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Abstract

Here, we investigated the potential effects of habituation to a novel context or to novel odors on

the hippocampal plasticity associated with the development of opioid tolerance in the male rat. For

this, habituation to a new environment was established on animal morphine tolerance models. In

addition to behavioral analysis, neurogenesis, dendritic spine density, and gene expression changes

were assessed jusing Golgi staining, immunohistochemistry, and qRT-PCR. Following several

exposures to either a novel context (open field_habituation, OFH) or to a series of novel odors
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the neurotropic factor, BDNF including and its receptor TrkB jn the dH and vH in morphine-

tolerant rats that underwent habituation as compared to the non-habituated morphine-tolerant rats.
We provide novel evidence that the acquisition of habituation to novel stimuli modifies the
hippocampal plasticity associated with morphine tolerance. Together these findings suggest
potential restorative effects of habituation protocols on the hippocampal plasticity associated with
chronic opiates as well as shed light on new therapeutic avenues and potential advancements in

the treatment of opioid abuse and addiction.
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JIntroduction
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Medically, opioids are widely used for pain relief [1, 2]. Medical and non-medical use of opioid,

prescriptions are associated with tolerance, substance use disorder, and overdose deaths [2, 3].
Drug addiction is increasingly viewed as a maladaptive form of learning and memory [4], and the
analysis of conditioned morphine tolerance indicates the occurring of context-specific tolerance
[5, 6, 7]. A regime consisting of repeated exposure to an opioid in the presence of specific

environmental cues (as conditioned stimuli) can prompt tolerance jn relation to that setting
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(associative tolerance), and a regime without consistent contextual pairing can result in non-
associative morphine tolerance [8]. The development of associative tolerance is attributed to
retrieval-generated priming of memory, whereas nonassociative tolerance is attributed to self-
generating priming [9]. An associative interpretation has also been observed in unpaired conditions
suggesting that the ritual injection may provide highly salient cues supporting associative tolerance
effects [10]. Finally, conditions concerning the development of non-associative tolerance can

disrupt the acquisition of associative tolerance [11].

The hippocampus is pne of the most iconic brain region associated with learning and memory [12].

(ha eliminato: perhaps

The rodent hippocampus can be divided, anatomically and physiologically, into the dorsal (dH),
intermediate (iH), and ventral (vH) parts [13, 14]. Spatial memory appears to depend on dH, not
vH [14]. The iH transforms cognitive and spatial inputs into motivations and functions that are
crucial to animal survival. The vH, which is connected to the prefrontal cortex and amygdala, plays
a significant role in non-spatial learning and memory, such as emotional learning and memory [13,
15, 16]. The input regions to the hippocampus are capable of encoding a great deal of information
about space, experienced odors, and spatial settings [17] and that the dentate gyrus (DG) of the

hippocampus gates the flow of information from the neocortex into the hippocampal networks



[18]. In rodents, the DG, a crucial region for learning and memory activities, is a location of adult
neurogenesis. Despite significant attention paid to adult neurogenesis in recent decades, the
activities of the newly-generated neurons in the three above-mentioned parts of the hippocampus
remain unclear. However, it has been hypothesized that adult-born neurons in the dH and vH may
have distinct roles [19]. Both hippocampal pyramidal neurons and dentate granule cells form a
long apical dendrite with some common features including thousands of spines [19], which
establish a synapse with postsynaptic neurons and thereby plays a vital role in intercellular
communication, synaptic and neuronal plasticity [20]. Neurotrophins-activated TrkB and RhoA
signaling pathways regulate neuroplasticity including neurogenesis, synaptogenesis, and dendritic
arborization throughout life [21, 22, 23, 24]. Experience-dependent dendritic spine plasticity in the
order of minutes has been shown in a variety of learning tasks [25, 26]. Animal studies provide
convincing evidence that different forms of memory (nonassociative and associative) represent an

increase in dendritic spine density in hippocampal CA1 and DG [27, 28].

Studies suggest that morphine exposure influences hippocampal neurons and produces alterations
in the plasticity of excitatory postsynaptic sites of the hippocampus [29, 30, 31]. Dendritic spines
in the hippocampus are the postsynaptic targets for excitatory synapses and the changes in their
morphology are considered to measure synaptic plasticity [32]. The shape and density of dendritic
spines change after exposure to various stimuli, including opioids [33]. The experience of opioids
causes dendritic structure plasticity and formation of anomalous neural circuits in different brain
regions where many brain functions undergo lasting changes [34, 35]. Dendritic branches and the
density of dendritic spines of pyramidal neurons of the visual cortex and the rat hippocampus are

reduced after long-term exposure to morphine [29, 36]. The reduction of the density of synapses,



neuroplasticity and cognitive decline in opioids-induced pathological conditions can underpin

addiction-related feelings and behaviors. [37, 38].

It is proposed that the development of morphine tolerance in a distinctive environment is mediated
by a classical conditioning process that is superimposed on the habituation process [ 39].
Habituation is a form of non-associative learning in which an innate response to a stimulus
decreases after repeated or prolonged presentation of that stimulus [40, 41]. From the perspective
of learning schools, these two behavioral phenomena (tolerance vs. habituation) show a kind of
parallelism in their procedure and mechanism. With such an approach, if changes in tolerance-
induced plasticity are observed as a result of habituation, it may be possible to find behavioral
therapy modalities to prevent and/ or amend tolerance effects on neural circuits. As per this
scientific strategy, further research is needed to dissect out how repeated morphine exposure
affects plasticity at the single neuron level, including dendrites and spines, circuit computations,
and neuroplasticity of signaling pathways. To open up a better picture of opiate tolerance plasticity,
we aimed at further investigating the plasticity in the hippocampus under conditions of tolerance
and habituation interactions. For this, the plasticity in the hippocampus in the form of
neurogenesis, dendritic spine remodeling, and pro-plasticity molecules in the dorsal and ventral
parts of the hippocampus were traced under habituation x tolerance conditions. Ultimately, seeing
as the neuroadaptation underlying opiate tolerance plays a critical role in the progress of substance
use disorder, the scrutinizing of the plasticity in the hippocampus is firing up a better picture of

opiate tolerance and spurring the development of novel therapeutic interventions.



