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Abstract: The nucleus accumbens shell (NAcSh) is a major structure associated with distinct aspects
of reward and mnemonic information encoding, relying on spatial data to define optimal behavioral
strategies. Chronic pain-derived striatal plasticity is considered one underpinning cause of working
memory (WM) impairments. However, it is unclear how the NAcSh is involved in these spatial
deficits. To address this, we evaluated the impact of unilateral local NAcSh electrical lesions during
the execution of a food-reinforced eight-shaped spatial alternation WM task. Behavioral performance
was assessed in rats after the onset of the neuropathic pain model—spared nerve injury (SNI). Our
findings indicate that the induction of SNI and/or NAcSh lesions did not significantly impact the
animals’ performance accuracy or motor activity during the execution of the behavioral task, but
altered their response latency patterns. In addition, these manipulations did not induce significant
antinociceptive effects. Collectively, these results suggest that the NAcSh may participate in specific
aspects of spatial information integration and processing under neuropathic pain conditions.
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1. Introduction

The nucleus accumbens shell area (NAcSh) plays a pivotal role in reinforcement
learning, emotional processing, and nociceptive information encoding [1–6]. Due to its
strategic position, the NAcSh acts as a hub connecting limbic, prefrontal, and motor regions,
shaping reward-directed behaviors through spatial information [7–10]. Despite several
conceptualizations, we still lack a comprehensive understanding of how the disruption of
the NAcSh area by pain leads to spatial working memory (WM) deficits.

Imaging studies have revealed distinct connectivity clusters in the nucleus accumbens
(NAc) during nociceptive information processing [11,12]. Preclinical research has also
indicated that suppression of local activity via lidocaine infusion [13] and concurrent
suppression of dopamine (DA) receptor 2-expressing neurons and activation of NAc DA
receptor 1-expressing neurons [14,15] reduce allodynia and neuropathic behaviors. The
observed alterations in local NAcSh excitability during neuropathic pain provide evidence
of this region as a hallmark in both ascending and descending pathways, establishing a
robust correlation between NAcSh activity and pain-related behaviors [16].

Persistent pain conditions, including neuropathic pain, are characterized by a hypo-
DAergic state and compromised NAc integrity [17,18]. This condition not only compro-
mises the role of the NAcSh in supporting cortical networks but also impedes the efficient
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encoding of mnemonic information [3,19]. The DAergic drive from mesolimbic areas di-
rectly regulates NAc activity, influencing the maintenance of spatial WM information to
plan forthcoming goal-directed actions [20]. NAcSh manipulation using glutamatergic
NMDA and non-NMDA receptor antagonists has resulted in impairments of spatial infor-
mation acquisition and a reduction in exploratory behavior [21]. Additionally, abnormal
increases in local NAcSh activity are correlated with alterations in spatial WM and pain
information processing [19]. FMRI imaging uncovered distinct chronic pain-induced con-
nectivity changes between the NAc and prefrontal cortical areas during cognitive demand,
which are considered one underlying factor regarding WM impairments [11,13,19,22].

Despite significant strides in understanding the neurophysiological aspects of the
NAcSh, especially in response to noxious stimuli, a comprehensive insight into how neu-
ropathic pain specifically impacts this accumbal subregion and its associated cognitive
functions remains elusive. This study aims to bridge this gap by investigating the role
of the NAcSh in spatial information encoding and how its functionality influences the
manifestation of pain-related WM impairments. To investigate this hypothesis, we induced
unilateral lesions in the NAcSh area to evaluate their impact on behavioral accuracy while
rats perform a classical food-reinforced eight-shaped spatial alternation task.

2. Materials and Methods
2.1. Animal Model

Eighteen adult male CD rats weighing between 250 and 300 g (strain 001, Charles River
Laboratories, Saint-Germain-Nuelles, France) were used for the behavioral procedures.
The rats were housed in individually ventilated cages (four animals per cage) under a
12 h light/dark cycle (lights on at 8:00 a.m.), with temperature (22 ± 2 ◦C) and humidity
(55 ± 5%) controlled using a double decker IVC (Tecniplast, Varese, Italy). Prior to any
experimental procedures, the rats underwent habituation to the experimenter and handling
protocol. Training and behavioral sessions occurred approximately at the same time during
the light period. Throughout the experiments, rats were maintained on a food deprivation
protocol (90–95% of their ad libitum feeding body weight) with free access to water. Their
weight was monitored every 2 days and compared with the standard growth curve for
CD rats (Charles River Laboratories, Saint-Germain-Nuelles, France). All efforts were
made to minimize animal suffering and reduce the number of animals used in this study.
The sample size was pre-estimated based on previously conducted experiments in the
laboratory and published research.

