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Abstract

Drug-withdrawal associated aversive memories might trigger relapse to drug-seeking
behavior. However, changes in structural and synaptic plasticity, as well as epigenetic
mechanisms, which may be critical for long-term aversive memory, have yet to be
elucidated. We used male Wistar rats and performed conditioned place aversion (CPA)
paradigm to uncover the role of glucocorticoids (GCs) on plasticity-related processes
that occur within the dentate gyrus (DG) during opiate-withdrawal conditioning
(memory formation-consolidation), and after reactivation by re-exposure to the
conditioned environment (memory retrieval). Rats subjected to conditioned morphine-
withdrawal robustly expressed CPA, while adrenalectomy impaired naloxone-induced
CPA. Importantly, while activity-regulated cytoskeletal-associated protein (Arc)
expression was induced in sham- and ADX-dependent animals during the conditioning
phase, Arc and early growth response 1 (Egr-1) induction was restricted to sham-
dependent rats following memory retrieval. Moreover, we found a correlation between
Arc induction and CPA score, and Arc was selectively expressed in the granular zone of
the DG in dopaminoceptive, glutamatergic and GABAergic neurons. We further found
that brain derived neurotrophic factor was regulated in the opposite way during the test
phase. Our results also suggest a role for epigenetic regulation on the expression of
glucocorticoid receptors and Arc following memory retrieval. Our data provide the first
evidence that GC homeostasis is important for the expression of long-term morphine-
withdrawal memories. Moreover, our results support the idea that targeting Arc and
Egr-1 in the DG may provide important insights into the role of these signaling cascades
in withdrawal-context memory reconsolidation. Together, disrupting these processes in
the DG might lead to effective treatments in drug addiction thereby rapidly and

persistently reducing invasive memories and subsequent drug-seeking.
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1. Introduction

Drug addiction is a chronic, relapsing disorder in part due to the strong
associations formed between drugs and the stimuli associated with drug use through
Pavlovian conditioning (Robbins and Everitt 2002). These stimuli become strong
drivers of continuous use and relapse after abstinence (Shaham et al. 2003). One of the
factors thought to be responsible for this vulnerability is conditioned withdrawal, which
consists of somatic and affective withdrawal signs elicited in the presence of cues that
were previously paired with drug withdrawal (O'Brien et al. 1977). Reactivation of
these withdrawal memories has been suggested to trigger the relapse of drug seeking
behavior in abstinent opiate addicts (Everitt 2014; Koob and Le Moal 2005). Although
much has been learned about the neural basis of reinforcement during drug
administration, the neural circuitry that underlies conditioned-cued relapse is only now
being clarified.

It has been proposed that the reinforcing properties of drugs of abuse are due, in
part, to their ability to enhance memory consolidation. In addition, several molecular
and cellular adaptations involved in addiction are also implicated in models of learning
and memory. Therefore, recent efforts to develop effective treatments for addiction have
focused on manipulations of learning and memory processes involved in encoding cue-
drug or cue-drug withdrawal associations (Everitt 2014). Conditioned-place aversion
(CPA) paradigm is a highly sensitive animal model for measurement of the negative
affective component of drug withdrawal as well as to investigate the neural substrates
underlying the aversive memory associated with drug withdrawal (Myers et al. 2012;
Stinus et al. 2000). In rodents, the negative affective component of opiate dependence
could be reflected by CPA, in which opiate withdrawal is paired with a particular

environment, which triggers the association between negative affective consequences of



withdrawal with context (aversive memory formation). When animals are re-exposed to
the paired environment in a drug-free state, they avoid the paired environment due to
the association between the context and aversive memories of drug withdrawal
(aversive memory retrieval). Among the limbic structures that are likely to mediate
these component of drug addiction, the basolateral amygdala (BLA) and the
hippocampus represent critical neural substrates (Frenois et al. 2005; Lucas et al. 2008).
It is well established that the hippocampus is crucially important for memory
encoding/consolidation but also for episodic memory retrieval (Roozendaal and
McGaugh 2011). In this context, much experimental evidence has demonstrated that the
granular zone (GZ) of the hippocampal dentate gyrus (DG) has a critical role in learning
and memory formation (Aimone et al. 2011; Kee et al. 2007).

On the other hand, stress hormones such as glucocorticoids (GCs) and
noradrenaline mediate and modulate memory consolidation (Chen et al. 2012;
Roozendaal 2000). GCs exert this action directly on brain regions, including the
hippocampus, amygdala and prefrontal cortex, which are enriched in glucocorticoid
receptors (GRs) and are important in long-term memory formation (McGaugh 2000).

CPA develops through associative learning and requires synaptic plasticity (Hou
et al. 2009), which is implicated in adapted responses in brain, including memory
formation and drug addiction and withdrawal (Hyman et al. 2006). Therefore, we have
used CPA to study the plasticity-related processes that occur within the DG during
conditioning of the aversive properties of opiate withdrawal (memory formation-
consolidation; MC), and after allowing their reactivation by re-exposure to the
conditioned environment (memory retrieval; MR). For that, first we have assessed
activity-regulated cytoskeletal (arc) mRNA expression and effector protein [a plasticity

marker; (Korb and Finkbeiner 2011)], as well as other transcription factors and



receptors involved in memory formation: GR, phosphorylated cAMP response element
binding protein (pCREB), brain derived neurotrophic factor (BDNF) and early growth
response 1 (Egr-1), among others. Second, we hypothesized that GCs might play a
crucial role in the aversive memories of drug withdrawal. To test this hypothesis we
have used adrenalectomized (ADX) rats and examined the same neurobiological
parameters and determined the role of GC in the induction of CPA.