Materials and Methods

Subjects

Male Wistar rats (180-250 g, Pasture institute, Iran) were stored three per cage in an animal house with
stable humidity (60 = 10%), temperature (23 + 1°C), and a 12:12 h light/ dark cycle (lights on at 07:00 am),
with free access to food and water, except during experiments. All experiments were achieved between
12:00-15:00. Hormonal fluctuations, especially during the estrous cycle, can impact learning and
memory in females. The question of sex differences and the impact of the estrous cycle is outside
of the scope of the current work, but can be fully investigated in future studies. Rats were
randomized into six groups: (1) Non-habituated control group (CON, n = 6), (2) open field
habituation group (OFH, n = 6), (3) odor habituation group (OH, n = 6), (3, 4) two control groups
(NAMTC and AMTC), which received saline injections instead of morphine according to the same timeline
as morphine group, (5) the non-associative morphine tolerance (NAMT) group, and (6) the associative
morphine tolerance (AMT) group. The CON group was carefully maintained with the same number
of rats per cage, and all environmental conditions, including food, water, humidity, tactile
exposure, and habituation to the researcher, were meticulously standardized for both the control
and treated animals. Additionally, during the open field test or odor exposure, the CON group was
present in the same experimental room. The only discernible difference between the groups was
the exposure and exploration within the maze. These efforts aimed at minimizing external
variables and ensuring a controlled environment. Before each experiment, all rats were acclimated to
the new conditions one week before any experiments, and were gently handled to avoid unwanted stress
associated with handling during housing and experiments. This study was executed in concert with the
ethical guidelines of the Faculty of Medical Sciences ethics committee, Tarbiat Modares University,
Tehran, Iran, which is based on the NIH Guide for the Care and Use of Laboratory Animals (NIH

publication, 85-23, revised 1996).



Morphine tolerance

Morphine analgesic tolerance was developed after its long-term application as previously
described [7, 42]. Briefly, morphine tolerance is typified by a successively diminishing pain
control response during repeated morphine exposure which is referred to as non-associative
morphine tolerance (NAMT). The tail-flick analgesia meter was used to gauge thermal nociceptive
responses of the rats through the daily (for consecutive 8 days) morphine (4 mg/kg, s.c, TEMAD,
Iran) injection (Figure 1b, d). To assess associative morphine tolerance (AMT), rats were exposed
to two distinct environments on alternating days (Figure la, ¢). On the first and second days,
animals were acclimatized to the tail-flick boxes for 15 min, after which the baseline latency was
calculated. On alternate days (days 3 to 13), animals were given morphine (4 mg/ kg, s.c.) in the
experimental environments, or just saline in the test environment. Following s.c. administrations,
animals were given a 20-min acclimatization phase, after which tail-flick latency was measured
once again. On experimental day (day 14) tail-flick latency was measured for 15 min. Instead of
saline, morphine was injected in the saline-paired context to confirm that the tolerance that had
developed was associative. Data was expressed as the percentage of maximal possible effect

(%MPE). % MPE was calculated as follows: (R2-R1)/(COT-R2), where R1 is baseline latency,
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R2 test latency, and COT is cut off time.

Habituation paradigms

The open field test was used to evaluate habituation to a novel context. The rats were placed in an
open rectangular arena with dimensions of 60 x 60 x 60 cm, which lacked clearly aversive or

appetitive stimuli. They were allowed to explore the environment for 15 minutes on three



consecutive days. The test consisted of three sessions, held 24 hours apart. Each session was
divided into three-time intervals: 0—5 minutes, 5—10 minutes, and 10-15 minutes (Fig. 1d). The
exploratory behavior and general activity of the rats were recorded using EthoVision XT (video
tracking software, Noldus Information Technology, Wageningen, The Netherlands). Rearing and
grooming exhibited by the rats was quantified to measure exploratory behavior. Rearing is an
innate exploratory posture of small rodents. The more novel the environment, the more rearing the
animal exhibits. On the first day of training, the rats were placed in the center of the maze and their
behavior was recorded by a camera from above as they explored the maze for 15 minutes. During
the experiments, the maze was cleaned and disinfected with 70% alcohol. The experimental
procedure was repeated on the second and third days (test day), and the recorded videos of the rat

behaviors on all three days were used to analyze the results.

Odor habituation is the development of a diminished response to an odor after repeated or
continuous exposure. For odor habituation experiment, a panel of five odors including drinking
water (as the control), banana (McCormick, Hunt Valley, MD), cacao (McCormick, Hunt Valley,
MD), synthetic fox odor as a predator odor (Trimethyl thiazoline, Pherotech, Vancouver, Canada),
and female rat urine were used in these experiments (Fig. 1b). The rat urine odor was prepared by
soaking a swab in urine and feces from female rats of the same weight and age for three consecutive
days in a cage that had not been cleaned. The extract of each odorant was diluted in 10 ml of
distilled water and stored at a temperature of 4 °C in order to achieve a strong and safe aroma for
the sensitive noses of the subjects. Before the test, sterile cotton swabs were prepared daily and
stored in a refrigerator. The test room was thoroughly cleaned and a sufficient air flow established

prior to the commencement of the test to eliminate excess odors.



During test day, the rat was introduced to the new cage by placing the scented swab inside the cage
at a distance of four centimeters from the bottom. The swab was then attached to the cage door
with tape. Three time rounds with two-minute intervals were used for the first scented swab of an
odor group, which was left in the cage for five minutes, and then replaced. Different odors were
present for an interval of 5 minutes (Fig. 1b). The same order of odor presentation was used for all
animals. The following parameters were evaluated: rearing/sniffing, which was defined as
approaching at a distance of 2 cm and touching the nose with the swab, and grooming. The body
contact with the swab with an open mouth, which sometimes resulted in chewing the tip of the
swab, was not considered olfactory behavior. During all tests, the animal behaviors were recorded

by a camera installed in the cage.

