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ARTICLE INFO ABSTRACT

Keywords: Chronic pain management in osteoarthritis (OA) remains a significant challenge, with current analgesic treat-
Osteoarthritis ments often failing to provide adequate pain relief. A major issue in developing new therapies is the translational
Pain gap between preclinical animal models and clinical outcomes. This study investigates the use of functional
Functional MRI . . . . L . . .

Pregabalin magnetic resonance imaging (fMRI) to assess pain processing in the brain of a monosodium iodoacetate (MIA)

-induced rat model of OA, combined with the pharmacological intervention of pregabalin (PGL). Thirty-two male
Wistar rats were divided into sham and MIA groups, with the MIA group receiving intra-articular MIA injections
to induce OA. Mechanical sensitivity was measured using the von Frey test, and fMRI was performed at baseline,
on day 21, and post-PGL treatment on day 22. Results showed significant hypersensitivity in the MIA group by
day 21, with altered brain activity in pain-related regions such as the thalamus and retrosplenial cortex. PGL
treatment on day 22 significantly alleviated mechanical hypersensitivity and reduced brain activity in the pain-
related regions, including the thalamus, frontal cortex, insula, and cingulate cortex. These findings suggest that
fMRI can provide objective measures of pain processing and the efficacy of analgesic treatments in preclinical
models, potentially bridging the gap between animal studies and clinical trials. The study highlights the potential
of fMRI as a tool for drug discovery in chronic pain management, emphasizing the need for further research with
different analgesics to fully understand its utility.

Central pain processing

1. Introduction

Chronic pain management in osteoarthritis (OA) represents a sig-
nificant unmet medical challenge. Despite the availability of treatments
such as nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids,
and physical therapy, many patients endure persistent pain
(Krishnamurthy et al., 2021). While opioids demonstrate efficacy in
certain cases, the associated risk of addiction underscores the necessity
for innovative therapeutic approaches. In 2020, OA affected approxi-
mately 595 million people worldwide, and the number of cases is pro-
jected to increase in the future. Among those aged 30 years or older, 14.8
% experienced OA. (Steinmetz et al., 2023). The pain experienced in OA
is multifaceted, involving both nociceptive and neuropathic compo-
nents, resulting in considerable variability in pain perception among
patients (Dimitroulas et al., 2014).

OA pain is driven by both peripheral and central mechanisms. Joint
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damage and inflammation initiate peripheral nociceptive pathways,
leading to the sensitization of nociceptors via mechanical and
biochemical factors (Schaible et al., 2011). Prolonged activation of these
pathways can cause central sensitization, amplifying pain signals in the
spinal cord and brain. (Woolf, 2011). This increases pain responses, even
in the absence of active joint inflammation, contributing to the
complexity of OA pain. Conventional therapies primarily address pe-
ripheral inflammation, often leaving central pain amplification un-
managed, which frequently results in insufficient pain relief (Moseng
et al., 2024).

The development of novel pain management strategies for OA is
hindered by the limited translational relevance of preclinical animal
models. Although these models provide valuable insights into joint
degeneration and inflammation, they often fail to replicate the chronic
and multifaceted nature of pain experienced by human patients (Sadler
et al., 2022). Furthermore, many animal models lack objective measures
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of chronic pain perception, thereby complicating the assessment of new
treatments. This disparity between preclinical research findings and
clinical results has contributed significantly to the high rate of failure of
analgesic drugs in OA pain clinical trials. (Miller and Malfait, 2017;
Mouraux et al., 2021; Yekkirala et al., 2017)

Advancements in neuroimaging, particularly functional magnetic
resonance imaging (fMRI), present a promising approach for addressing
translational challenges. By fMRI, the direct, non-invasive observation
of pain-related brain activity is enabled, providing an objective assess-
ment of OA-associated pain processing in both human subjects and an-
imal models (Parks et al., 2011; Upadhyay et al., 2013). Research
utilizing fMRI in human subjects has revealed that OA pain correlates
with modified activity in brain regions such as the anterior cingulate
cortex, prefrontal cortex, insula, and thalamus (Kulkarni et al., 2007).
These findings substantiate that OA pain involves intricate central
neural processes, beyond its peripheral manifestation.