Defining the differential molecular mechanisms of consolidation and retrieval-
reconsolidation allows for the possibility of separately targeting both of these processes
to reduce persistent withdrawal memories and maladaptive behavioral responses. Our
experiments demonstrate that Egr-1 and Arc expression in the DG are associated with
morphine-withdrawal memory retrieval, suggesting that these genes may contribute to
the retrieval process, and that context-drug associations during morphine withdrawal are
correlated with structural and functional plasticity in the DG. Moreover, our data
provide the first evidence that endogenous GCs are required for morphine-withdrawal
memory formation, given that ADX-dependent animals exhibit reduced place aversion.
In addition, GCs regulate a complex profile of gene and protein expression during
memory retrieval, since ADX-dependent rats exhibited reduced Egr-1 and Arc levels
together with increased GR or BDNF expression. In summary, disrupting these
processes in the DG might lead to effective treatments in drug addiction thereby rapidly

and persistently reducing invasive memories and subsequent drug-seeking.



2. Materials and methods

Details are provided in Supplementary Materials and Methods.
2.1 Animals
All experimental procedures were performed in accordance with the European
Community Council Directive (2010/63/EU), and local Committees for animal research

(REGA ES300305440012). Male Wistar rats (Harlan, Barcelona, Spain) were used.

2.2 Adrenalectomy

Male Wistar rats (8-10 weeks at the beginning of the experiments) were bilaterally
ADX (Garcia-Pérez et al. 2012; Kovécs et al. 2000) and implanted subcutaneously (s.c.)
with slow-release corticosterone pellets at surgery that provide stable corticosterone
levels corresponding to circadian nadir. Control rats were subjected to the same surgical

procedure (sham) without adrenal extirpation.

2.3 Induction of Opiate Dependence

Morphine dependence was induced by s.c. implantation (lower back) of two slow-
release, morphine-containing pellets (each morphine pellet contains 75 mg of morphine
base) under light ether anaesthesia. Placebo-pelleted rats received lactose pellets also

implanted subcutaneously under anaesthesia.

2.4 Conditioned Place Aversion Protocol

2.4.1 Pre-testing Phase

In the pre-testing phase (day 0), animals were placed in the central corridor and allowed
to explore the apparatus freely for 20 min. For each rat, one room was randomly chosen

to be paired with naloxone and the other to vehicle. Rats were ADX on day 1 and



placebo or morphine pellets were implanted on day 4 according to the experimental
protocol depicted on Figure 1A.

2.4.2 Conditioning Phase

Rats received injection of saline on days 7 and 9, prior to being confined to their
preselected saline-paired compartment for 1 hour. On days 8 and 10, rats received 0.1
mg/kg s.c. of naloxone immediately prior to confinement in the naloxone-paired
compartment for 1 hour. In addition, opiate withdrawal behaviors on sham or ADX
animals receiving naloxone on days 8 and 10 were measured for 15 min after the
conditioning phase. A cohort of animals, named conditioning memory rats (CM), were
decapitated on day 10 (15 min after leaving the naloxone-paired compartment).

2.4.3 Testing Phase

The test was conducted on day 11, exactly as in the preconditioning phase (free access
to each compartment for 20 min). The difference (AD = D - D0) between the time spent
in the naloxone-paired compartment after conditioning (D) minus the time spent in the
same compartment before conditioning (preconditioning test DO) reflects the change of
preference induced by opiate withdrawal. Conditioned place aversion animals (CPA

groups) were killed 1 hour after starting the testing phase.

2.5 Tissue processing

Brains were sliced on a cryostat and kept at -20°C until each region of interest comes
into the cutting plane. For DG study, three consecutive 500-um coronal slides were
made corresponding to approximately -2.9 to -4.4 mm from bregma, according to the
atlas of (Paxinos and Watson 2007). Tissues of interest were dissected using a punching
device with a 1-mm internal diameter. A second set of animals from each treatment

group was used for immunofluorescence staining.



2.6 RNA extraction and quantitative real-time PCR (qPCR)

List of the genes: gapdh, arc, egr-1, bdnf

List of the microRNA (miRNA) assays: U6 snRNA (cat.: 001973, 4427975), miR-212
(cat.: 002551, 4427975), miR-124a (cat.: 001182, 4427975)

The gene expression was analyzed by ABI Step One 2.1 program. The amplicon was
tested by Melt Curve Analysis on ABI Step OnePlus Instrument. Experiments were
normalized to gapdh (glyceraldehyde-3-phosphate dehydrogenase) and U6 snRNA

expressions.

gapdh for ACAGCCGCATCTTCTTGTGC

gapdh rev GCCTCACCCCATTTGATGTT

arc for CCCCCAGCAGTGATTCATAC

arc rev CAGACATGGCCGGAAAGACT

egr-1 for CACCTGACCACAGAGTCCTTTT

egr-1 rev ACCAGCGCCTTCTCGTTATT

bdnf for AAACGTCCACGGACAAGGCA

bdnfrev TTCTGGTCCTCATCCAGCAGC

U6 snRNA cat:001973
mmu-miR-212 cat: 002551

mmu-miR-124a cat: 001182



2.7 Western Blotting
Western Blotting protocol (Garcia-Pérez et al. 2015) and a list of the primary antibodies

used in this study can be found at SI. We used GAPDH as our loading control.

2.8 Immunofluorescence study and confocal microscopical analysis

The tissue for immunofluorescence was processed as previously described (Garcia-
Pérez et al. 2015) (see details in the SI). Equipment and settings are detailed in the SI.
Final confocal images are illustrated as they appear throughout the stack of sections as a

simple layer or as a transparency of all layers merged together.