Neuroplasticity metrics

Concisely, neuroplasticity metrics included neurogenesis, dendritic spine density, and gene
expression changes as previously described [42]. The number of proliferating cells, with Ki67; the
number of immature neurons, with DCX; number of dendritic spines using Golgi staining, and
changes in pro-plasticity molecules using qRT-PCR against BDNF, TrkB, Rac-1 and RhoA were
assessed. Brifely, samples were collected, fixed to maintain cell morphology, tissue architecture
and antigenicity of target epitopes, and then sectioned. Primary antibodies: goat anti DCX, C-18
terminal, 1:1000 (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) or rabbit anti-
Ki67, 1:1000 (Abcam, Cambridge, UK; cat number ab1558) were used. Primary antibodies were
not added in the case of negative control. Donkey anti-goat and donkey antirabbit [gG Biotin SP
conjugated 1:1500 (Jackson Immuno Research Laboratories, West Grove, Pennsylvania, USA)
was applied to proceed the procedure. The stained cells were visualized applying the avidin

biotinylated enzyme complex (Vector ABC-Elite kit PK 6100) and DAB as the chromogen. The



images of Ki67-stained slices containing the granular cell layer (GCL), subgranular zone (SGZ),
and hilar region of the dorsal and ventral hippocampus were captured with a BX-51 fluorescent
microscope (Olympus Optical Co, Ltd., Tokyo, Japan) by using with a 4%, 10*, and 20* objective
lenses. IMAGEIJ software was used to perform quantitative assessment, which could isolate ki67-
labeled cells from background staining as the threshold. Corresponding to the Bregma from -2.8
mm to -6.36 mm (Paxinos 2005), 4 to 6 sections per slide (n=3) were counted using the 40"
objective for further statistical analysis (6 animals for each group). DCX-labeled cells were
counted blindly with the same light microscope and quantitative software in the subgranular cell
layer of dorsal and ventral DG (dDG and vDG). The number of DCX-labeled cells was manually
quantified within a 50x50 mm counting frame within a 250x250 mm counting grid. The DCX-
labeled cells were sampled from a series of 4 to 6 sections per slide (three slides) from 6 animals
for each group from the same Bregma coordination (Paxinos, 2005).

To quantify spine density, the FD Rapid Golgi Stain Kit (FD Neuro Technologies, Inc) was used
to visualize the dendritic branching pattern and dendritic spines (Figure 3a). Dendritic spine
density was measured along the apical dendrites of hippocampal CA1 pyramidal neurons and dentate
granule cells in the dorsal and ventral hippocampus (dCAland dDG or dCA1 and vDG). Each
region was reconstructed with five neurons per animal (n=6) by using computer-based neuron
tracing system (NeuroLucida 11.0, MBF Biosciences) at a 40* objective. Cells were sampled in
sections for the dDG and dCA1 from Bregma -2.8 to -6.24 mm and for vDG and vCAl from
Bregma -5.28 to -6.36 mm (Paxinos, 2005). Morphological and quantitative assessments were
carried out on five segments, 120—-160 um away from the soma and were analyzed under a bright-
field microscope using a 100x oil immersion lens. The average number of spines was calculated

by dividing the number of spines by dendritic segment length. Data were shown as number of



spines/10 um dendrite. The selection criteria were based on (1) the presence of neuron branches in
the CA1 region (ACA1/vCA1l) or the outer layer of the dDG and vDG, (2) easy isolation from the

stained cell next to it, and (3) fully colored, and visible cells. The data was collected blindly.

Total RNA from the ventral and dorsal hippocampus was isolated using PureZol RNA isolation+

reagent (Bio-Rad Laboratories, Italy), quantified by the Nanodrop spectrophotometry analysis and

stored at —80 °C until further processes, as previously described (REF). To assess mRNA levels,

the samples were processed for real-time reverse transcription polymerase chain reaction (real-

time RT-PCR). The primer efficiencies were experimentally set up for each couple of primers.

Primers and probe for Racl,(Rn01412766_m1) and RhoA,(Rn04219610 g1) were purchased from )~ '
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- J36B4:; forward primer 5-TTCCCACTGGCTGAAAAGGT-3', reverse primer S’

CGCAGCCGCAAATGC-3', probe 5-AAGGCCTTCCTGGC CGATCCATC-3’

In brief, the samples were run in a 384-well plate in triplicate. Data were analyzed with the

comparative threshold cycle (AACt) using the geometric means of 36B4 gene as internal standard.
RT-PCR analysis was performed to evaluate Bdnf, Trkb, Rac-1 and RhoA expression. The mRNA
levels of Bdnf, Trkb, Rac-1 and RhoA were normalized against housekeeping gene 36b4 in the

corresponding samples, and analysis was performed using the 2-TAAC method.
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Statistics

All data are presented as mean + SD. The analysis was done with GraphPad Prism 9 Software.
Repeated measures one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
was applied to evaluate the differences within groups in the behavioral tests. Data quantification
was carried out on 9 sections per animal and 6 animals per group. The data for Cell proliferation,
BDNF, TrkB, Rac-1 and RhoA mRNA levels were analyzed using one-way ANOVA followed by
Tukey’s post hoc test or the Kruskal Wallis test. The data for type of dendritic spines were analyzed
using two-way ANOVA followed by Tukey’s post hoc test. To compare difference between two
groups, an unpaired t-test was used. Differences were considered significant at the level of P <

0.05,

(ha eliminato:

Results

Learned morphine tolerance affects habituation to novel stimuli

NAMT was developed on days 7 and 8 following repeated morphine (4 mg/kg, s.c, TEMAD, Iran),
when it was injected for 8 consecutive days in the home cage. One-way analysis of variance
followed by Tukey’s post hoc test revealed a significant effect of the treatment factor between
groups [F (3, 104) = 35.11; n = 34; p < 0.0001, Figure 1e]. AMT was flourished on the sixth
injection of morphine (the thirteenth day) in the morphine-paired environment [F (3, 221) = 60.51;

n=48; p<0.0001, Figure 1g].

During habituation paradigms, among the various behaviors, rearing or rearing/ sniffing and

grooming activities were considered as exploration behavior and their time and frequency were



quantified during both training and test phases. Additionally, signs of locomotor activity, such as
distance traveled and speed, were considered. An improvement in habituation was observed on the
third day following training in the open field. The mean values of both rearing time and frequency
decreased significantly within two days of training in open field test following AMT, but not
NAMT. Two-way ANOVA revealed a significant effect of the time factor [F (1, 53) =15.12,p <
0.0003] in rearing frequency (Figure 1i), a significant effect of the treatment factor [F (2, 40) =
4.313, p=0.0201], time factor [F (1, 40) =36.61, p < 0.0001], and a significant interaction [F (2,
40) = 3.514, p = 0.0393] in rearing time (Figure 11). Also, the mean values of grooming time
increased significantly within two days of training in open field test following AMT, but not
NAMT. Two-way ANOVA revealed a significant effect of the time factor [F (2, 42) =3.812,p =
0.0301] in grooming time (Figure 1m), a significant effect of the treatment factor [F (1, 42) =

16.43, p = 0.0002], and non significant interaction [F (2, 42) = 0.2854, p = 0.7532].

