio of CREB in the NAC was accompanied
by decreased CREB phosphorylation within the PFC, pCREB/CREB ratio was also signifi-
cantly changed. The PFC is involved in the inhibitory control of behavioral and cognitive
processes [31]. Hence, decreased CREB phosphorylation in the PFC may reflect decreased
inhibition of the NAC by the PFC during relief learning.

After analyzing the modulation level of CREB, we further asked which signaling
pathways are involved in the observed CREB phosphorylation in the nucleus accumbens
during relief learning. Several studies demonstrated that CREB phosphorylation at Ser-133
may occur through any of its upstream protein kinases including protein kinase A (PKA),
Ca2+-calmodulin-dependent kinases (CaMK), protein kinase B (PKB or Akt) extracellular-
Signal-regulated kinase (ERK) or mitogen-activated protein kinase (MAPK) protein kinase
C (PKC), p90 ribosomal S6 kinase (p90RSK), casein kinase I, and casein kinase II [12,13,32].
Based on previous studies, NMDAR induction plays a critical role in relief acquisition [9,10]
and is able to stimulate CREB activity through different pathways [17,18,33]. One of the
candidate kinases downstream of NMDAR is ERK that can phosphorylate CREB at Ser-133
and is activated upon phosphorylation by MAPK kinase (MEK) [17]. Activation of MEK
is regulated by the activity of its upstream kinase, MAP2K. In addition to ERK, CREB
phosphorylation also occurs by calcium influx signal, mediated by the Ca2+-calmodulin-
dependent kinase (CaMKII) [18]. Hence, the expression levels of CaMKIIα, MAP2K, and
ERK1/2, also the phosphorylation ratio of ERK1/2 were analyzed in all three experimental
groups at both time points. The data from all five regions of the study showed no different
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expression levels of these candidate proteins neither 45 min nor 6 h after conditioning.
However, there were non-significant increases of p ERK1/2 and CaMKIIα in the NAC 6 h
after relief conditioning which became significant after analyzing the two proteins together.
This may indicate that ERK1/2 and CaMKIIα in NAC play a role in CREB phosphorylation
during relief memory formation, but probably the support from other pathways or kinases
are also required in order to regulate CREB activity.

In addition to NMDA receptors, stimulation of dopamine D1 receptors is also required
for relief learning [10]. PKA is one of the downstream targets of dopamine receptors
that can phosphorylate CREB at Ser-133. It is reported that cAMP, by activating PKA,
can regulate memory formation and plays a pivotal role in specific types of long-term
synaptic plasticity. Moreover, PKA can phosphorylate various downstream kinases and
transcription factors that are necessary for memory formation and many other biological
processes [34]. In this study, the expression of PKA and its phosphorylation at Thr-197
was analyzed. As shown in Figure 5a, the phosphorylation level of PKA was significantly
increased in NAC 6 h after relief conditioning. This suggests that in relief learning, PKA
is one of the main kinases that phosphorylate CREB at Ser-133 or maintains the phos-
phorylated level of CREB during learning. Dopamine receptors can also modulate the
activity of Akt. Akt activation is mediated by PI3-kinase and occurs via phosphorylation
at two different residues, Thr308 and Ser473. Following phosphorylation, Akt modu-
lates the expression and phosphorylation of CREB at Ser-133. Based on the findings of
Brami-Cherrier (2002), either D1 or D2 agonists induces phosphorylation of Akt solely on
Thr308 [35]. Therefore, in this study, the expression of total Akt and its phosphorylation
ratio on Thr308 was studied in the NAC. In Western blot, no signal of pAkt after 45 min
was observed and after 6 h, there were no differences in expression and phosphorylation of
Akt between the two groups (Figure 5b,e). Similar results were observed with DARPP-32
expression and phosphorylation (Figure 5c). DARPP-32 is another important regulator
for CREB phosphorylation. PKA and Ca2+ signaling pathways through dopamine D1
stimulation mediate the expression and phosphorylation of DARPP-32. The activation of
DARPP-32 is dependent on its phosphorylation state and modulated by different kinases
and phosphatases. DARPP-32 has four sites for phosphorylation: Thr-34, Ser-75, Ser-97,
and Ser-130. It is reported that, following the induction of dopamine D1 receptor, PKA
can phosphorylate DARPP-32 at Thr-34 and simultaneously, dephosphorylate Thr-75 and
Ser-97 by PP2A/B56δ, resulting in amplification of the dopamine D1 signaling and inhi-
bition of protein phosphatase1 (PP1) [36]. Phosphorylation at Thr34, in turn, induces the
phosphorylation of CREB at Ser-133 while, phosphorylation at Thr75 leads to a reduction
of Ser-133 CREB phosphorylation [19,20]. Moreover, the activation of NMDA or AMPA
receptors through protein phosphatase2B (Calcineurin) leads to the dephosphorylation
of DARPP-32 at all 4 sites. Therefore, when DARPP-32 is dephosphorylated at Thr-34, it
cannot be able to inhibit the activity of PP1 [36,37]. Since the phosphorylation level of PKA
had increased after relief conditioning in NAC, we expected to have a higher amount of
phosphorylated DARPP-32 at Thr-34, but as it is depicted in Figure 5c, phosphorylated
Thr-34 in both conditioned groups was decreased compared to the naive group. We, thus,
hypothesized that—at least 6 h after relief learning—the phosphorylation of Thr-34 can
be regulated by both dopamine and NMDA receptors at the same time. These data are in
concordance to previous findings that coincident activation of dopaminD1 and NMDA
receptor in NAC plays a key role in relief learning [10].