2.9 Data Analysis

Data are presented as mean = SEM. Data were analyzed using one-way or two-way
analysis of variance (ANOVA) followed by a post hoc Newman—Keuls test. Student’s t-
test was used when there were two experimental groups. Correlations between different
parameters were assessed using linear regression. Differences with a p < 0.05 were
considered significant (GraphPad Prism 6: GraphPad Software Inc., San Diego, CA,

USA).
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3. Results

3.1 GCs are indispensable for naloxone-induced conditioned place aversion in
morphine dependent rats

GCs are released during emotionally arousing stimulation used in training tasks, and
there is extensive evidence that these hormones enhance memory consolidation
(McGaugh and Roozendaal 2002; Roozendaal et al. 2009). The animals used in this
experiment did not exhibit natural preference for neither the dots nor stripes chambers
before the conditioning sessions (Fig. 1B-D,F-I). During the test phase, morphine
dependent rats spent less time in the naloxone-paired compartment than controls.
Remarkably, adrenalectomy diminished the naloxone-induced CPA in opiate-dependent
animals (morphine treatment: F 438 = 10.05, p = 0.0027; interaction: Fi4s = 10.44, p =
0.0022; two-way ANOVA with Newman-Keuls’ post hoc test; Fig. 1E). Additionally,
during the test phase, the number of total entries to both chambers was higher in
animals receiving opiates (morphine treatment: Fi4s = 13.72, p = 0.0005; Fig. 1J),
which might indicate increased locomotor activity in morphine-dependent rats.
Nevertheless, while sham rats treated with opiates increased the number of entries in the
saline-paired compartment (morphine treatment: Fi4¢ = 11.11, p = 0.0017; Fig. 1K),
ADX animals significantly augmented the number of entries in the naloxone-paired
chamber compared to their ADX controls (morphine treatment: Fi4 = 11.68, p =
0.0013; Fig. 1L). Thus, the reduced aversion in ADX+morphine rodents cannot be
attributed to nonspecific locomotor changes. Specific avoidance of the naloxone-paired
chamber in sham morphine-dependent animals was further demonstrated by the fact that
the aversive score was correlated with the reduced number of entries in the naloxone-

paired compartment (» = 0.6186, p = 0.0212; Pearson's correlation; Fig. 1M).
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3.2 Adrenalectomy increases the somatic expression of opiate withdrawal.

As expected, ADX animals gained significantly less weight after surgery than
sham-operated rats (50 = 12.57, p < 0.0001; Student’s t-test; Fig. 24). In addition, body
weight gain from the day of pellets implantation to the first day of conditioning sessions
was reduced in ADX animals, and even decreased in morphine-pelleted rodents
(adrenalectomy: Fi4g = 6.802, p = 0.0121; morphine treatment: Fi45 = 62.98, p <
0.0001; interaction adrenalectomy x morphine treatment: Fi43 = 11.52, p = 0.0014; Fig.
2B). Besides, sham- and ADX-operated animals receiving morphine showed lower body
weight gain than their respective controls throughout the CPA protocol (day 8:
morphine treatment: F1 458 = 32.60, p < 0.001; interaction: Fi143 = 10.91, p = 0.0018; day
9: morphine treatment: Fi43 = 41.99, p < 0.001; day 10: morphine treatment: Fi48 =
56.47, p < 0.001; day 11: morphine treatment: Fi4 = 60.27, p < 0.001; Fig 2C).
Naloxone injection to morphine-dependent animals also elicited the appearance of a
number of behavioral symptoms characteristic of opiate withdrawal (Fig. 2D-FE). It is
noteworthy that, on day 10, the ADX+morphine group exhibited an enhancement of
some withdrawal signs (wet dog shake and piloerection) when compared with both,
sham-morphine and ADX-morphine (day 8) groups.

Regarding the activity of the HPA axis after memory formation and retrieval
processes, our results reflected that naloxone administration to morphine dependent rats
induced an increase in GC plasma levels, which was not observed in ADX animals after
conditioning sessions on day 10 due to the adrenalectomy (data not shown). On the
other hand, enhanced GCs levels during memory recall are known to impair
performance (Roozendaal and McGaugh 2011). Importantly, sham or ADX animals
implanted with morphine do not differ in plasma corticosterone levels from their

controls during memory retrieval (data not published). However, as expected, ADX rats
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displayed increased adrenocorticotroph hormone (ACTH) concentration because of the

lack of GCs inhibition on HPA axis (adrenalectomy: F132 = 219.2, p <0.0001; Fig. 2F).

3.3 Glucocorticoids do not affect Arc expression during opiate-related aversive
memories consolidation.

GCs hormones have profound influence on different stages of opiate dependence,
such as the relapse to opiate-seeking (Shaham 1993). However, opiate withdrawal, as
such, does not reinstate drug-seeking behavior (Shaham et al. 1996), highlighting the
essential role of withdrawal-related memories on drug reinstatement. Thus, we focused
our research on DG activity, which has a pivotal role in mediating memory
consolidation and recall. To determine which molecular pathways are coupled to
learning-dependent GCs activation required for long-term memory, we examined the
effect adrenalectomy on numerous molecular changes that were previously established
to underlie long-term synaptic plasticity and memory formation. For instance, miRNAs
and post-transcriptional processes have an important role in the development of
addiction-related behaviors (Chandrasekar and Dreyer 2011). However, our results
showed that memory consolidation process did not modify miR-124 levels or miR-212
expression in sham+morphine rats (Fig. 34,B). Nonetheless, we observed a diminution
of miR-212 in ADX animals (adrenalectomy: Fi,14 = 17.06, p = 0.0010; Fig. 3B).

It has been described that naloxone injection to morphine-dependent rats
decreases the levels of hippocampal GR mRNA (McNally and Akil 2003;Sapolsky et
al. 1984;Sapolsky et al. 1985). However, we detected that sham+morphine rats did not
exhibit altered GR levels during conditioning, which could be explained by a lower
naloxone dose used in our experiments. Next, we tested the phosphorylation and/or

expression levels of different proteins that are known to accompany long-term plasticity
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and memory formation, including CREB phosphorylation (Alberini 2009), BDNF
(Bekinschtein et al. 2008) and the IEGs Egr-1 (Revest 2005) and Arc (Bramham et al.
2008) expression. Importantly, all these molecules are proposed to be targeted by GRs
activation during fear memory consolidation (Finsterwald and Alberini 2014).
Confinement to the naloxone-paired chamber induced a significant increase in Arc
mRNA (morphine treatment: F15s = 17.53, p = 0.0008; Fig. 3G) and protein levels
(morphine treatment: Fi119 = 16.07, p = 0.0008; Fig. 3J) both, in sham- and ADX-
dependent animals. In addition, Egr-1 protein levels in ADX animals treated with
morphine were significantly higher than those in ADX+placebo and sham+morphine
groups (morphine treatment: Fi2 = 5.257, p = 0.0318; interaction: Fi1 = 5.155, p =
0.0333; Fig. 3H). No other changes were seen in the rest of the parameters studied
following the last conditioning session with naloxone, which might suggest that the DG
has a discrete role in the consolidation of aversive memories associated with opiate

withdrawal.