The mean values of the grooming frequency (1j), velocity (Figure 1k) and traveled distance had

no significantly difference within days of training in all groups (Figure 1n).

The rats responded by sniffing/ rearing to each novel odor stimulus, and when the odors were
repeatedly presented, the rats showed a decrease in responding to the odor stimulus. Two-way
ANOVA revealed a significant effect of the treatment factor [F (2, 15) = 164.4, p < 0.0001], and
time factor [F (9, 135) =126.3, p <0.0001], and a significant interaction [F (18, 135) =8.949, p <
0.0001] in sniffing/ rearing frequency (Figure 10). A post hoc analysis indicated that rearing/
sniffing frequency was significantly decreased in the NAMT group as compared to the OH group.
Rather in the AMT group, rearing/ sniffing frequency was significantly increased as compared to
the OH group. Two-way ANOVA revealed a significant effect of the treatment factor [F (2, 11) =

52.97, p <0.0001], and time factor [F (9, 99) = 248.5, p < 0.0001], and a significant interaction [F



(18, 135) = 8.949, p < 0.0001] in rearing time. A post hoc analysis showed a significant decrease
in rearing time in both the NAMT and AMT groups as compared to the OH group (Figure 1p).
The amount of decrease in rearing time in the AMT group was more than in the NAMT group
especially when social odor was presented. When predator odor was presented, rearing or rearing/
sniffing activities were compeletly suppressed in all groups and no sizeable difference was
observed between them. Additionally, two-way ANOVA revealed a significant effect of the
treatment factor [F (2, 11) = 20.09, p = 0.0002], and time factor [F (9, 99) = 11.45, p < 0.0001],
and non significant interaction [F (18, 99) = 0.7837, p = 0.7143] in grooming frequency (Figure
1q). Also, two-way ANOVA revealed a significant effect of the treatment factor [F (2, 11) =12.00,
p = 0.0017], and time factor [F (9, 99) = 85.45, p < 0.0001], and a significant interaction [F (18,

99) =2.114, p=0.0103] in grooming time (Figure 1r).

Habituation to novelty undermines the effects of morphine tolerance on neurogenesis in the

adult hippocampus

To understand how habituation to novelty affects morphine tolerance plasticity, Ki67 and DCX
immunohistochemistry was used to assess adult hippocampal neurogenesis under tolerance x
habituation conditions (Figure 2). For this, habituation to a novel context was established on
animal morphine tolerance models including both AMT and NAMT. Statistical analysis (one-way
ANOVA followed by the Tukey’s post hoc test) of cell proliferation measures under tolerance x
novel context habituation revealed a significant effect of the treatment factor between groups (d)
[F (9, 50) = 8.231; n = 6; p < 0.0001], (e) [F (9, 50) = 16.74; n = 6; p < 0.0001], (h) [F (9, 50) =

7.220; n = 6; p <0.00017, (i) [F (9, 50) =9.706; n = 6; p < 0.0001]. A significant decrease in the



number of Ki67+ cells was observed in the dH, 24 hrs after the OFH as compared to the control
group (Figure 2h, i). The number of Ki67+ cells in the vH and DCX+ neuroblasts in both the dH
and vH was increased after AMT as compared to the non-habituated control group (Figure 2e, 1).
The number of Ki67+ cells was decreased in the vH of NAMT rats that underwent OFH as
compared to the non-habituated morphine-tolerant rats and the number of DCX+ neuroblasts was
decreased in both the dH and vH of both NAMT and AMT rats that underwent OFH as compared
to the non-habituated morphine-tolerant rats (Figure 2h, i), indicating a reduction in further
neuronal differentiation in morphine tolerant rats as a result of the new environment

familiarization.

Statistical analysis (one-way ANOVA followed by the Tukey’s post hoc test) of cell proliferation
measures under tolerance x odor habituation revealed a significant effect of the treatment factor
between groups (f) [F (9, 50) =5.066; n=6; p <0.0001], (g) [F (9, 50) =18.74; n=6; p < 0.0001],
() [F (9, 50) = 8.894; n = 6; p < 0.0001], (k) [F (9, 50) = 14.11; n = 6; p < 0.0001]. A significant
decrease in the number of Ki67+ cells was observed in the vH (p < 0.001, Figure 2j, k) 24 hrs after
the OH as compared to the control group. The number of Ki67+ cells was significantly increased
in the vH of AMT rats as compared with the AMTC (p < 0.01, Figure 2k). The number of Ki67+
cells was decreased in the vH of AMT rats that underwent OH as compared to the non-habituated
morphine-tolerant rats and the number of DCX+ neuroblasts was decreased in the dH of NAMT
rats and in both the dH and vH of AMT rats that underwent OH as compared to the non-habituated
morphine-tolerant rats (p < 0.05, Figure 2k, f, g), indicating a decrease in further neuronal

differentiation in the dH and vH of associative morphine tolerant rats due to the scent habituation.

Habituation to novelty dissipates the effects of morphine tolerance on dendritic remodeling

in neurons of the hippocampus



To explore the effects of habituation to novelty on the density of dendritic spines after tolerance
to the analgesic effects of morphine, habituation to a novel context was established on animal
morphine tolerance models including both AMT and NAMT (Figure 3). Statistical analysis (one-
way ANOVA followed by the Tukey’s post hoc test) of mean values of dendritic spine density of
apical dendrites of CAl pyramidal neurons and dentate granule cells of the dH and vH under
tolerance x novel context habituation revealed no significant effect of the treatment factor between
NAMT groups (c) [F (9, 50) = 1.690; n=6; p=0.1163], (d) [F (9, 50) = 1.664; n=6; p=0.1231]
and a significant effect of the treatment factor between AMT groups (¢e) [F (9, 50) = 5.851; n = 6;
p < 0.0001], (f) [F (9, 50) = 7.003; n = 6; p < 0.0001]. A significant increase in the number of
dendritic spines in vCA1 was observed after AMT as compared to the AMTC group (p < 0.01,
Figure 3f). The number of dendritic spines in the vCAl and dDG of AMT+OFH group was
significantly reduced as compared to the AMT group (p < 0.01, Figure 3e, f). Statistical analyses
(one-way ANOVA followed by the Tukey’s post hoc test) of mean values of dendritic spine
density of apical dendrites of CA1 pyramidal neurons and dentate granule cells of the dH and vH
under tolerance x odor habituation revealed a significant effect of the treatment factor (h) [F (9,
50) = 3.084; n = 6; p=0.0051], (i) [F (9, 50) = 4.884; n=6; p=0.0001], (j) [F (9, 50) =5.857; n
=6; p < 0.0001], (k) [F (9, 50) = 9.263; n = 6; p < 0.0001. Further, the number and density of
dendritic spines in the dCA1 of the NAMT+OH group were increased as compared to the NAMT
group (P < 0.05, Figure 5i) .A significant increase was observed in the number of dendritic spines
in both the vCA1 (p <0.01) and vDG (p < 0.05) after AMT as compared to the AMTC (Figure 3j,