In addition to the signaling pathways underlying dopamine D1 and NMDA receptors,
other proteins may also be involved in relief memory formation. A recent comprehen-
sive analysis on protein rearrangements in mouse brain after auditory learning revealed
several protein candidates, including 14-3-3 and neuroligin2, to be overexpressed upon
learning [21]. 14-3-3 is a group of regulatory proteins mainly expressed in brain, partic-
ularly at synapses. Of note, 14-3-3 is localized in glutamatergic synapses and regulates
NMDA receptors [38]. Previous studies demonstrated a positive regulatory role of 14-3-3
in associative learning, memory, and synaptic plasticity [38–40]. The 14-3-3 protein family
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is also part of the Raf-MEK-ERK pathway and can phosphorylate CREB at Ser-133 [40–43].
Based on the results, we can conclude that in NAC, 6 h after relief conditioning, 14-3-3
may through MEK-ERK signaling contribute to CREB phosphorylation at Ser-133 (Figure
6b). Another candidate was neuroligin2 (NLGN2), which belongs to the neuroligin family
including five types of synaptic cell adhesion proteins (NLGN1, NLGN2, NLGN3, NLGN4,
NLGN4Y). Neuroligins are located in the postsynaptic membrane and bind to neurexin,
their counterparts in presynaptic membrane, and play important roles in synapse forma-
tion [44]. In this study, no effect of relief conditioning on NLGN2 expression in any region
and at any time point was observed.

There are several limitations of our study. For example, we only tested male rats and
sex might affect the results. However, we believe that sex is not a critical factor in relief
learning since we did not detect sex differences in relief learning in previous experiments
(Mohammadi & Fendt, unpublished data). Another limitation is that CREB can also be
phosphorylated by cGMP-PKG [45]. However, this pathway seems to be more relevant
for early memory consolidation while cAMP/PKA signaling is more important for late
memory consolidation [45]. Since we were mainly interested in long-term memory, we
here focused our molecular analyses on cAMP-associated signaling pathways. However,
we cannot exclude the involvement of cGMP-PKG in relief learning. In addition, we can
also not exclude that other brain structures than those which were analyzed in this study
may be involved in relief learning. One of these further brain structures, for example, could
be the bed nucleus of the stria terminalis which plays a crucial role in a behavioral protocol
of “ambiguous” threat conditioning [46] which is very similar to relief conditioning. A
further limitation is the rather poor spatial resolution of protein expression patterns by
using brain dissections for sample collecting. Immunohistochemical staining would have a
better spatial resolution and would also allow analyses on a subnucleus level, e.g., shell
vs. core region of the nucleus accumbens. However, using Western blot enabled us to
measure the expression and phosphorylation of numerous proteins in one sample which is
not possible with immunohistochemistry.