2.2. Surgical Procedures
2.2.1. Electrical Lesion of the NAcSh

The NAcSh lesion was performed using a custom bipolar electrode consisting of two
stainless steel Teflon-coated filaments (Cat. no. 791600, A-M Systems Inc., Sequim, WA,
USA) intertwined, with a total outer diameter of 100–130 µm. Briefly, rats were anes-
thetized with a ketamine/medetomidine mixture (75 and 0.5 mg/kg, respectively, I.P.).
The depth of anesthesia and muscular paralysis were assessed through regular testing
of corneal blink, hindpaw withdrawal, and tail-pinch reflexes. Rats were secured in a
stereotaxic frame using ear bars, and the skull was exposed and cleaned using hydrogen
peroxide. A hole was bored in the skull to allow for the insertion of the bipolar elec-
trode. The electrode was mounted in the holder of a hydraulic micropositioner (FHC Inc.,
St. Bowdoin, ME, USA) and gradually driven (250 µm/min) into the NAcSh region. The
following stereotaxic coordinates relative to the bregma point were used to target the
electrode: anterior–posterior (AP): +[1.6–1.8] mm, medial–lateral (ML): ±[0.4–0.9] mm, and
dorsal–ventral (DV): −[6.7–7.0] mm [23]. After reaching the final location, the electrode
was held immobile for 10 min before initiating the stimulation protocol, which consisted
of electrical pulses of 20 µA at 0.5 Hz for 20 s. Following the lesion, the electrode was
kept immobile for an additional period of 5 min before withdrawal. The NAcSh lesions
were performed unilaterally and counterbalanced between brain hemispheres across rats.
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The control rats underwent an identical protocol, excluding the electrical lesion. After
surgery, analgesic ketoprofen (5–10 mg/kg) and antibiotic enrofloxacin (5 mg/kg) diluted
in a 1/10 ratio with NaCl 9% (w/v) solution were administered subcutaneously every 24 h
for 3–5 days. Rats were allowed to recover for a minimum of 7–10 days before behavioral
testing sessions began, and their overall health status was monitored daily.

2.2.2. Neuropathic Pain Model

The spared nerve injury method (SNI) [24] was performed immediately after the
surgical protocol for the NAcSh lesion. Briefly, the tibial and common peroneal nerve
branches of the sciatic nerve plexus were ligated and a portion of 2–4 mm was axotomized,
while the sural nerve branch remained intact. Rats were assigned to the SNI group (n = 10) or
the control Sham group (n = 8). The Sham procedure replicated the same skin incision and
muscle dissection but without nerve lesion. The peripheral nerve lesions were performed
counterbalanced between the left and right hindpaws, contralateral to the NAcSh lesion.

2.3. Experimental Design and Behavioral Procedures
2.3.1. Spatial Alternation Task

Rats were tested in an eight-shaped arena composed of two reward locations, based on
a previously described study [25]. The arena comprised a 90 × 60 cm total area, with 15 cm
wide corridors and 30 cm high opaque walls. During training, rats initiated their journey
in the center and navigated alternately (left or right) to each of the two reward locations to
obtain a sucrose pellet (Figure 1a). To successfully earn a pellet, the rats were required to
choose one of the reward locations, follow a trajectory opposite to their approach, return
to the center, and then proceed to the other reward location without retracing corridors
(termed correct alternation). Failure to cross the central corridor or consecutive returns
to the same reward location resulted in no sucrose pellet dispensation (considered an
error). The OpenControl software (version 1.0) [26] was adopted to control the sucrose
pellet dispensers based on the navigation pattern recorded. Throughout this study, three
different navigation zones were considered: the “choice zone”, corresponding to the end
of the delay zone and the zone preceding the reward locations; the “reward zone”, the
zone where the animal receives the reward pellet for a correct alternation; and the “delay
zone”, corresponding to the navigation trajectory that mediates the navigation between
the previous and prospective response. Additionally, for further behavioral analysis, a
“decision point” was considered to be defined as the transition limit between the delay
and choice zones. The learning phase spanned 10 days with daily sessions lasting 12 min
each. Only rats with a rate of 80% or higher of correct trials in the last three sessions
were selected to undergo surgical procedures. The animals were assessed during 2 daily
probe sessions on day 14, 21, and 28 post-surgery. The mechanical noxious threshold was
evaluated 1 h after the second daily probe session (see details below). A schematic timeline
on the behavioral experiments and experimental design is illustrated in Figure 1b.