k), which was significantly reduced after OFH (p < 0.01, AMT vs. AMT+OFH, Figure 3e, f).

The effects of habituation to novelty on changes in the morphology of dendritic spines after

tolerance to the analgesic effects of morphine were investigated (Figure 4). Statistical analysis



revealed a significant effect of interaction factor (a) [F (12, 100) =4.011, p < 0.0001], (b) [F (12,
100) = 2.841, P=0.0022], (c) [F (12, 123) = 5.291, p < 0.0001], (d) [F (12, 100) = 4.730, p <
0.0001], (e) F (12, 100) =9.231, p <0.0001], (f) [F (12, 100) = 5.888, p <0.0001], (g) [F (12, 111)
=9.284, p < 0.0001], (h) [F (12, 100) = 6.446, p < 0.0001]. The post hoc analysis showed a
significant reduction in the number of stubby and filopodia-type dendritic spines in the dCA1 and
in the number of Stubby and thin-type dendritic spines in the vCA1 and vDG due to habituation to
anovel context after AMT (p < 0.05, Figure 4a, b, d), and a significant reduction in the number of
stubby-type dendritic spines in vCA1 due to habituation to odors after AMT (p < 0.05, Figure 4f).
A significant reduction in the number of stubby and filopodia-type dendritic spines in the dCA1
(p <0.05, Figure 4a) and in the number of thin-type dendritic spines in the vCA1 (p < 0.05, Figure
4b) were observed due to habituation to a novel context. A significant increase in the number of
mushroom-type in the vDG due to habituation to a novel context (p < 0.05, Figure 4d) and in the
number of thin-type dendritic spines in the dDG due to habituation to odors (p < 0.01, Figure 4g)
were observed after NAMT. A significant reduction in the number of thin-type dendritic spines in
the dDG (p < 0.05, Figure 4g) and a significant increase in the number of mushroom-type dendritic
spines in the vDG and dDG (p < 0.05, Figure 4g, h) were observed due to habituation to odors

after AMT.

Habituation to novelty moderates the effects of morphine tolerance on pro-plasticity

molecules in the hippocampus

In order to investigate the effect of habituation on the pro-plasticity molecules after tolerance to

the analgesic effects of morphine, habituation to a new environment was established in animal



morphine tolerance models including both AMT and NAMT (Figure 5). Statistical analysis
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[2, 3]. Neurobiological mechanisms underlying the initiation and development of opiate tolerance
remain still elusive, preventings the discovery of effective methods to alleviate unremitting pain.
By measuring neurogenesis, dendritic plasticity, and pro-plasticity molecules in the dH and vH

under tolerance x habituation conditions, our study provides, to the best of our knowledge, first
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different odors attenuates the durable effects of morphine tolerance throughout mechanisms
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Herein, habituation to novelty was characterized by the evaluation of the exploratory behavior and
general activity of the rats when they are exposed to a novel context or to novel odors. Rearing,

rearing/sniffing, and grooming exhibited by the rats were quantified to measure exploratory

behavior. [n novel environments, animals may exhibit increased grooming as a stress-associated

behavior. ’While control animals have been housed in their cage for the entire experiment, the

experimental group was trained during three sessions of 15 min each for OFH, or 2 hs only once

for OH, Besides habituation, animals exposed to the open field may also get stressed. In fact, the

time spent grooming increased upon sessions. The stress (by measuring time freezing or defecation
frequency) as a co-factor affecting neurogenesis did not rule out in this study. A corollary is that
the driving factor underlying these changes is not in fact non-associate learning, but other factors
may be involved. Changes in grooming patterns over time can provide insights into the emotional
state and adaptation of the animals to the OF arena. Other than grooming, being a more subtle and
nuanced behavior, distance traveled measurements provide additional information about the
emotional state of the animals. Thus, the distance traveled by each animal during sessions was also
measured to characterize habituation to the arena. Moreover, sniffing frequency or time is a better
proxy of habituation than rearing or grooming. Since, during the course of our experiments, we
encountered a technical limitation to discriminate rearing from sniffing, the quantification of
rearing/sniffing was summed. Again and again the rats exhibited a combination of both variables,
making it difficult to segregate rearing from sniffing, accurately. Additiosnally, we observed that

the rats frequently touched the swab during rearing/sniffing.

Analysis of immunohistochemistry images indicated an impaired neurogenesis in the dH and vH
in response to OFH and OH, respectively. Both the CON and habituated groups of animals were

produced, housed and manipulated identically. The difference was that while the CON animals
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remained all the time in their cages, the habituated group underwent habituation to an open field
arena or to an open field arena containing a swab with different odors. Thus, the actual difference

between both experimental groups was the manipulation done. [Despite such manipulation could

have led to habituation, it is still impossible to know whether the observed phenotype is the
consequence of habituation, stress, the novelty represented by the behavioral paradigms or
something else. [n other words, we cannot claim neither that the observed differences are just due

to habituation nor that the habituation contributes to them.