5. Conclusions

Previous studies of our group, in rodents revealed a critical role of coincident activa-
tion of dopamine D1 and NMDA receptors within the NAC in relief learning. The aim
of the present study was to decipher the molecular pathways involved in relief learning,
by focusing on the signaling pathways underlying NMDA and dopamine D1 receptors.
We found robust CREB phosphorylation in the NAC, 6 h upon relief learning (Figure 7).
Lu et al. reported that phosphorylation of CREB can be realized via cAMP and/or cGMP,
and this dual activation may enhance the activity of CREB [47]. Our data further indicate
that CREB phosphorylation during relief learning was mainly induced by PKA phos-
phorylation, induced by dopamine D1 receptor stimulation, most probably amplified by
accompanied weak ERK1/2 phosphorylation and increased CaMKIIα expression, both
induced by NMDA receptor stimulation. Therefore, we can assume that in relief learn-
ing, phosphorylation of Ser-133 CREB via different kinases and/or independent signaling
pathways, in a parallel and/or synergistic way, may magnify the activity of CREB.

Taken together, our study strongly supports a critical role of the NAC in relief learning
and is the first one elucidating the involved signaling pathways.



Cells 2021, 10, 238 13 of 15
Cells 2021, 10, x FOR PEER REVIEW 13 of 15 
 

 

 

Figure 7. A schematic illustration showing the proposed potential molecular mechanism of relief 

learning in NAC. Phosphorylation of Ser-133 CREB during relief learning in NAC is induced by a 

combination of different molecular pathways underpinning dopamine D1 and NMDA receptors. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Representative Western blot for ERK1/2, pERK1/2, CaMKII, and MAP2K in NAC. Figure S2: The 

expression level of ERK1/2, pERK1/2, CaMKII, and MAP2K. Figure S3: The expression level of 14-

3-3 protein. Figure S4: The expression level of neuroligin2. 

Author Contributions: Conceptualization, P.L. and M.F.; formal analysis, E.S.; investigation, E.S., 

J.R.B.A., P.L., D.M., and E.D.; Writing—Original draft preparation, E.S.; Writing—Review and edit-

ing, E.S., P.L., D.C.D., and M.F.; visualization, E.S.; supervision, D.C.D., M.F., and P.L.; funding ac-

quisition, D.C.D. and M.F. All authors have read and agreed to the published version of the manu-

script. 

Funding: This research was funded by DFG, grant number (SFB779; Projects: B09, B13, B15). 

Institutional Review Board Statement:  The study was conducted according to the guidelines of 

the European regulations for animal experiments (2010/63/EU) and approved by the Ethics Com-

mittee of the Landesverwaltungsamt Sachsen-Anhalt (42502-2-1172 and 42502-2-1309 Uni MD; ap-

proval dates: 08-November-2012 and 01-July-2015). 

Informed Consent Statement: Not applicable 

Data Availability Statement: Data is contained within the article or supplementary material.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Gerber, B.; Yarali, A.; Diegelmann, S.; Wotjak, C.T.; Pauli, P.; Fendt, M. Pain-relief learning in flies, rats, and man: Basic research 

and applied perspectives. Learn. Mem. 2014, 21, 232–252. 

2. Navratilova, E.; Atcherley, C.W.; Porreca, F. Brain Circuits Encoding Reward from Pain Relief. Trends Neurosci. 2015, 38, 741–

750. 