2.3.2. Evaluation of Peripheral Mechanical Pain Responses

The sensory threshold for noxious mechanical stimulation was evaluated 1 h after the
end of every behavioral testing day using von Frey filaments (Somedic, Sösdala, Sweden).
The traditional Dixon up–down method with filaments of logarithmically incremental
stiffness (8, 11, 12, 14, 18, 23, 38, 49, and 53 g/mm2) was used to measure mechanical
hypersensitivity, as previously described [27]. Individual rats were placed in a Plexiglas
chamber with a mesh floor and allowed to acclimate for at least 10 min. The filaments
were applied to the somatotopic region of the sural nerve of both paws. The calculation
of fifty percent withdrawal thresholds followed established procedures, as previously
described [28].



Appl. Biosci. 2024, 3 286Appl. Biosci. 2024, 3, FOR PEER REVIEW  4 
 

 

 

Figure 1. The  learning curve of  the eight‐shaped spatial alternation working memory  task. (a) A 

schematic illustration of the correct trajectory of travel in the eight‐shaped maze to obtain a reward 

at the reward location. (b) A timeline of the experimental protocol. Each rat underwent a NAcSh 

lesion procedure or  sole electrode  insertion  (control) and was  subjected  to a Sham  treatment or 

spared nerve injury (SNI). Rats performed three behavioral probe sessions on days 14, 21, and 28 

post‐lesion. (c) A comparison of the navigation traces of a rat during days 2 and 9 of the training 

protocol. The rat navigates more efficiently to obtain reward pellets at the end of the learning phase. 

(d) The percentage of correct  trials and omissions per daily  testing session. The  shaded  regions 

denote the days for which early‐ (days 2–4, light gray) and late‐phase (days 8–10, light gray) learning 

curve analyses were performed. The percentage of correct trials for all rats increased significantly 

from  the  early  phase  to  the  late  phase  in  learning  (central  panel; W  =  171,  p  <  0.001),  and  the 

percentage of omissions decreased  (left panel; W  =  −169, p  <  0.001). Dashed  red  and gray  lines 

indicate 50% and 80% performance thresholds, respectively, which animals needed to surpass to 

qualify for the surgical interventions. (e) Reward side preference of correct trials performed. Rats 

did not exhibit significant preference for the left or right feeder location during learning (ks2 = 0.20, 

p = 0.975 (n.s.)). (f) The percentage of time spent in each navigation area during the performance of 

the eight‐shaped operant arena. Rats significantly decreased the time spent in the delay and choice 

areas (third and fourth panels; W = −117, p < 0.001; W = −169, p = 0.009, respectively) and increased 

the time spent in the reward location area (second panel; W = 167, p < 0.001). Comparisons between 

learning phases were conducted using a non‐parametric Wilcoxon matched‐pairs signed rank test 

(two‐tailed). The comparison of reward side preference distributions was based on the two‐sample 

Kolmogorov–Smirnov test (ks2) test. The analysis involved 18 rats, and the values are presented as 

mean ± S.D. Significance levels are denoted as ** p < 0.01 and *** p < 0.001. 

2.3.2. Evaluation of Peripheral Mechanical Pain Responses 

The sensory threshold for noxious mechanical stimulation was evaluated 1 h after the 

end of every behavioral testing day using von Frey filaments (Somedic, Sösdala, Sweden). 