[In this study, the THC procedures, including antigen retrieval, blocking, and antibody incubation

were standardized across all groups. The antibodies used for DCX and ki67, were validated for the

specific applications and species. The staining protocol for each antibody was optimized to achieve
consistent and reliable results. Quality control checks were regularly performed on reagents,
including DAB solution, and any expired or degraded components were regularly replaced.|

It may seem hard to believe a dramatic decrease of ki67+ cells in the vH solely as a consequence
of a 2-hs odor habituation task. One may think that a labeling for ki67 that is not restricted to the
SGZ, but spread out to other non-neurogenic regions. Here, we specifically targeted neurogenic
regions within the DG, namely the SGZ and hilus. We found that exposure to female urine odor
and predator odor moves the defective neurogenesis in adult rats, just like the study that indicates
social odors as the stressful stimulus (and not habituation) drives the impairment of neurogenesis
in adult monkeys [43]. Herein we tried to link the changes in cell proliferation and neurogenesis
to non-associative learning. It has shown that acute exposure to the synthetic predator odor 2,5-
dihydro-2,4,5-trimethylthiazoline (TMT) evokes comparable behavioral and physiological
responses in male and female Wistar rats, but reduces pCREB and pERK in the hippocampus of

male, but not female rats [44], and also in male rats did not alter the number of BrdU-positive cells
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in the hippocampus [45]. Thus, the decrease in ki67 labeling and DCX labeling in these
experiments (both habituation paradigms) is most likely driven by acute stress, maybe it is not
linked to learning. Rats are often habituated to novel contexts prior to behavioral testing, for
numerous reasons, but prominently to reduce the acute stress of transport, handling and being
placed in a large open arena which can be stressful for the animals. It is widely accepted and
supported by extensive experimental evidence that adult neurogenesis in the DG can be up
regulated by novel experience or physical exercise while it is down regulated under sensory
deprivation or stress conditions. Thus, having found diminished neurogenesis in animals trained
to become habituated to a new environment, regarding those living in more environmentally

restrictive conditions, seems somewhat conterintuitive and difficult to explain.

DCX+ cells were down regulated after OFH or OH. DCX is a marker that begins to be expressed
at the very early stages of neural differentiation and lasts several weeks after fading before final
maturation. Therefore, the DCX+ cell population is composed of several cell cohorts that are
continuously added to the pool of neuroblasts, thus generating a relatively abundant subset
population of cells. In these regards, the two or three-fold diminish in the number of all DCX+
cells observed after training is inconsistent with this cell dynamics, because the number of cells
incorporated to the pool during this short habituation period of time is comparatively small in
regards to the whole population. Moreover, there was an important decrease among the DCX+cells
that have already developed dendritic arborization. To reach this stage of differentiation the cell
requires several days, so it is unlikely that the OFH or OH performed briefly and some hours before
could account for such an effect. Experience-dependent dendritic spine plasticity on the order of
minutes has been shown in a variety of learning tasks [25]. In this study, quantification of dendritic

remodeling along apical dendrites of hippocampal CA1 pyramidal neurons and dentate granule cells in



the dH and vH showed a decrease in the density of dendritic spine in both dCA1 and dDG after OFH, and
in both vCA1 and vDG after OH. Exploring dendritic spines taxonomy and quantification of the
density of the most notable spine morphological classes showed an increase in the density of thin-
type dendritic spines and a decrease in the density of mushroom-type dendritic spines along apical
dendrites of hippocampal CA1 pyramidal neurons and dentate gyrus granule cells in both the dH and
vH after OH, and also a decrease in the density of mushroom-type dendritic spines along apical
dendrites of both cell types in the dH after OFH. The differential effect of habituation to odors on
two types of dendritic spines on apical dendrites of both cell types in the dH and vH implies the
same plasticity rule that adapts processing and computational capacity of the hippocampal CA1
and DG to the ongoing information flow related to new environmental conditions. Just like odor
habituation, a significant decrease in the density of mushroom-type dendritic spines on apical
dendrites of both cell types was observed in the dH after OFH. Our findings showed similar effect
of both types of habituation task on the mushroom-type dendritic spines and their differential

effects on the thin-type dendritic spines in the hippocampus.

Memory formation plays a crucial role in connecting structural changes with the activities [52].
The learning and memory theories are established on experience-induced physical changes in
synaptic structure as engrams creation [53]. The hippocampal structural neuroplasticity is
regulated by neurotrophin levels such as BDNF [22, 23, 46]. We performed real-time RT-PCR to

figure out whether there was a change in \BDNF, TrkB, Rac-1 and RhoA mRNA levels in the

hippocampus following habituation paradigms. We observed a significant decrease in BDNF
mRNA levels after OH in both the dH and vH, suggesting that hippocampal BDNF might not be
required in the habituation to novelty, a process which is indeed known to be mainly mediated by

cortical regions [47]. Accordingly, we here found that BDNF is unaltered after OFH in both areas,
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but TrkB mRNA levels are increased in the dH following OFH suggesting a potential activation
of the BDNF downstream signaling only after odor stimuli, highlighting its involvement in the
acquisition of habituation with odor stimuli, and not in the habituation to a novel context, as shown
by the unchanged levels of TrkB in both dH and vH after OH. Future studies aimed at clarifying
the roles of pro-plasticity molecules in non-associative plasticity will provide new insights into

neurobiological mechanisms of non-associative memory in the hippocampus.

The dramatic depletion of neuroblasts and actively cycling cells (neural precursors) we reported
in habituated animals, are difficult to explain and understand. After a unique 2 hours-session of
odor habituation, Ki67+ cells were dropped to less than 20% of the CON group in the vH while
the DCX+ cells were dropped to 40%. The relationship between habituation and DCX expression
is likely complex and multifaceted. Habituation may impact not only the generation of new
neurons but also the maturation and integration of existing neurons in response to the habituating
stimulus. The dynamics of DCX+ cell populations typically involve continuous replenishment
over several weeks. For a habituation paradigm lasting three days, it's plausible that the neural
circuits involved in processing the habituating stimulus undergo structural and functional changes,
including alterations in the number and morphology of neurons expressing DCX. Hippocampal-
dependent memory is able to increase hippocampal neurogenesis most often through cell survival
rather than proliferation [48, 49, 50, 51]. It is thought that learning-induced increases in cell death
are associated with spatial abilities; for example, rats whose numbers of dying cells are the highest
have the best memory performances [50]. Because we did not check for apoptotic markers, we
cannot provide evidence connecting a decrease in the number of proliferating cells to apoptosis.
There is also evidence that training on various learning tasks does not affect the number of new

neurons in the hippocampus [52] or even decreases it [53].