3. Leknes, S.; Lee, M.; Berna, C.; Andersson, J.; Tracey, I. Relief as a reward: Hedonic and neural responses to safety from pain. 

PLoS ONE 2011, 6, e17870, doi:10.1371/journal.pone.0017870. 

Figure 7. A schematic illustration showing the proposed potential molecular mechanism of relief
learning in NAC. Phosphorylation of Ser-133 CREB during relief learning in NAC is induced by a
combination of different molecular pathways underpinning dopamine D1 and NMDA receptors.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/2/238/s1, Figure S1: Representative Western blot for ERK1/2, pERK1/2, CaMKIIα, and
MAP2K in NAC. Figure S2: The expression level of ERK1/2, pERK1/2, CaMKIIα, and MAP2K.
Figure S3: The expression level of 14-3-3 protein. Figure S4: The expression level of neuroligin2.

Author Contributions: Conceptualization, P.L. and M.F.; formal analysis, E.S.; investigation, E.S.,
J.R.B.A., P.L., D.M., and E.D.; Writing—Original draft preparation, E.S.; Writing—Review and editing,
E.S., P.L., D.C.D., and M.F.; visualization, E.S.; supervision, D.C.D., M.F., and P.L.; funding acquisition,
D.C.D. and M.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by DFG, grant number (SFB779; Projects: B09, B13, B15).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
European regulations for animal experiments (2010/63/EU) and approved by the Ethics Committee
of the Landesverwaltungsamt Sachsen-Anhalt (42502-2-1172 and 42502-2-1309 Uni MD; approval
dates: 08-November-2012 and 01-July-2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gerber, B.; Yarali, A.; Diegelmann, S.; Wotjak, C.T.; Pauli, P.; Fendt, M. Pain-relief learning in flies, rats, and man: Basic research

and applied perspectives. Learn. Mem. 2014, 21, 232–252. [CrossRef]
2. Navratilova, E.; Atcherley, C.W.; Porreca, F. Brain Circuits Encoding Reward from Pain Relief. Trends Neurosci. 2015, 38, 741–750.

[CrossRef]

https://www.mdpi.com/2073-4409/10/2/238/s1
https://www.mdpi.com/2073-4409/10/2/238/s1
http://doi.org/10.1101/lm.032995.113
http://doi.org/10.1016/j.tins.2015.09.003


Cells 2021, 10, 238 14 of 15

3. Leknes, S.; Lee, M.; Berna, C.; Andersson, J.; Tracey, I. Relief as a reward: Hedonic and neural responses to safety from pain. PLoS
ONE 2011, 6, e17870. [CrossRef]

4. Gerber, B.; König, C.; Fendt, M.; Andreatta, M.; Romanos, M.; Pauli, P.; Yarali, A. Timing-dependent valence reversal: A principle
of reinforcement processing and its possible implications. Curr. Opin. Behav. Sci. 2019, 26, 114–120. [CrossRef]

5. Navratilova, E.; Porreca, F. Reward and motivation in pain and pain relief. Nat. Neurosci. 2014, 17, 1304–1312. [CrossRef]
6. Andreatta, M.; Fendt, M.; Mühlberger, A.; Wieser, M.J.; Imobersteg, S.; Yarali, A.; Gerber, B.; Pauli, P. Onset and offset of aversive

events establish distinct memories requiring fear and reward networks. Learn. Mem. 2012, 19, 518–526. [CrossRef]
7. Mayer, D.; Kahl, E.; Uzuneser, T.C.; Fendt, M. Role of the mesolimbic dopamine system in relief learning. Neuropsychopharmacology

2018, 43, 1651–1659. [CrossRef]
8. Smith-Roe, S.L.; Kelley, A.E. Coincident activation of NMDA and dopamine D1 receptors within the nucleus accumbens core is

required for appetitive instrumental learning. J. Neurosci. 2000, 20, 7737–7742. [CrossRef] [PubMed]
9. Mohammadi, M.; Fendt, M. Relief learning is dependent on NMDA receptor activation in the nucleus accumbens. Br. J. Pharm.