3.4 Gene and protein regulation in the DG following aversive-withdrawal memory
retrieval is different in sham+morphine animals compared to ADX-+morphine
rodents.

It has been demonstrated that memory reconsolidation during retrieval requires
both transcription and translation in a manner analogous to that seen during the initial
consolidation of learning to form long-term memories (Miller and Matzel 2000;Nader et
al. 2000). Following naloxone-induced CPA, the results of our study showed that the
levels of both miR-124a (adrenalectomy: F123 = 6.621, p = 0.0170; Fig. 44) and miR-
212 (adrenalectomy: Fips = 16.83, p = 0.0004; Fig. 4B) were decreased in ADX

animals.
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We next measured the expression of several factors in the DG after the retention
test. It has been proposed that chronic opiate exposure does not alter GR mRNA in the
DG (McNally and Akil 2003), which is in agreement with our data in sham+morphine
animals. In contrast, adrenalectomy mediated an enhancement of GR levels during the
test phase (adrenalectomy: Fi28 = 7.502, p = 0.0106; Fig. 4C), which is likely to be
explained by the lack of endogenous GCs (Chiba et al. 2012;Numakawa 2009). CREB
phosphorylation was augmented after CPA in morphine-treated and ADX rats
(interaction: F126 = 4.373, p = 0.0464; Fig. 4D). We also observed that both Egr-1
mRNA (adrenalectomy: Fi23 = 5.123, p = 0.0334; Fig. 4G) and protein levels
(adrenalectomy: Fiz3 = 11.94, p = 0.0018; Fig. 4K) tended to augment in sham-
morphine-treated rats, and decreased or remained at basal levels in ADX+morphine
animals, suggesting that GC signaling would participate in inducing Egr-1 gene
expression during the recovery of morphine-withdrawal memories. In contrast, BDNF
mRNA (interaction adrenalectomy x morphine treatment: F124 = 6.521, p = 0.0174; Fig.
4H) and protein levels (interaction adrenalectomy x morphine treatment: F129 = 6.208, p
= 0.0187; Fig. 4L) were increased in ADX morphine-dependent animals. Besides, we
observed an enhancement of Arc mRNA (adrenalectomy: Fi24 = 6.878, p = 0.0149;
interaction: F124 = 4.740, p = 0.0395; Fig. 4]) and protein levels (adrenalectomy: F 23 =
6.807, p = 0.0144; interaction: F128 = 4.460, p = 0.0438; Fig. 4M) in sham morphine-
dependent animals that did not appear in animals with a lack of endogenous GCs. The
opposite genomic regulation of BDNF mRNA versus Egr-1 and Arc mRNAs following
opiate-withdrawal memory recall was further confirmed by a significant negative
correlation analysis (Fig. 4J).

When we evaluated if the aversion score was directly related with the expression

of the different analyzed targets at the miRNA, mRNA or protein level, we found a
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negative correlation with Arc protein expression selectively in sham+morphine rats (r =

0.5350, p = 0.0378; Fig. 4E-F,N-0).

3.5 Epigenetic GR receptor regulation and function following memory retrieval.

Compelling evidence shows that gene expression programs are, in part,
orchestrated by epigenetic mechanisms, and post-transcriptional processes play essential
roles in neuronal plasticity and contribute to addiction (Schratt 2009). We uncovered
that both miRNAs were negatively correlated with GR levels in sham-morphine rats
(miR-124a: r = -0.6540, p = 0.0393; miR-212: r = -0.5954, p = 0.0454; Fig. 5I-J),
suggesting that they might contribute to GR regulation in the DG during memory
retrieval process. In contrast, this negative relationship was absent in ADX+morphine
animals, where reduced miR-124a and miR-212 expression was accompanied by
enhanced GR levels (Fig. 4).

We next showed GR and pCREB, Egr-1, or BDNF co-localization in the DG
after the CPA in sham- and ADX-operated morphine-dependent rats. Representative
images are shown in Figure 5. On ligand binding, GRs undergo conformational changes
that lead to their homodimerization and nuclear translocation, or their binding to other
cytoplasmic proteins. In the nucleus, GRs can bind to specific sequences and directly
activate transcription of target genes (Zalachoras et al. 2013). On the other hand, GRs
can control rapid cellular responses by mechanisms that are independent of nuclear
translocation and gene expression regulation, but instead occur through genomic-
independent actions (Groeneweg et al. 2011). While GR—dependent memory-related
pCREB molecular changes were reported to be nongenomic, Egr-1 or Arc induction
required transcription (Chen et al. 2012). However, although GR and the different

transcription or neurotrophic factors were expressed in the same cells, a positive
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correlation was only detected between GR and Egr-1 protein levels selectively in the
sham+morphine group (» = 0.6795, p = 0.0220; Fig. 5K), supporting the hypothesis that
GR are involved in the regulation of Egr-1 expression during the recovery of morphine-

withdrawal memories.

3.6 Epigenetic and genomic Arc regulation following memory retrieval.

miRNAs can attract a variety of activities to their targets, even stimulating
translation (Vasudevan et al. 2007). We detected a positive correlation between miR-
124a and Arc protein levels (r = 0.8036, p = 0.0081; Fig. 61). Altogether, in agreement
with previous studies, our results point out that miR-124a would repress GR expression
(Kim et al. 2015) in sham-operated dependent rats, allowing in turn the expression of
Arc and, consequently, the retrieval of memories associated with opiates withdrawal. In
addition, miR-212 expression also exhibited a positive tendency towards Arc
expression. In contrast, in ADX+morphine animals, these miRNAs did not seem to
display a facilitating effect on Arc expression (Fig. 6K), which might explain the
absence of Arc induction in this experimental group.