The  traditional Dixon up–down method with filaments of  logarithmically  incremental 

stiffness  (8, 11, 12, 14, 18, 23,  38,  49,  and  53 g/mm2) was used  to measure mechanical 

hypersensitivity, as previously described [27]. Individual rats were placed in a Plexiglas 

Figure 1. The learning curve of the eight-shaped spatial alternation working memory task. (a) A
schematic illustration of the correct trajectory of travel in the eight-shaped maze to obtain a reward
at the reward location. (b) A timeline of the experimental protocol. Each rat underwent a NAcSh
lesion procedure or sole electrode insertion (control) and was subjected to a Sham treatment or
spared nerve injury (SNI). Rats performed three behavioral probe sessions on days 14, 21, and
28 post-lesion. (c) A comparison of the navigation traces of a rat during days 2 and 9 of the training
protocol. The rat navigates more efficiently to obtain reward pellets at the end of the learning
phase. (d) The percentage of correct trials and omissions per daily testing session. The shaded
regions denote the days for which early- (days 2–4, light gray) and late-phase (days 8–10, light
gray) learning curve analyses were performed. The percentage of correct trials for all rats increased
significantly from the early phase to the late phase in learning (central panel; W = 171, p < 0.001),
and the percentage of omissions decreased (left panel; W = −169, p < 0.001). Dashed red and gray
lines indicate 50% and 80% performance thresholds, respectively, which animals needed to surpass to
qualify for the surgical interventions. (e) Reward side preference of correct trials performed. Rats
did not exhibit significant preference for the left or right feeder location during learning (ks2 = 0.20,
p = 0.975 (n.s.)). (f) The percentage of time spent in each navigation area during the performance of
the eight-shaped operant arena. Rats significantly decreased the time spent in the delay and choice
areas (third and fourth panels; W = −117, p < 0.001; W = −169, p = 0.009, respectively) and increased
the time spent in the reward location area (second panel; W = 167, p < 0.001). Comparisons between
learning phases were conducted using a non-parametric Wilcoxon matched-pairs signed rank test
(two-tailed). The comparison of reward side preference distributions was based on the two-sample
Kolmogorov–Smirnov test (ks2) test. The analysis involved 18 rats, and the values are presented as
mean ± S.D. Significance levels are denoted as ** p < 0.01 and *** p < 0.001.



Appl. Biosci. 2024, 3 287

2.3.3. Anatomical and Histological Validation

After the end of the experiments, the rats were anesthetized using sodium pentobar-
bital (150 mg/kg, I.P.) and transcardially perfused with 0.1 M phosphate-buffered saline
(PBS) followed by paraformaldehyde (PFA) 4% (w/v) to evaluate the tissue extension of the
electric lesions in the NAcSh. The brains were collected, then fixed in PFA 4% for 4 h, and
stored in a sucrose 30% (w/v) solution mixed with sodium azide 1% (w/v) to prevent fungal
growth. The brains were sectioned into coronal 60 µm slices and further counterstained
with thionine to help identify the extension and location of the electrical NAcSh lesion.
Only rats with accurately identified NAcSh lesion extension and location were included in
subsequent analyses.

2.4. Data Analysis, Representations, and Statistics

Custom MatLab scripts were employed in this study to categorize trial outcomes
(correct, incorrect, or omissions) and determine laterality, zone navigation time patterns,
total distance traveled, as well as the mean and instantaneous velocity (MatLab 2023a;
MathWorks Inc., Natick, MA, USA). On day 14, 21, and 28 post-surgery, the results
from the two daily probe testing sessions were averaged to derive the final outcome
for each animal. The percentage of time spent in each navigation area and the intra-maze
representation of the normalized instantaneous velocity vector were calculated using
the navigation vector extracted using the OpenControl software (version 1.0) log report
(bin resolution = 50 msec/frame). Correct trials were counted when the animal traveled
from the reward location along the path opposite to the approach, returned to the central
corridor, and selected the opposite reward zone. In contrast, incorrect trials were counted
when the animal followed the same trajectory until reaching the choice zone but chose the
same reward location. Omissions included navigation routes where animals (1) moved
from the first reward location to the other reward location using the direct trajectory, (2) cir-
cumvented the maze (after visiting the reward location, the animals continued on the path
without crossing the central corridor), and (3) traveled on the intended path in reverse (from
the choice zone and through the central corridor, selecting one of the corridors and reaching
the reward location). To evaluate the influence of NAcSh lesion and peripheral nerve lesion
on spatial retrospective memory preservation, we computed the response latency. This
metric corresponds to the time elapsed between entrance into the choice zone (hereafter
referred to as the decision point) and activation of the feeder dispenser. Feeder dispenser
activation timestamps were obtained from the video recordings of the behavioral sessions
and/or accessed from the log report in the OpenControl software (version 1.0). The operant
area was divided into a 12 × 16 grid for the calculation of navigation vector allocation.
Each square was colored between dark red (indicating higher time allocation) and dark
blue (indicating lower time allocation). Instantaneous velocity throughout operant area
navigation was represented with a color from dark red (maximum velocity) to dark blue
(minimum velocity).