The utilization of neuroimaging in animal models, specifically the
monosodium iodoacetate (MIA) model of OA, has significantly advanced
the understanding of pain mechanisms. This model, involving the
chemical induction of OA through intra-articular injection of MIA, has
been extensively employed for the study of OA-related pain (Combe
et al., 2004; De Sousa Valente, 2019; Van der Kraan et al., 1989). The
MIA model encompasses both inflammatory and neuropathic compo-
nents, which vary according to the progression phase of the model. In
the late phase, the neuropathic component becomes more prominent,
making the gabapentinoid pregabalin (PGL) an effective reference
compound for pharmacological screening in animals. PGL is also widely
used to manage neuropathic pain in humans. (De Sousa Valente, 2019).
While behavioral assays remain the conventional method for assessing
pain in these models, the incorporation of fMRI provides a more
comprehensive evaluation by capturing alterations in brain activity
associated with chronic pain (Abaei et al., 2016; Malisza et al., 2003).
This approach can potentially bridge the translational gap between
preclinical and clinical research, offering a more profound understand-
ing of how potential analgesics impact both peripheral and central pain
mechanisms.

Our study aimed to investigate changes in OA-associated pain pro-
cessing pathways in the brain using fMRI in an MIA-induced rat model of
OA, combined with pharmacological intervention using PGL.

Baseline
D-6 - D-1 DO D4 D21

Neurolmage 325 (2026) 121670

2. Methods
2.1. Animals

A total of 32 naive male Wistar rats (RccHan®:WIST, Envigo),
weighing 306-384 g at the start of the study were used. Rats were
housed in controlled conditions (temperature 22 + 2 °C, humidity 55 +
15 %), and with a 12/12 h light-dark cycle; two animals per cage in
individually ventilated cages and had free access to food (SDS RM1 (E)
SQC, Special Diet Services Ltd, Witham, England) and tap water
throughout the studies. The animals were acclimatized to handling, and
the von Frey boxes for at least one week before starting the experiments.
All studies were carried out in accordance with the EU Directive 2010/
63/EU for animal experiments and were approved by the Regional State
Administrative Agency of Southern Finland (approval number ESAVI/
33,509/2023).

2.2. Study design and exclusion criteria

The animals were injected with MIA on day 0, and their response to
analgesic pharmacological treatment (oral PGL) was assessed in the von
Frey test and fMRI imaging on day 22. Mechanical sensitivity was
assessed with the von Frey test on baseline (BL, from day —6 to day —1),
day 4, day 21, and 165 min after PGL dosing on day 22. Functional MRI
was performed on BL, day 21, and 210 min after PGL dosing on day 22.
On day 22, following the last fMRI session, the animals were sacrificed
(Fig. 1).

Two rats were excluded from the MIA group during the study for the
even group size (n = 10 per group) on day 22. The rats excluded were
non-sensitive based on the mechanical sensitivity measurement on day
21. Additionally, two rats, one from each MIA group, were excluded post
hoc due to abnormally high mechanical hypersensitivity or lack of
response to PGL treatment. Also, 8 individual fMRI baseline sessions
were excluded due to frequency shifts (> 10 %/voxel size), caused by a
wristwatch in the experimenter’s hand during von Frey stimulation.
Additionally, 4 sessions (2 sessions from D22 sham + vehicle group, 2
from D22 MIA + vehicle group) were excluded due to a wound in a paw
after stimulation, which can cause some irrelevant pain signals. The
distribution of animals in treatment groups is shown in Fig. 2.

Moreover, the results related to a stimulus using a 52 g filament
(Optihair2) were excluded due to uncertainty in the filament alignment
with the paw between two consecutive scans, which involved first using

0 165 min

210 min —

D22

Fig. 1. Study design scheme. MIA = monosodium iodoacetate, fMRI = functional magnetic resonance imaging, PGL = pregabalin.
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Fig. 2. Number of animals per group during the study. MIA = monosodium iodoacetate, PGL = pregabalin.

the 26 g filament and then the 52 g filament.