As can be seen in Fig. 64-B and Fig. 74-B, the immunofluorescence study
indicated that neurons exhibiting GR staining in the DG after naloxone-induced CPA
displayed low Arc signal. Moreover, there was no correlation between GR and Arc in
sham or ADX morphine-dependent animals (Fig. 6K).

We also demonstrate that Arc” neurons in the GZ of the DG after the test phase
were pCREB- or Egr-1-positive (Fig. 6C-F; Fig. 7C-E). Both morphine-dependent
groups exhibited a positive correlation between Arc and pCREB (sham+morphine: » =
0.5948, p = 0.0456; ADX+morphine: » = 0.8220, p = 0.0116; Fig. 6K). However, given

that only sham+morphine animals showed increased Arc levels, these results suggest
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that pCREB regulation is important but not sufficient to increase Arc expression
following memory recall. On the other hand, no relationship between Egr-1 and Arc
was observed.

It has been suggested that BDNF effects on memory are downstream or
independent of Arc (Chen et al. 2012). The majority of Arc-positive neurons in
sham+morphine rats did not express BDNF (Fig. 6G), while few Arc’ neurons in
ADX+morphine animals were also BDNF" (Fig. 6H). In concordance, there was no
correlation between Arc and BDNF expression neither in sham+morphine rats nor in
ADX-+morphine rats (Fig. 6K). In addition, there was no colocalization between Arc
and pTrkB in the DG of morphine-dependent animals (Fig. 8), which adds further
evidence to the notion that BDNF signaling does not regulate Arc expression in the DG

following re-exposure to withdrawal-paired compartment.

3.7 Characterization of Arc-expressing neurons

We next performed immunofluorescence analysis to characterize the neuronal
populations involved in Arc expression following aversive-withdrawal memory recall.
As seen in Fig. 94,C, dopamine receptor type 1 (D1) and dopamine receptor type 2 (D2)
receptors were localized in the GZ of DG, although D1 was also found in other regions
of the DG, such as the polymorphic or molecular layer of the DG. Distinct staining
pattern for D1 and D2 was also demonstrated in rat cortex (data not shown). GLS2 and
GAD, markers of glutamatergic and GABA-ergic neurons, respectively, were
colocalized in the DG, mainly in the GZ (Fig. 9D, F). Given that astrocytes are known to
be involved in glutamate metabolism and to express D1, it was an important step in our
study to characterize and differentiate the D1 and GLS2 staining that arises from glial

cells. Thus, we performed a double immunofluorescence analysis with glial fibrillary
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acidic protein (GFAP), an astrocytic marker. We found that D1-positive or GLS2-
positive signals were colocalized with GFAP only in the molecular zone, but not in the
GZ of the DG (Fig. 9F,G). Importantly, as stated above, Arc immunofluorescence
signal was restricted to the GZ. When we immunolabeled Arc in combination with the
different neurotransmitter cell markers, we uncovered that Arc was found in GABA-

ergic, glutamatergic, and dopaminoceptive neurons (Fig. 104-C).
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4. Discussion

Relapse to drug-taking following prolonged abstinence constitutes an important
problem for long-term drug-addiction treatment. Factors contributing to relapse are
exposure to conditional drug cues and stress (Shaham et al. 2003). The current study
examined the role of GCs in the formation of morphine withdrawal-associated
conditioned memory, as well as in the expression of morphine withdrawal-associated
CPA. We found that ADX-dependent animals lacked the affective-like signs of opiate
withdrawal but displayed increased somatic withdrawal signs. Our observations are in
concordance with the finding that disruption of the corticotropin-releasing factor (CRF)
receptor 1 pathway and related HPA axis activity dramatically increased the somatic
expression of opiate withdrawal (Papaleo et al. 2007), while CRF1—/— mice lacked the
affective-like signs of opiate withdrawal (Contarino and Papaleo 2005). Somatic and
affective components of the opiate withdrawal syndrome are dissociable at different
levels of analysis (Frenois et al. 2002). Our findings clearly support a different role for
GC pathway on controlling affective-like and somatic signs of opiate withdrawal.

Hippocampal long-term potentiation (LTP) is a form of synaptic plasticity
proposed as a cellular substrate for learning and memory (Bliss and Collingridge 1993).
However, abused drugs usurp the synaptic machinery of hippocampus circuits and may
induce maladaptive plasticity (Kauer and Malenka 2007). Previous studies have shown
that chronic morphine can either reduce (Bao et al. 2007; Pu et al. 2002; Salmanzadeh et
al. 2003) or augment (Ito et al. 2001; Lu et al. 2010; Mansouri et al. 1997; Mansouri et
al. 1999) LTP in rat hippocampal synapses. Our results demonstrate that morphine-
dependent rats display associative learning, with endogenous GCs playing a pivotal
role. IEGs are inducible genes which can be divided into two functional classes:

regulatory transcription factors, such as Egr-1, and effector proteins, such as Arc
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(Guzowski et al. 2001). Egr-1 and Arc are required in learning and long-term memory
(Guzowski et al. 2000; Jones et al. 2001), and are necessary for the consolidation and
reconsolidation of a variety of memory tasks (Maddox and Schafe 2011; Plath et al.
2006). Overall, our results point to a discrete role of the DG in the consolidation of
withdrawal-aversive memory. On the other hand, Egr-1 and Arc were selectively
induced in sham-dependent animals following opiate-withdrawal memory retrieval,
highlighting the important role of endogenous GCs in this process.