The sample size was pre-estimated based on previously published research, laboratory
pilot experiments, and in-house expertise. The Kolmogorov–Smirnov (ks) test (with the
Dallal–Wilkinson–Lillie test for p-value correction) was used to determine whether the
experimental datasets were normally distributed (Prism 8.0.1, GraphPad). For single
comparisons, we used a non-parametric Wilcoxon matched-pairs signed rank (W) test.
For multiple comparisons and under normality assumptions, we performed either an
ordinary one-way Analysis of Variance (ANOVA), followed by a post hoc Bonferroni test, or
a non-parametric Kruskal–Wallis (KW) rank test, followed by a post hoc Dunn’s multiple
comparison test where appropriate. During the learning phase, left and right correct
trial distributions were compared using a two-sample Kolmogorov–Smirnov test (MatLab
native function kstest2). All independence tests were two-tailed. The level of significance
was set as 5%. The results are presented as the mean ± standard deviation (S. D.).
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3. Results
3.1. Spatial Alternation Task Learning Phase

In this study, we used an eight-shaped spatial alternation WM task to assess the im-
pact of neuropathic pain and NAcSh dysfunction on behavioral accuracy during cognitive
demand (Figure 1). Figure 1c illustrates an example of a rat’s navigation path in early
and later stages of the learning protocol. As illustrated, in early sessions (day 2), rats
exhibited more erroneous trajectories, characterized by direct trajectories between reward
locations. In contrast, later sessions have cleaner and more accurate trajectories (day 9).
All rats underwent a ten-day training period in the eight-shaped spatial alternation task,
achieving an average of 80% correct trajectory choices before undergoing surgical proce-
dures (Figure 1d, left panel). This was reflected in the global increase in the percentage of
correct trials performed (Figure 1d, central panel) from the early to late phase of learning,
and a significant decrease in omissions performed (Figure 1d, right panel). To investigate
potential discrepancies in reward distribution between left and right feeders, we compared
the number of responses for each training session. We found no significant differences
in reward side preference during the learning phase (Figure 1e). As expected, rats spent
more time navigating in the reward locations and in the delay area (Figure 1f). Statistical
analysis revealed that the animals decreased their time spent navigating across the delay
and choice areas (Figure 1f, third and fourth panel), while they increased their time spent
in the reward location from the early to late phase of learning (Figure 1f, second panel).

3.2. Impact of NAcSh Lesion on Spatial Memory and Nociception

Following the surgical procedures, the rats were assigned to one of the four distinct
experimental groups: Sham/Control (n = 4), Sham/NAcSh lesion (n = 4), SNI/Control
(n = 5), and SNI/NAcSh lesion (n = 5). To validate the results obtained during the probe ses-
sions, verification of the anatomic location and lesion extension was conducted (Figure 2a).
Histological assessment revealed that the electrical lesions in the 18 rats included in this
study were localized to the NAcSh area.

The behavioral responses were evaluated on days 14, 21, and 28 post-lesion (Figure 2).
To investigate the role of the NAcSh in nocifensive responses, we assessed mechanical
withdrawal thresholds using the von Frey filaments test one hour after the second daily
probe session. All SNI-treated rats developed mechanical allodynia, evidenced by a sig-
nificant decrease in the mechanical noxious threshold for all probe sessions comparing
the Sham/Control and SNI/Control experimental groups (Figure 2b). Furthermore, it
is important to note that SNI/NAcSh-lesioned animals presented a significantly lower
mechanical noxious threshold than the Sham/NAcSh-lesioned animals on day 21, but not
on day 14 and 28 post-injury. Together, these results suggest that a unilateral NAcSh lesion
has no significant impact on peripheral nocifensive responses.

To evaluate the role of NAcSh dependency and peripheral nerve lesions on behavioral
accuracy, the rats were tested during the performance of an eight-shaped spatial alternation
task at different time points. The rats consistently exhibited performances above 70%
throughout all probe sessions, but statistical analysis revealed no significant differences
between experimental groups and testing time points (Figure 2c). These findings were
also supported by the absence of significant effects related to the number of omissions
performed (Figure 2d) and the total number of trials performed (Figure 2e). The lack of
differences in these behavioral parameters partially explains the performance similarities
and suggests that the animals did not differ in their WM capacity to adequately perform
the task.