The observed decrease might also be influenced by the specific experimental conditions, such as the study
duration, environmental factors, or methodological variations. Differences in handling, animal models, or
cell culture conditions could impact the outcomes. Various factors including stress, inflammation, or
changes in the microenvironment, can affect neurogenesis. Assessing these external influences and their
impact on DCX+ cells is essential for a complete interpretation of the observed decrease. Unfortunately,
we didn’t treat animals with Brdu before starting experiment to target newborn cells and also we did not
use second antibody to target Ki67+ cells for checking DCX. Hence, we need additional experiments to
clarify the observed discrepancies and a deep knowledge of the relationship between habituation and DCX+
cell dynamics.

The effect of water on OH was similar to those of odors. Assuming that water has no odor (at least
for rats), then we should conclude that the observed habituation is not due to odor but to the swab
itself. So, conclusions about OH should be taken with care. Observation raised an important point
about the potential role of the swab itself in the observed habituation, and it's crucial to consider
this factor in the interpretation of the results. It's essential to consider various factors beyond
olfaction, such as tactile and other sensory cues. In the case of using swab, the overall experience
involves a combination of sensory inputs, and these non-olfactory factors can significantly
contribute to the habituation process. Tactile sensation and visual cues about swab are very
important and contribute to the overall sensory experience. With repeated exposure, the tactile
sensation may become more familiar, leading to habituation and animals may become desensitized
to visual cues through repeated exposure, leading to a decreased emotional and physiological
responses. Also, there is some cognitive appraisal, which can affect habituation. Future studies
with different swab types, sizes, or materials will disentangle the effects of the swab from the

effects of the odor.



Adhere to new insights into how the dysregulation of hippocampal neurogenesis by opioids can
modify learning, memory, and affects [54, 55, 56], we have previously reported that conditioned
morphine tolerance was able to increase, the baseline topographic level of hippocampal
neurogenesis in adult rats [42]. To determine whether habituation affects morphine tolerance
plasticity, hippocampal neurogenesis was assessed under tolerance x habituation conditions. Here,
we indicated that habituation paradigms undermined the effects of morphine tolerance on adult
hippocampal neurogenesis in the dH and vH. The hippocampus shows an impressive capacity for
structural reorganization and remarkable neuroplasticity in reponse to novel environments and
opioid exposure [29, 57]. It has been shown that NMDA receptor blockade in the dH impairs
extinction of naloxone-precipitated conditioned place aversion in acute morphine-treated rats and
morphine regulates adult neurogenesis and contextual memory extinction [58, 59]. It seems that
the habituation to a novel context induces negative regulation on morphine-context association-
potentiated adult hippocampal neurogenesis. It is thought that learning-induced increases in cell
death are associated with spatial learning ability [60]. We also still need to address how habituation

influences the neurogenic region of the hippocampal DG in morphine tolerant rats.

We have already shown that morphine tolerance was able to trigger the hippocampus subregion-
specific changes in the dendritic remodeling on the apical dendrites of hippocampal CA1 pyramidal
neurons and dentate granule cells in adult rats [42]. In this study, by exploring dendritic spines
taxonomy and quantification of the density of the most notable spine morphological classes under
tolerance x habituation conditions, we found a significant reduction in the number of stubby and
thin-type dendritic spines in the vCA1l and vDG due to habituation to a novel context, in the
number of stubby-type dendritic spines in vCA1 and in the number of thin-type dendritic spines in

the dDG due to habituation to odors as well as a significant increase in the number of mushroom-



type dendritic spines in the vDG and dDG due to habituation to odors were observed after AMT.
The number of mushroom-type dendritic spines in the vDG due to habituation to a novel context
and the number of Thin-type dendritic spines in the dDG due to habituation to odors were increased
after NAMT. The number of stubby and filopodia-type dendritic spines in the dCA1 was reduced

due to habituation to a novel context after both AMT and NAMT.

The differential effect of habituation to a novel context or to odors on different types of dendritic
spines on apical dendrites of hippocampal neurons in the dH and vH after NAMT and AMT implies
the involvement of the same plasticity rule that adapts processing and computational capacity of
the hippocampal CA1 and DG to the ongoing information flow related to morphine experience.
Our findings show a similar effect of habituation to a novel context after both types of morphine
tolerance on the stubby and filopodia-type dendritic spines in the dCA1 and their differential
effects on the stubby-type, thin-type and mushroom-type dendritic spines in the dH and vH after
each two types of morphine tolerance. In other words, the dH and vH may employ different
computational models in the DG-CA3-CAlcircuit for the two types of morphine tolerance. A
significant decrease in the number of thin-type dendritic spines in the hippocampus has been
shown after morphine pairing with environmental cues [ 30]. Further studies with such approaches
can help scientists in differentiating the role of dendritic spines density, geometry, and spine
apparatus organization [61] in hippocampal neuroadaptations and understanding them better, may

support the treatment of opioid abuse and addiction.

Learning and memory theories are based on experience-induced physical changes in synaptic
structure [62, 63]. Structural neuroplasticity of the hippocampus in the form of neurogenesis and
dendritic remodeling is regulated by neurotrophin levels such as Bdnf [64] and Bdnf mRNA

expression [22, 23]. We have already outlined that the AMT was able to change Bdnf and RhoA



mRNA levels in the vH [42]. In this study, we performed real-time RT-PCR under tolerance x
habituation conditions to figure out whether there was a change in Bdnf, Trkb, Rac-1 and RhoA
mRNA levels in the hippocampus due to habituation paradigms following morphine tolerance. We
observed significant differences in Bdnf, Trkb and Racl mRNA levels under tolerance x
habituation condition between NAMT groups. These findings suggest that the Bdnf downstream
signaling was activated only after NAMT, highlighting its involvement in the acquisition of
NAMT, and not in the AMT. An increase in RhoA mRNA levels in the hippocampus has been
reported after morphine conditioning [30]. Future studies aimed at clarifying the roles of pro-
plasticity molecules in the habituation-induced regulation of nonassociative and associative
plasticity will provide new insights into neurobiological mechanisms of aberrant memory

extinction.