2015, 172, 2419–2426. [CrossRef] [PubMed]
10. Bergado Acosta, J.R.; Kahl, E.; Kogias, G.; Uzuneser, T.C.; Fendt, M. Relief learning requires a coincident activation of dopamine

D1 and NMDA receptors within the nucleus accumbens. Neuropharmacology 2017, 114, 58–66. [CrossRef] [PubMed]
11. Kandel, E.R. The molecular biology of memory: CAMP, PKA, CRE, CREB-1, CREB-2, and CPEB. Mol. Brain 2012, 5, 1–12.

[CrossRef] [PubMed]
12. Kaldun, J.C.; Sprecher, S.G. Initiated by CREB: Resolving Gene Regulatory Programs in Learning and Memory: Switch in

Cofactors and Transcription Regulators between Memory Consolidation and Maintenance Network. BioEssays 2019, 41, 1900045.
[CrossRef] [PubMed]

13. Wang, H.; Xu, J.; Lazarovici, P.; Quirion, R.; Zheng, W. cAMP Response Element-Binding Protein (CREB): A Possible Signaling
Molecule Link in the Pathophysiology of Schizophrenia. Front. Mol. Neurosci. 2018, 11, 255. [CrossRef] [PubMed]

14. Stanciu, M.; Radulovic, J.; Spiess, J. Phosphorylated cAMP response element binding protein in the mouse brain after fear
conditioning: Relationship to Fos production. Mol. Brain Res. 2001, 94, 15–24. [CrossRef]

15. Heffner, T.G.; Hartman, J.A.; Seiden, L.S. A rapid method for the regional dissection of the rat brain. Pharmacol. Biochem. Behav.
1980, 13, 453–456. [CrossRef]

16. Badin, J.; Herve, B. La Pr’Ecipitation Des Prot’Eines Par L’Amidoschwarz Et Son Application Au Microdosage Des Prot’Eines
S’Eriques (Protein precipitation by amidoschwary and its application to the microdetermination of blood peoteins). Ann. Biol.
Clin. (Paris) 1965, 23, 321–332. [PubMed]

17. Thomas, G.M.; Huganir, R.L. MAPK cascade signalling and synaptic plasticity. Nat. Rev. Neurosci. 2004, 5, 173–183. [CrossRef]
[PubMed]

18. Sheng, M.; McFadden, G.; Greenberg, M.E. Membrane depolarization and calcium induce c-fos transcription via phosphorylation
of transcription factor CREB. Neuron 1990, 4, 571–582. [CrossRef]

19. Tropea, T.F.; Kosofsky, B.E.; Rajadhyaksha, A.M. Enhanced CREB and DARPP-32 phosphorylation in the nucleus accumbens and
CREB, ERK, and GluR1 phosphorylation in the dorsal hippocampus is associated with cocaine-conditioned place preference
behavior. J. Neurochem. 2008, 106, 1780–1790. [CrossRef]

20. Nairn, A.C.; Svenningsson, P.; Nishi, A.; Fisone, G.; Girault, J.A.; Greengard, P. The role of DARPP-32 in the actions of drugs of
abuse. Neuropharmacology 2004, 47, 14–23. [CrossRef]

21. Kähne, T.; Richter, S.; Kolodziej, A.; Smalla, K.H.; Pielot, R.; Engler, A.; Ohl, F.W.; Dieterich, D.C.; Seidenbecher, C.; Tischmeyer,
W.; et al. Proteome rearrangements after auditory learning: High-resolution profiling of synapse-enriched protein fractions from
mouse brain. J. Neurochem. 2016, 138, 124–138. [CrossRef] [PubMed]

22. Rescola, R.A. Pavlovian Conditioning and Its Proper Control Procedures. Psychol. Rev. 1967, 74, 71–80. [CrossRef] [PubMed]
23. Silva, A.J.; Kogan, J.H.; Frankland, P.W.; Kida, S. CREB and memory. Annu. Rev. Neurosci. 1998, 21, 127–148. [CrossRef]
24. Barrot, M.; Olivier, J.D.A.; Perrotti, L.I.; DiLeone, R.J.; Berton, O.; Eisch, A.J.; Impey, S.; Storm, D.R.; Neve, R.L.; Yin, J.C.; et al.