Apart from performance values, ponderation at the decision point provides insight
into the spatial working memory maintenance of the previously navigated path. To test
this, we calculated the averaged response latency, representing the time spent between
the decision point and the feeder location. Our data revealed that Sham/Control rats
significantly decreased their response latency across testing sessions (Figure 2f), suggesting
that repeated exposure to behavioral contingencies may impact the behavioral accuracy of
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these animals. On day 28 post-injury, we also found that SNI-treated rats revealed a higher
response latency when compared with Sham-treated rats.
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Figure 2. Peripheral nerve injury had no impact on task performance accuracy, but did affect response
latency over time. (a) Histological NAcSh electric lesion validation. Lesion locations are illustrated
in blue (Sham) and red (SNI) dots on schematic representations of NAcSh. (b) Mechanical noxious
threshold evaluated using von Frey filaments test. SNI experimental groups presented mechanical
allodynia over time (day 14: KW = 13.50, p < 0.0001; day 21: KW = 13.79, p < 0.0001; day 28:
KW = 14.40, p < 0.0001). (c) Percentage of correct trials performed. Rats presented similar accuracy
rates between experimental groups across testing sessions. (d) Percentage of omissions performed.
No significant differences were revealed regarding probe session variability between experimental
groups. (e) Total number of trials performed in each testing session did not present significant
differences between groups and did not change over time for each group. (f) Response latency
was significantly different between experimental groups on day 28 (KW = 8.447, p = 0.0234); more
specifically, SNI/Control animals presented higher response latencies compared to Sham/Control
animals (p < 0.05 (*)). Furthermore, Sham animals significantly improved latency responses over time
(KW = 6.962, p = 0.0194 (#)), while other groups did not. Comparisons between experimental groups
and probe sessions are based on ordinary one-way ANOVA, followed by post hoc Bonferroni test and
Kruskal–Wallis test, and followed by post hoc Dunn’s multiple comparison test. Sham/Control, n = 4;
Sham/NAcSh lesion, n = 4; SNI/Control, n = 5; SNI/NAcSh lesion, n = 5. Values are presented as
mean ± S.D. Significance levels are denoted as */# p < 0.05, and ** p < 0.01.
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3.3. Impact of NAcSh Lesion on Motor Activity

The intrinsic locomotion component linked to the spatial alternation task facilitates the
evaluation of motor performance in the intervened animals. An essential factor to consider
in this evaluation is the total distance covered during the testing session. Our results show
no statistically significant differences in the total distance covered among all experimental
groups over time (Figure 3a). This suggests that the SNI-treated groups do not demonstrate
motor impairments in executing the task, as the distance covered values closely resemble
those of the Sham-treated groups.
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Figure 3. Peripheral nerve lesion did not affect motor activity during spatial alternation task. Through-
out testing sessions, rats exhibited consistent navigation patterns with no differences in (a) total
distance traveled, (b) instantaneous velocity, (c) mean velocity, and (d) time distribution across arena.
Furthermore, percentage of time spent in (e) reward, (f) delay, and (g) choice navigation zones did
not differ between experimental groups across testing sessions. Black square boxes represent the
reward zones. Comparisons between experimental groups and probe sessions were conducted using
Kruskal–Wallis test, followed by post hoc Dunn’s multiple comparison test. Sham/Control, n = 4;
Sham/NAcSh lesion, n = 4; SNI/Control, n = 5; SNI/NAcSh lesion, n = 5. Values are presented as
mean ± S.D.
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To explore potential oscillations in navigation velocity vectors throughout each session,
we assessed the instantaneous velocity acquired by each animal in every probe session. An
illustration of a typical distribution of instantaneous velocity tracks is depicted in Figure 3b.
Consistent navigation patterns were observed across experimental groups in each probe
session: the animals exhibited an increase in velocity immediately after departing from the
reward area and began to decrease upon reaching the decision point. Next, we evaluated
the mean velocity to determine whether neuropathic pain and/or NAcSh lesion induced
overall pacing alternations throughout the arena (Figure 3c). In this context, no significant
changes were observed in the mean velocity traces of all experimental groups across testing
sessions. The absence of a statistical effect suggests that the neuropathic pain model did
not influence the animals’ ability to execute motor actions in the spatial alternation task.