CONCLUSIONS

Opioid use leads to life-threatening problems, The opioid analgesic tolerance is a pharmacological

phenomenon that could affect the clinical use of opioid analgesics. The psychological and physical
dependence are the main causes of continuous and uncontrollable use of opioids, which leads to
addiction. It seems that this phenomenon along with the need to continuously increase the amount
of the drug to relieve the symptoms of physical dependence and eliminate the desire for the drug
is the beginning of the substance use disorder. Hence, understanding lasting changes associated
with chronic opiates in neural cells and circuits as well as inventing methods and protocols to
amend these changes can help to solve this problem. The structural neuroplasticity of the
hippocampus we describe here may underlie morphine-associated aberrant plasticity and
memories. Together these findings suggest potential restorative effects of habituation protocols on

the hippocampal plasticity associated with chronic opiates and address the possibility of
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eliminating limitation in the clinical use of opioid analgesics as well as shed light on new

therapeutic avenues and potential advancements in the treatment of opioid abuse and addiction.
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Figure Legends

Fig. 1 Experimental timeline: (a, ¢) Habituation to a novel context (OFH) or to odors (OH) was
established on AMT model. (b, d) OFH or OH was established on NAMT model. AMT established

on the sixth morphine injection (the thirteenth day) in the morphine-paired environment. NAMT,



non-associative morphine tolerance; AMT, associative morphine tolerance; OH, odor habituation;
OFH, open field habituation. (e, g) Analgesic effect of morphine (4 mg/kg) was decreased on day
8" after consecutive daily injections. Behavioral comparisons in the open field test. (i) Rearing
frequencyand (1) Rearing time decreased was observed in OFH and OFH following AMT . (j)
Grooming frequency, (n) Traveled distance and (k) velocity was similar in all group, (m)
Grooming time increase in OFH following AMT. The graphs show the change in the rearing and
grooming behaviors in 5-minute intervals after presenting 5 different aromatic extracts in the OHT
following AMT and NAMT. (o) Rearing frequency and (p) Rearing time (q) Grooming frequency
and (p) Grooming time. Data were analyzed using one-way ANOVA. Data are represented as mean
+ SD; *p < 0.05, **p < 0.01, ***p < 0.001 all groups vs. control. *#p < 0.0001 AMT+OH vs.

NAMT+OH.

Fig. 2 Habituation to a novel context or to odors undermines the effects of morphine tolerance on
adult hippocampal neurogenesis. (a) The experimental timeline for OFH, OH, AMT, and NAMT
combined with OFH or OH. (b) Schematic representation of immunohistochemistry staining of
tissue sections 24 hours after OFH or OH. (c) Representative coronal hippocampal sections that
are 3,30-diaminobenzidine (DAB) immunostained for Ki67 and DCX in the dH and vH. Ki67-
labeled progenitor cells were defined as dark granules with an irregular shape. The arrows indicate
Ki67-labeled cells. (d,e, f, g) Quantification of DCX-labeled cells and (h, i, j, k) Ki67-labeled
progenitor cells following DAB immune-staining within the SGZ, GCL and hilus of the dH and
vH. Measurements were performed on 3 to 4 sections/animal (n = 6 per group) using a 40x
objective lens. An overall significant difference was found between groups. Data were analyzed
using one-way analysis of variance. Data are represented as mean + SD; *p < 0.05, **p < 0.01,

**%p < 0.001. Scale bar represents 100 um. Images were taken at magnifications of 40. NAMT,



non-associative morphine tolerance; AMT, associative morphine tolerance; OH, odor habituation;
OFH, open field habituation. DCX, doublecortin; DG, dentate gyrus; GCL, granular cell layer;

SGZ, subgranular zone.

Fig 3 Habituation to a novel context or to odors dissipates the effects of morphine tolerance on
dendritic remodeling in hippocampal neurons. (a) The experimental timeline for OFH, OH, AMT,
and NAMT mingled with OFH or OH. Representative example of CA1 pyramidal cells stained
with the Golgi technique. This neuron has been reconstructed and drawn with the help of
NeuroLucida software. The apical dendrite displayed smaller spines. The parts of the dendrite on
which dendritic spines are shown were used to measure the density of spines. Representative high
magnification images of apical dendrites bearing spines stained with the Golgi method (b, g) in
CA1 and DG for different groups. (c, d) Spine dencity in CA1l and DG under NAMT x OFH
condition. (e, f) Spine dencity in CA1 and DG under AMT x OFH condition. (h, i) Spine dencity
in CA1 and DG under NAMT X OH condition. (j, k) Spine dencity in CA1 and DG under AMT x
OFH condition. Five individual neurons were reconstructed for each animal in all groups (n = 6).
For each neuron, five segments 120-160 um away from the soma were analyzed. Data are shown
as number of spines/10 um dendrite. Data are represented as mean + SD; *p < 0.05, **p < 0.01,
**%p < 0.001. Scale bar represents 5 um . Images were taken at magnifications of 100 and 1000.
NAMT, non-associative morphine tolerance; AMT, associative morphine tolerance; OH, odor

habituation; OFH, open field habituation; DG, dentate gyrus.

Fig 4 Quantification of the density of the most notable spine morphological classes in the dH and
vH after NAMT and AMT combined with OFH (a- d) and OH (e-f). Data were analyzed using
two-way analysis of variance. Data are represented as mean = SD; P < 0.05 AMT+OFH or OH

vs. AMT, *P < 0.05, **P < 0.01 NAMT+OFH or OH vs. NAMT, # p < 0.05, # p < 0.01, ## p<



0.001 NAMT or AMT+OFH or OH vs. OFH or OH , * p < 0.05, NAMT+OFH or OH vs.

AMT+OFH or OH.

Fig 5 Quantitation of BDNF, TrkB, Racl and RhoA mRNA levels in the dH and vH after NAMT
and AMT combined with OFH or OH. Levels of BDNF, TrkB, Racl and RhoA mRNA were
normalized against housekeeping gene tubulin-a cDNA in the corresponding samples, and analysis
was performed using the 2- TAAC method. Data were analyzed using Kruskal-Wallis followed by
Tukey’s post hoc test. Statistical analyses revealed significant differences in (c) Bdnf [n = 6; P=
0.0003], (e) Trkb [n= 6; P <0.0001], and (i) Rac! mRNA levels [n = 6; P=0.0029]. No Significant
differences in BDNF, TrkB, Racl and RhoA mRNA were found between AMT groups (b, f,j, n
or d, h, i, p). Data were analyzed using Kruskal-Wallis followed by Tukey’s post hoc test. *p <

0.05, **p < 0.01 NAMT vs. NAMT+OH, or vs. NAMT+OFH