CREB activity in the nucleus accumbens shell controls gating of behavioral responses to emotional stimuli. Proc. Natl. Acad. Sci.
USA 2002, 99, 11435–11440. [CrossRef] [PubMed]

25. Ortega-Martínez, S. A new perspective on the role of the CREB family of transcription factors in memory consolidation via adult
hippocampal neurogenesis. Front. Mol. Neurosci. 2015, 8, 46. [CrossRef]

26. Sakamoto, K.; Karelina, K.; Obrietan, K. CREB: A multifaceted regulator of neuronal plasticity and protection. J. Neurochem. 2011,
116, 1–9. [CrossRef]

27. Dudai, Y.; Eisenberg, M. Rites of passage of the engram: Reconsolidation and the lingering consolidation hypothesis. Neuron
2004, 44, 93–100. [CrossRef]

28. Trifilieff, P.; Herry, C.; Vanhoutte, P.; Caboche, J.; Desmedt, A.; Riedel, G.; Mons, N.; Micheau, J. Foreground contextual fear
memory consolidation requires two independent phases of hippocampal ERK/CREB activation. Learn. Mem. 2006, 13, 349–358.
[CrossRef]

29. Bito, H.; Deisseroth, K.; Tsien, R.W. CREB phosphorylation and dephosphorylation: A Ca2+- and stimulus duration-dependent
switch for hippocampal gene expression. Cell 1996, 87, 1203–1214. [CrossRef]

http://doi.org/10.1371/journal.pone.0017870
http://doi.org/10.1016/j.cobeha.2018.12.001
http://doi.org/10.1038/nn.3811
http://doi.org/10.1101/lm.026864.112
http://doi.org/10.1038/s41386-018-0020-1
http://doi.org/10.1523/JNEUROSCI.20-20-07737.2000
http://www.ncbi.nlm.nih.gov/pubmed/11027236
http://doi.org/10.1111/bph.13070
http://www.ncbi.nlm.nih.gov/pubmed/25572550
http://doi.org/10.1016/j.neuropharm.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27894877
http://doi.org/10.1186/1756-6606-5-14
http://www.ncbi.nlm.nih.gov/pubmed/22583753
http://doi.org/10.1002/bies.201900045
http://www.ncbi.nlm.nih.gov/pubmed/31237359
http://doi.org/10.3389/fnmol.2018.00255
http://www.ncbi.nlm.nih.gov/pubmed/30214393
http://doi.org/10.1016/S0169-328X(01)00174-7
http://doi.org/10.1016/0091-3057(80)90254-3
http://www.ncbi.nlm.nih.gov/pubmed/14313198
http://doi.org/10.1038/nrn1346
http://www.ncbi.nlm.nih.gov/pubmed/14976517
http://doi.org/10.1016/0896-6273(90)90115-V
http://doi.org/10.1111/j.1471-4159.2008.05518.x
http://doi.org/10.1016/j.neuropharm.2004.05.010
http://doi.org/10.1111/jnc.13636
http://www.ncbi.nlm.nih.gov/pubmed/27062398
http://doi.org/10.1037/h0024109
http://www.ncbi.nlm.nih.gov/pubmed/5341445
http://doi.org/10.1146/annurev.neuro.21.1.127
http://doi.org/10.1073/pnas.172091899
http://www.ncbi.nlm.nih.gov/pubmed/12165570
http://doi.org/10.3389/fnmol.2015.00046
http://doi.org/10.1111/j.1471-4159.2010.07080.x
http://doi.org/10.1016/j.neuron.2004.09.003
http://doi.org/10.1101/lm.80206
http://doi.org/10.1016/S0092-8674(00)81816-4