To assess alterations in time allocation, we partitioned the behavioral arena into a grid
of activity. The colored grid image in Figure 3d illustrates a quantitative approach to the
time-spent distribution per navigation zone. Each square is color-coded from dark red
(indicating the most time allocated) to dark blue (indicating less time allocated). Across all
experimental groups, we observed similar patterns of time allocations throughout the maze,
with the majority of time spent in the reward zone and reduced allocation to the delay and
choice areas. Our results do not reveal statistical differences between the experimental
groups in the reward (Figure 3e), delay (Figure 3f), or choice (Figure 3g) zones across testing
sessions. This suggests that animals exhibited similar navigation patterns while performing
the spatial alternation task. Overall, these findings indicate that the neuropathic pain model
did not disrupt motor capacity in this behavioral task.

4. Discussion

The present study aimed to elucidate the impact of neuropathic pain on the NAcSh
and its subsequent effect on spatial WM encoding. The major findings of this study indicate
that neither the neuropathic pain model nor NAcSh lesions resulted in changes in the
animal’s performance levels during the spatial alternation task, but led to changes in
latency responses across probe sessions. Interestingly, unilateral NAcSh lesions showed
no significant impact on peripheral nocifensive responses. Finally, we demonstrated
that SNI-treated rats did not exhibit motor impairments in the spatial WM task. These
outcomes complement our previous findings concerning long-term alterations in NAc
local information processing and its transmission to other brain regions in the context of
neuropathic pain [18]. The NAc is involved in reward-based learning, spatial memory
processes, and nociceptive information processing [13–15,29]. Disruptions in NAc activity,
often observed in chronic pain conditions including neuropathy, can lead to impairments
in WM and pain encoding [21,30,31]. Here, to investigate the involvement of the NAcSh in
neuropathic pain-related WM performance, we impaired NAcSh functioning by performing
local electrical lesions.

The NAc receives significant projections from both the medial prefrontal cortex and
the hippocampus, contributing to the processing of spatial temporary information [10,32].
It has been shown that local infusions of an NMDA receptor antagonist into the NAcSh
did not disrupt specific spatial sequences learned by the animals, but NAcSh lesions
produced impairments in performance during the task of the eight-arm radial maze [31,33].
This indicates that NAcSh disruption may impair selective spatial WM processes, yet
in this study, no spatial impairments were observed. In the current study, neither SNI
nor NAcSh lesions reduced the number of trials performed by the animals nor did they
impair their accuracy in the eight-shaped alternation task. In addition, SNI-treated rats
exhibited a similar number of omissions to Sham-treated rats. While some studies have
reported WM performance deficits in SNI-injured animals [34–36], others have reported
unchanged or improved performance values after dynamic training periods [37]. Previous
research using the same task observed similar performance values between Sham and
SNI-treated rats from day 5 to day 21 post-surgery [25]. These findings suggest that
the pathophysiology of chronic pain may have differential central effects on different
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brain structures, which may change depending on the temporal evaluation of cognitive
alterations. Furthermore, NAcSh-lesioned animals did not display performance differences
compared to non-lesioned animals, suggesting an intact capacity to retain temporary
spatial information. This contrasts with previous research, where selective excitotoxic,
electrical lesions, or AMPA antagonist infusion in the NAcSh led to spatial mnemonic
impairments [21,30,31]. However, the observed behavioral phenotype could arise from
procedural differences between our study and others, including differences in behavioral
contingencies, chosen timepoints of evaluation, and lesion extent. Alterations in these
factors could potentiate behavioral differences between experimental groups.