Memory consolidation refers to the time-dependent stabilization process that leads to
long-term storage of a newly acquired memory (McGaugh 2000). Strengthening effects
of GCs on memory consolidation are well known, but the underlying molecular
mechanisms during withdrawal-aversive conditioning remain poorly understood. We
uncovered that both sham and ADX-addicted animals displayed increased Arc levels
during the consolidation process. Post-conditioning Egr-1 levels did not increase in
sham+morphine rats, but ADX-dependent group showed increased Egr-1 expression,
which might be related to the increased severity of opiate withdrawal given that
neuronal IEGs expression is regulated by neuronal activity. Since Arc and Egr-1 play a
role in LTP and long-term memory consolidation (Antoine et al. 2014;Huff et al.
2006;Mclntyre et al. 2005), our results support that sham and ADX morphine-
dependent animals are able to initially encode the aversive experience through LTP
induction. However, late-phase LTP is considered to be the underlying mechanism of
long-term memory, and LTP consolidation in the DG requires sustained period of Arc
synthesis translation, because Arc protein underlying LTP consolidation is rapidly
degraded (Bramham et al. 2010; Messaoudi et al. 2007). As long as Arc learning-
dependent expression in the hippocampus is controlled by corticosterone and GR

signaling (Chen et al. 2012; McReynolds 2010; Molteni et al. 2010), we propose that
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ADX-dependent animals are able to induce Arc-mediated LTP, but in the absence of
withdrawal-induced corticosterone are unable to maintain LTP and form long-term
memory. We also showed that BDNF and pCREB levels remained unaltered during
aversive withdrawal- memory consolidation. BDNF and pCREB unaltered levels have
been described for other conditioning tasks (Impey 1998), but contrast with increased
pCREB-133 levels (Chen et al. 2012; Impey 1998; Taubenfeld et al. 1999) and BDNF
pathway recruitment (Chen et al. 2012) following fear training. Therefore, our results
point out that fear and morphine-withdrawal training only partially engage the same
signaling pathways.

While advances towards understanding memory consolidation have been made, less
is known about the molecular processes underlying plasticity during memory retrieval
(Thomas 2015), a very rapid process in which a previously acquired memory trace is
reactivated (Cammarota et al. 2005). Retrieval-dependent activation occurs in the dorsal
hippocampus (Frenois et al. 2005; Murchison et al. 2011; Thomas 2015) and induces
protein synthesis-dependent memory reconsolidation (Miller and Matzel 2000; Nader et
al. 2000). We tested memory recall one day after the last conditioning session, since
hippocampal GRs regulate essential mechanisms for long-term fear memory formation,
without affecting short-term retention (Chen et al. 2012).

GCs are known to induce the expression of miR-124, which in turn downregulates
GR (Kim et al. 2015; Ledderose et al. 2012). In concordance, we observed a negative
correlation between miR-124a and GR levels in sham+morphine rats during the test
phase. Conversely, in this study we showed that adrenal glands extirpation leads to
reduced miR-124a levels which are accompanied with increased GR expression. miR-
212 was also downregulated in ADX groups, independently of the experimental phase.

In contrast to our results, a previous report showed that daily injection of ACTH
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upregulated the expression of miR-212 in rat adrenal glands (Hu et al. 2013). A possible
explanation to this discrepancy is that ADX animals in our experiments displayed
sustained high ACTH plasma levels, which could dysregulate the acute ACTH-induced
miR-212 expression. The negative relationship observed between miR-212 and GR,
raises the possibility that reduced miR-212 in ADX rats could participate in GR
upregulation. Several genes related with synaptic plasticity and drug addiction have
been described among miR-124 and mir-212 targets, such as CREB or BDNF
(Chandrasekar and Dreyer 2011; Hollander et al. 2010; Im et al. 2010; Rajasethupathy
et al. 2009). However, our results do not point to a direct regulation of BDNF or
pCREB by these miRNAs during the CPA expression.

Our results show that CPA expression in sham+morphine rats is accompanied by
increased CREB activation, indicating that pPCREB accompanies memory retrieval and
plays a role in memory re-consolidation following retrieval (Hall et al. 2001b). On the
other hand, ADX animals show increased pCREB levels, which may be due to
increased GR expression instead of memory-related mechanisms, since ADX-dependent
animals do not display enhanced pCREB levels compared to their controls.

IEG induction in the hippocampus during the CPA protocol reflects the genomic
activation of neurons relevant to the contextual memory retrieval-reconsolidation
process (Murchison et al. 2011). Our work and previous reports demonstrated an
increase in Egr-1 expression levels at different post-retention time-points (Antoine et al.
2014; Hall et al. 2001a; Lee et al. 2004). Moreover, our results point out that
homeostatic endogenous GCs and GR signaling are critical for retrieval-induced Egr-1
expression. Together, these data suggests that morphine-withdrawal memory
consolidation does not require Egr-1, whereas reconsolidation recruits Egr-1, as

proposed by Lee and colleagues (Lee et al. 2004).
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Although other reports failed to detect Arc induction at late retrieval time-points
(Mamiya et al. 2009), these signaling event is described during fear-memory retrieval
(Antoine et al. 2014). Our Arc findings are particularly important for several reasons.
First, a role for Arc in reconsolidation following memory retrieval (Zhang et al. 2005)
and morphine withdrawal CPA (Hou et al. 2009) has been proposed. Second, our data
indicated that Arc induction occurred in hippocampal pyramidal neurons following a re-
exposure to withdrawal context in sham-dependent but not ADX-dependent animals.
Third, Arc is likely to play a pivotal role in morphine-withdrawal memory retrieval and
reconsolidation since higher Arc expression significantly correlated enhanced aversion.
Since Arc identifies genomically activated neurons as a result of retrieval, if associative
memory recall is reduced and reconsolidation processes are not invoked, then Arc
expression might be selectively diminished, as occurs in ADX+morphine animals.
Regarding Arc regulation following the test phase, correlation analysis supported that
pCREB regulates Arc expression, as previously proposed (Kawashima et al. 2009).
Moreover, miR-124 and miR-212 seem to further promote Arc induction selectively in
sham-+morphine animals. We observed that Arc was found in glutamatergic neurons of
the GZ, which extends previous evidence (Vazdarjanova 2006). Moreover, expression
of Arc in GADG65/67-positive neurons suggests that CPA retrieval and subsequent
reconsolidation represented a strong-learning stimulus (Vazdarjanova 2006). On the
other hand, associative learning is dependent on D1 signaling (Ortiz et al. 2010), which
indicates that Arc induction occurs in the same neurons that become activated through
D1-dependent learning.