Cells 2021, 10, 238 15 of 15

30. Ghiani, C.A.; Beltran-Parrazal, L.; Sforza, D.M.; Malvar, J.S.; Seksenyan, A.; Cole, R.; Smith, D.J.; Charles, A.; Ferchmin, P.A.; De
Vellis, J. Genetic program of neuronal differentiation and growth induced by specific activation of NMDA receptors. Neurochem.
Res. 2007, 32, 363–376. [CrossRef]

31. Eagle, D.M.; Baunez, C. Is there an inhibitory-response-control system in the rat? Evidence from anatomical and pharmacological
studies of behavioral inhibition. Neurosci. Biobehav. Rev. 2010, 34, 50–72. [CrossRef] [PubMed]

32. Alberini, C.M. Transcription factors in long-term memory and synaptic plasticity. Physiol. Rev. 2009, 89, 121–145. [CrossRef]
[PubMed]

33. Wang, H.; Peng, R.Y. Basic roles of key molecules connected with NMDAR signaling pathway on regulating learning and memory
and synaptic plasticity. Mil. Med. Res. 2016, 3, 26. [CrossRef] [PubMed]

34. Abel, T.; Nguyen, P.V. Chapter 6 Regulation of hippocampus-dependent memory by cyclic AMP-dependent protein kinase. Prog.
Brain Res. 2008, 169, 97–115. [PubMed]

35. Brami-Cherrier, K.; Valjent, E.; Garcia, M.; Pagès, C.; Hipskind, R.A.; Caboche, J. Dopamine induces a PI3-kinase-independent
activation of Akt in striatal neurons: A new route to cAMP response element-binding protein phosphorylation. J. Neurosci. 2002,
22, 8911–8921. [CrossRef]

36. Nishi, A.; Matamales, M.; Musante, V.; Valjent, E.; Kuroiwa, M.; Kitahara, Y.; Rebholz, H.; Greengard, P.; Girault, J.A.; Nairn, A.C.
Glutamate counteracts dopamine/pka signaling via dephosphorylation of DARPP-32 Ser-97 and alteration of its cytonuclear
distribution. J. Biol. Chem. 2017, 292, 1462–1476. [CrossRef]

37. Nishi, A.; Bibb, J.A.; Snyder, G.L.; Higashi, H.; Nairn, A.C.; Greengard, P. Amplification of dopaminergic signaling by a positive
feedback loop. Proc. Natl. Acad. Sci. USA 2000, 97, 12840–12845. [CrossRef]

38. Zhang, J.; Zhou, Y. 14-3-3 Proteins in Glutamatergic Synapses. Neural Plast. 2018, 2018, 8407609. [CrossRef]
39. Skoulakis, E.M.C.; Davis, R.L. 14-3-3 Proteins in neuronal development and function. Mol. Neurobiol. 1998, 16, 269–284. [CrossRef]
40. Qiao, H.; Foote, M.; Graham, K.; Wu, Y.; Zhou, Y. 14-3-3 Proteins Are Required for Hippocampal Long-Term Potentiation and

Associative Learning and Memory. J. Neurosci. 2014, 34, 4801–4808. [CrossRef]
41. Wu, Y.-J.; Ko, B.-S.; Liou, J.-Y. 14-3-3. In Encyclopedia of Signaling Molecules; Springer: New York, NY, USA, 2018; pp. 1–11.
42. Freed, E.; Symons, M.; Macdonald, S.G.; McCormick, F.; Ruggieri, R. Binding of 14-3-3 proteins to the protein kinase Raf and

effects on its activation. Science 1994, 265, 1713–1716. [CrossRef] [PubMed]
43. Chang, C.C.; Zhang, C.; Zhang, Q.; Sahin, O.; Wang, H.; Xu, J.; Xiao, Y.; Zhang, J.; Rehman, S.K.; Li, P.; et al. Upregulation of

lactate dehydrogenase a by 14-3-3ζ leads to increased glycolysis critical for breast cancer initiation and progression. Oncotarget
2016, 7, 35270. [CrossRef] [PubMed]