Although the performance values were similar between experimental groups, we
found evidence that their response latency was altered differently according to the periph-
eral lesion. Our data showed that Sham-treated rats decreased their response latency over
time, while SNI-treated rats exhibited an increased response latency compared to controls
in later testing sessions. This indicates that neuropathic pain interfered with temporary
information processing velocity, but this disturbance did not contribute to alterations in
WM maintenance. In contrast to previous research on spatial learning that described slower
choice responses in animals with electric lesions in the NAcSh [38], our own data revealed
that a unilateral NAcSh lesion has no significant impact on the animals’ response. In
terms of motor performance, chronic pain patients may exhibit varying degrees of impair-
ments in walking coordination and kinematics [39]. Limiting movement to reduce painful
episodes is a common protective response following injury, which can result in a reduction
in muscle strength and gait control [40]. Animal studies employing different pain models
have observed similar outcomes [18,41]. In the current study, there were no differences
observed in total distance traveled, instantaneous velocity, and mean velocity between the
experimental groups, suggesting that peripheral injury did not induce motor impairments.
This finding aligns with previous studies that reported comparable distances traveled
by control and SNI-treated animals [18,37], where animals with peripheral nerve lesions
altered their navigation posture to circumvent the painful impact of the injury. In this study,
no changes were observed in the allocation time per each designated maze zone during the
probe sessions between the experimental groups. This finding is consistent with previous
research conducted by our laboratory, where the time spent in the delay and choice zone
was comparable between experimental groups [25,42]. In contrast, different results were
observed in another study involving an inflammatory pain model [43], which suggests that
the lack of differences between groups derived exclusively from the pain model applied.
Furthermore, there were no differences between NAcSh-lesioned and non-lesioned animals.
Since we previously observed behavioral differences with an inflammatory pain model,
deficits derived from the interaction of NAcSh lesioning and distinct pain models could
produce distinct results regarding performance in this task.

Several reports support the notion that chronic pain can trigger a substantial reorga-
nization of the ventral striatum [13,44]. In the literature, there are several documented
attempts to restore balance within the ventral striatum to alleviate pain responses. Recently,
it has been reported that the activation of prefrontal cortex projections to the NAc alleviates
both the sensory and affective symptoms associated with neuropathic pain [45,46]. How-
ever, it is noteworthy that the NAc plays a more prominent role in pain affective behaviors
than in the sensory dimension of pain [47]. As expected, our data showed that SNI-treated
rats presented significantly reduced mechanical noxious thresholds after lesions. Further-
more, SNI/NAcSh-lesioned animals showed lower mechanical thresholds compared to
Sham/NAcSh-lesioned animals on day 21 post-surgery, though not on days 14 and 28.
Although not significant, the SNI/NAcSh lesion experimental group exhibited a slight
increase in their mechanical threshold of response compared to the SNI/Control group,
which may explain the lack of differences between the two NAcSh-lesioned groups during
the 4-week testing period. In neuropathic pain cases, the indirect pathway of the NAcSh
becomes hyperexcited, amplifying neuropathic pain [16]. Conversely, blocking DAergic
receptors in the NAcSh has been shown to produce a similar effect [48], akin to the slight
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increase in the mechanical noxious threshold observed in SNI/NAcSh-lesioned animals.
Finally, it is important to note that our study had an important limitation associated with
the gender-specific effects of neuropathic pain. Pain also demonstrates notable sex dimor-
phism in NAc-dependent structural functions. Recent data have uncovered sex-specific
differences in the NAc area [49,50]. Whether these differences in NAc function are relevant
to the neuropathic pain phenotype remains an intriguing area for future research in both
pre-clinical and clinical settings. Adding to this, the absence of a significant impact on WM
performance and peripheral pain responses could be related to a compensatory plasticity
effect induced by the opposing non-lesioned NAcSh and/or other brain areas, which could
shadow any role that the NAcSh may have in WM acquisition. Since NAc is regulated
by lateral processing [36], one possible explanation may relate to the bilateral cognitive
processing of WM in the NAcSh and, as such, could pose as another limitation to our study.
Finally, while current therapeutic efforts focus mostly on the sensory dimension of pain to
promote pain relief, managing the coupling affective and cognitive aspects of pain should
be reinforced in pain treatments. A robust understanding of the therapeutical effects of
targeting the NAcSh area to potentially mitigate chronic pain-related symptomatology is
therefore necessary.

5. Conclusions

In summary, the present study provides new insights into the role of the NAcSh area
in maintaining and processing ongoing spatial information crucial to sustain cognitive de-
mands during prolonged neuropathic pain conditions. Together, our findings suggest that
alterations in NAcSh functioning may contribute to precise disruptions in spatial memory
encoding, as observed in latency response alterations, shedding light on the contribution
of this brain region in navigating cognitive challenges amidst chronic pain states. Future
investigations into the specific involvement of this area in WM preserving capacity mecha-
nisms and pain modulation, specifically in the context of chronic pain, will contribute to a
deeper comprehension of NAcSh function in normal and pathological conditions.
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