In concordance with previous data (Lee et al. 2004), we demonstrate that
reconsolidation does not recruit BDNF. It could be surprising that, while BDNF

enhances LTP in the DG (Korte et al. 1995; Korte et al. 1998; Ying et al. 2002) and
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triggers protein synthesis-dependent LTP (Bramham and Messaoudi 2005; Lynch et al.
2007), we observed reduced BDNF levels selectively in sham+morphine group after the
CPA test. However, literature describes that chronic morphine treatment represses
BDNF (Chu et al. 2007; Koo et al. 2012; Koo et al. 2015). Opiates decrease the
number/complexity of dendritic spines on hippocampus neurons (Robinson et al. 2002;
Robinson and Kolb 2004; Russo et al. 2009), which contrasts with the role of BDNF in
dendrite development (Russo et al. 2009; Wang et al. 2015). Similarly, intermittent
stress decreases dendritic branching (McEwen 1999). The lack of increased GCs in
ADX-dependent rats raises the possibility to prevent BDNF inhibition, and
consequently revert this addiction consequence. In addition, chronic opiate exposure
negatively impacts subgranular zone neurogenesis (Arguello et al. 2008; Eisch et al.
2000; Kahn et al. 2005; Mandyam et al. 2004), in direct opposition with BDNF
(Scharfman et al. 2005).

In summary these experiments represent the first demonstration that Egr-1 and Arc
expression in the DG are associated with morphine-withdrawal memory retrieval and
suggest that these genes may contribute to plasticity and reconsolidation accompanying
the retrieval process. Besides, GCs play an essential role during the formation of long-
term withdrawal-aversive memories, given that ADX-dependent animals exhibit
reduced place aversion and decreased Egr-1 and Arc levels. Future studies are needed to
enlighten the exact role of each of these proteins to the consolidation and/or retrieval of
morphine-withdrawal memories. Viral gene transfer will allow studying the specific

contribution to aversive memory formation of each protein.
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Figure Legends

Figure 1. Effects of adrenalectomy on the naloxone-induced conditioned place aversion
of morphine dependent rats. (4) Schematic overview of the animals’ treatment and
behavioral experiments time course. (B) Time spent in the dot chamber during pretest
phase. (C) Time spent in the stripes chamber during pretest phase. (D) Time spent in the
naloxone-paired chamber during pretest phase. (£) Difference between the time spent in
the naloxone-paired compartment after conditioning sessions minus the time spent in
the same compartment before conditioning sessions. (F) Number of entries to the dots
chamber during pretest phase. (G) Number of entries to the stripes chamber during
pretest phase. () Number of entries to the naloxone-paired chamber during pretest
phase. (/) Percentage of total entries to the dots and stripes chambers during pretest
phase. (J) Difference between the number of total entries after conditioning sessions
minus the number of total entries before conditioning sessions. (K) Difference between
the number of entries to the saline-paired chamber after conditioning sessions minus the
number of entries to the same chamber before conditioning sessions. (L) Difference
between the number of entries to the naloxone-paired chamber after conditioning
sessions minus the number of entries to the same chamber before conditioning sessions.
(M) Correlation between the score and the number of entries to the naloxone-paired
chamber. The number of entries to the opiate antagonist-paired chamber was positively
correlated with the decrease of the score in the sham+mor group. *p < 0.05, **p < 0.01,
#k%kp < 0.001 vs sham+pla; “p < 0.01 vs sham+mor; “p < 0.05, *p < 0.01 vs

ADX+pla.

Figure 2. Effects of adrenalectomy on metabolic parameters and on HPA-axis activity
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in morphine dependent rats. (4) Body weight gain of rats 4 d after ADX or sham
surgery. ***p < 0.0001. (B) Body weight gain of rats from the day of pellets
implantation to the first day of conditioning sessions. ***p < 0.001 vs sham+pla; *p <
0.01 vs ADX+pla. (C) Body weight gain of rats during the days of conditioning
sessions. **p < 0.01, ***p < 0.001 vs sham+pla same day; “p < 0.01 vs sham+mor
same day; “*p < 0.001 vs ADX+pla sme day. (D) Graded signs of opiate withdrawal in
sham- and ADX-operated animals treated with morphine during 15 min after the
conditioning sessions with naloxone. **p < 0.01 vs sham+mor (day 10); 3p < 0.05 vs
ADX+mor (day 8). (E) Appearance of signs of morphine withdrawal in sham- and
ADX-operated animals treated with morphine during 15 min after the conditioning

sessions with naloxone. “p < 0.01 vs sham+mor (day 10). (F) ACTH plasma

4+

concentration 1 hour after starting the testing phase. ***p < 0.001 vs sham+pla; " "'p <

0.001 vs sham+mor.

Figure 3. miRNA, mRNA and protein expression during memory consolidation
process. (4) Quantitative real-time polymerase chain reaction (qQPCR) analysis of miR-
124a. (B) Quantitative qPCR analysis of miR-212. (C) Semiquantitative analysis and
representative immunoblot of GR protein. (D) Semiquantitative analysis and
representative immunoblot of pCREB. (E) Quantitative qPCR analysis of Egr-1 mRNA.
(F) Quantitative qPCR analysis of BDNF mRNA. (G) Quantitative qPCR analysis of
Arc mRNA. (H) Semiquantitative analysis and representative immunoblot of Egr-1
protein. (/) Semiquantitative analysis and representative immunoblot of BDNF protein.
(/) Semiquantitative analysis and representative immunoblot of Arc protein. *p < 0.05

vs sham+pla; *p < 0.05, *'p <0.01 vs sham+mor; *p < 0.05 vs ADX+pla.
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Figure 4. miRNA, mRNA and protein expression during memory retrieval process. (A4)
Quantitative real-time polymerase chain reaction (qPCR) analysis of miR-124a. (B)
Quantitative qPCR analysis of miR-212. (C) Semiquantitative analysis and
representative immunoblot of GR protein. (D) Semiquantitative analysis and
representative immunoblot of pCREB. (E-F) Correlation analysis between aversion
score and the GR and pCREB proteins. No correlation vas observed. (G) Quantitative
gPCR analysis of Egr-1 mRNA. (H) Quantitative qPCR analysis of BDNF mRNA (/)
Quantitative qPCR analysis of Arc mRNA. (J) Correlation analysis between BDNF vs
Egr-1 and Arc mRNAs in sham+mor animals: a negative correlation between BDNF
and Egr-1 or Arc mRNAs was observed. (K) Semiquantitative analysis and
representative immunoblot of Egr-1 protein. (L) Semiquantitative analysis and
representative immunoblot of BDNF protein. (M) Semiquantitative analysis and
representative immunoblot of Arc protein. (N-Q) Correlation analysis between aversion
score and Egr-1, BDNF and Arc protein levels. Only significant correlation between
Arc protein and aversion score in sham+mor rats was observed. *p < 0.05, **p < 0.01

vs sham+pla; p <0.05, “p <0.01 vs sham+mor.