44. Chen, J.; Yu, S.; Fu, Y.; Li, X. Synaptic proteins and receptors defects in autism spectrum disorders. Front. Cell. Neurosci. 2014, 8,
276. [CrossRef] [PubMed]

45. Bollen, E.; Puzzo, D.; Rutten, K.; Privitera, L.; De Vry, J.; Vanmierlo, T.; Kenis, G.; Palmeri, A.; D’Hooge, R.; Balschun, D.; et al.
Improved long-term memory via enhancing cGMP-PKG signaling requires cAMP-PKA signaling. Neuropsychopharmacology 2014,
39, 2497–2505. [CrossRef] [PubMed]

46. Goode, T.D.; Ressler, R.L.; Acca, G.M.; Miles, O.W.; Maren, S. Bed nucleus of the stria terminalis regulates fear to unpredictable
threat signals. eLife 2019, 8, e46525. [CrossRef] [PubMed]

47. Lu, Y.F.; Kandel, E.R.; Hawkins, R.D. Nitric oxide signaling contributes to late-phase LTP and CREB phosphorylation in the
hippocampus. J. Neurosci. 1999, 19, 10250–10261. [CrossRef] [PubMed]

http://doi.org/10.1007/s11064-006-9213-9
http://doi.org/10.1016/j.neubiorev.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19615404
http://doi.org/10.1152/physrev.00017.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126756
http://doi.org/10.1186/s40779-016-0095-0
http://www.ncbi.nlm.nih.gov/pubmed/27583167
http://www.ncbi.nlm.nih.gov/pubmed/18394470
http://doi.org/10.1523/JNEUROSCI.22-20-08911.2002
http://doi.org/10.1074/jbc.M116.752402
http://doi.org/10.1073/pnas.220410397
http://doi.org/10.1155/2018/8407609
http://doi.org/10.1007/BF02741386
http://doi.org/10.1523/JNEUROSCI.4393-13.2014
http://doi.org/10.1126/science.8085158
http://www.ncbi.nlm.nih.gov/pubmed/8085158
http://doi.org/10.18632/oncotarget.9136
http://www.ncbi.nlm.nih.gov/pubmed/27150057
http://doi.org/10.3389/fncel.2014.00276
http://www.ncbi.nlm.nih.gov/pubmed/25309321
http://doi.org/10.1038/npp.2014.106
http://www.ncbi.nlm.nih.gov/pubmed/24813825
http://doi.org/10.7554/eLife.46525
http://www.ncbi.nlm.nih.gov/pubmed/30946011
http://doi.org/10.1523/JNEUROSCI.19-23-10250.1999
http://www.ncbi.nlm.nih.gov/pubmed/10575022

	Introduction 
	Materials and Methods 
	Animal 
	Apparatus 
	Behavioral Procedure 
	Experimental Design 
	Tissue Isolation 
	Protein Extraction (from Brain Samples) and Western Blot Analysis 
	Statistical Analysis 

	Results 
	Behavioral Analysis 
	Analysis of Protein Expression, Protein Phosphorylation, and Phosphorylation Ratios 
	Relief Learning Affects CREB Expression Time-Dependent and Brain Region-Specifically 
	Moderate Induction of Kinases Underlying NMDA Receptor Signaling Plays a Role in Relief Learning 
	Dopamine D1 Receptor Mediated PKA Activation Is Involved in CREB Phosphorylation after Relief Conditioning 
	14-3-3 and Neuroligin2 


	Discussion 
	Conclusions 
	References