Figure 5. Effects of naloxone-induced CPA on GR colocalization with pCREB, Egr-1,

BDNF or pTrkB in the DG of sham- and ADX-operated morphine-dependent rats.
Representative confocal images of GR (red) and pCREB (green) (4-B "), GR (red) and

Egr-1 (green) (C-D’), GR (red) and BDNF (green) (E—F") and GR (red) and pTrkB
(green) (G—H’) immunostaining in the DG. Merged images are shown in 4B’
(GR/pCREB), C"’,D’’ (GR/Egr-1), E”’,F’’ (GR/BDNF), and G"’,H"’ (GR/pTrkB). (I-J)
Correlation analysis between miR-124a and miR-212 and GR protein levels in

sham+mor rats: significant negative correlations were observed between both miRNAs
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and GR protein levels. (K) Table summarizing the results obtained for the correlation
analysis between GR and different parameters in sham- and ADX-dependent animals.
GR protein levels were positively correlated with Egr-1 protein expression in the

sham+mor group. Scale bars, 100 um.

Figure 6. Effects of naloxone-induced CPA on Arc colocalization with GR, pCREB,
Egr-1 or BDNF in the DG of sham- and ADX-operated morphine dependent rats.
Representative confocal images of Arc (red) and GR (green) (4-B’), Arc (red) and
pCREB (green) (C-D’), Arc (red) and Egr-1 (green) (E—F’) and Arc (red) and BDNF
(green) (G-H’) immunostaining in the DG. Merged images are shown in 4B’
(Arc/GR), C”’,D’’ (Arc/pCREB), E’,F’’ (Arc/Egr-1), and G",H’’ (Arc/BDNF). (I-J)
Correlation analysis between miR-124a and miR-212 and Arc protein levels in
sham+mor rats: significant positive correlation was observed between miR-124a and
Arc protein levels. (K) Table summarizing the results obtained for the correlation
analysis between Arc and different parameters in sham- and ADX-dependent animals.
Arc protein levels were positively correlated with pCREB protein levels in both sham-

and ADX-operated morphine-treated groups. Scale bars, 100 pm.

Figure 7. High magnification images showing Arc colocalization with GR, pCREB and

IREE

Egr-1 in the DG of sham morphine dependent rats. (4-B’’"") Representative confocal
images showing DG coronal sections of rat immunostained for Arc (red; 4,8) and GR
(green; A°,B’), DAPI (nuclear stain, blue; 4’’,B’’), merged (4°",B’’’) and merged with
DAPI (4°°7,B”"""). (C-C’’”’) Representative confocal images showing DG coronal
sections of rat immunostained for Arc (red; C) and pCREB (green; C’), merged (C’)

and merged with DAPI (C’”’). (D-D’) High magnification images of Arc and
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Arc/pCREB immunostaining. (E-E’’’") Representative confocal images showing DG
coronal sections of rat immunostained for Arc (red; £) and Egr-1 (green; E’), DAPI
(nuclear stain, blue; £’’), merged (E’’") and merged with DAPI (£’°""). Scale bars, 50

pm.

Figure 8. Effects of naloxone-induced CPA on Arc colocalization with pTrkB in the
DG of sham morphine dependent rats. Representative confocal images of Arc (red) and
pTrkB (green) immunostaining in the DG. Merged images are shown in 4°,B”’
(Arc/pCREB). No colocalization between Arc and pTrkB in the DG of morphine-

dependent animals was observed. Scale bars, 100 um.

Figure 9. Characterization of dopaminoceptive, glutamatergic and GABAergic neurons
in the DG from sham-operated animals treated with morphine after naloxone-induced
CPA. (4) Representative confocal image showing DG coronal sections of rat
immunostained for D1 in the polymorphic zone. (C-C ") D1 and D2 staining in the DG.
While D1 expression was ubiquitous (molecular, granular, and polymorphic zone) (C),
D2 signal was restricted to the granular zone (C”). (B) Schematic illustration showing
the subdivisions of the DG (diagram modified from Paxinos and Watson (2007). (D-
E’’) Representative confocal images showing DG rat coronal sections immunostained
for GLS2 (green; D) and GAD (red; D). Colocalization is shown by yellow neurons in
the merged images (D’’). High magnification images of GLS2 (E) and GAD (£°)
immunostaining, and merged (£’) in the DG. (F-F’’’) Representative confocal images

showing DG coronal sections of rat immunostained for D1 (green; F), GFAP (red; F"),

merged (F’") and DAPI (nuclear stain, blue; F’"’). (G-G’’’) Representative confocal
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images showing DG rat coronal sections immunostained for GLS2 (green; G), GFAP

(red; G’), merged (G’’) and DAPI (nuclear stain, blue; G’’’). Scale bars, 100 pm.

Figure 10. Arc colocalization with D1, GLS2, GAD in the DG of morphine dependent
rats during the expression of naloxone-induced CPA. Representative confocal images of
Arc (red) and D1 (green) (4,4°), Arc (red) and GLS2 (green) (B,B’) and Arc (red) and
GAD (green) (C,C’); DAPI immunostaining (nuclear stain, blue; 4’ -C’’). Merged
images are shown in 4°"" (Arc/D1), B”"" (Arc/GLS2), C’”’ (Arc/GAD); merged images

with DAPI are also depicted (A’”*’-C’”*”). Scale bars, 100 um.
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