2.3. MIA model induction

MIA injections were done to 22 rats (MIA-group) while 10 rats
(sham-group) were given saline on day 0 (Fig. 2). Under isoflurane
anesthesia (isoflurane-oxygen mixture, induction 4 %, maintenance 2-3
%), the knee area of the right hind leg was shaved and disinfected. MIA
(Sigma-Aldrich, cat #12512; diluted in saline to 75 mg/ml concentration
on the morning of injection; dosing 3 mg (40 ul)/animal) or saline (40
ul/animal of 0.9 % NaCl-solution; B. Braun, Melsungen, Germany) was
injected intra-articularly into the knee joint.

2.4. Mechanical sensitivity

Mechanical sensitivity measurement with manual von Frey filament
test was performed on BL, day 4, day 21, and day 22 post-dosing of PGL.
Animals were first habituated to von Frey boxes for 5-10 min (or as long
as they were settled down and not moving). The 50 % paw withdrawal
threshold was determined from the plantar side of both hind paws with
the up-and-down method (Chaplan et al., 1994; Dixon, 1980) using the
Optihair2 filament series (MRC Systems, Germany). The test began with
a 3.3 g filament and continued with filaments of increased or decreased
forces depending on the response, with a maximum of nine applications.
One filament was applied for up to 8 sec. The interval between the
presentation of filaments was 5-10 s, or until the behavior evoked by the
presentation of the filament had ceased.

2.5. Functional MRI

Imaging was performed under isoflurane-medetomidine anesthesia.
Anesthesia was induced with 5 % isoflurane in an induction chamber,
followed by 2 % in an animal holder. A medetomidine bolus (0.015 mg/
kg, s.c., Domitor®, Orion Pharma, Espoo, Finland) was injected, and
after 15 min a continuous infusion of medetomidine (0.03 mg/kg/h, s.c.)
was started, and isoflurane maintenance level was adjusted to 0.75-1 %.
Imaging was performed at a 7T MRI system (Bruker Pharmascan)
operated with ParaVision 6.0.1. software.

Anatomic images were acquired before the fMRI scans with fast spin-
echo sequence (T2-TurboRARE) with the following parameters: repeti-
tion time 4 s, echo spacing 16.1 ms, 8 echoes, effective echo time 40 ms,
matrix size 256 x 256, field-of-view 30 x 30 mm, 30 slices of 0.5 mm
thickness (resulting in 0.12 x 0.12 x 0.5 mm non-isotropic spatial res-
olution which was retained throughout the data processing), bandwidth
of 36 kHz and number of averages 2.

With fMRI, standard gradient echo-planar-imaging (EPI) based pro-
tocol was acquired with the following parameters: repetition time 1 s,
echo time 18 ms, matrix size 64 x 64, field-of-view 30 x 30 mm, 17
slices of 1 mm thickness (resulting in 0.47 x 0.47 x 1 mm spatial res-
olution), bandwidth of 200 kHz, flip angle 60° and scan duration of 640
repetitions (resulting 10 min 40 s). The manual stimulus with ~1 Hz
frequency was used in a 20 s ON and 40 s OFF paradigm to the ipsilateral

hind paw in two consecutive scans, using at first 26 g and then 52 g
filaments (Optihair2). The stimulus was provided using MRI-compatible
filament, an extension rod, and in-house 3D-printed (Zmorph 2.0 SX)
holders for the Bruker rat bed (Fig. 3). Imaging was performed on BL,
day 21, and after PGL dosing on day 22.

2.6. Pharmacological intervention

Results from mechanical sensitivity testing on day 21 were used as a
pre-dose measurement to assure the effect of MIA. Animals were divided
into groups of sham + vehicle (n = 10), MIA + vehicle (n = 10), and MIA
+ PGL (n = 10) (Fig. 2). On day 22, a single oral dose of vehicle (0.9 %
NaCl-solution; B. Braun, Melsungen, Germany) or 30 mg/kg PGL ((S)-
Pregabalin, Toronto Research Chemicals Inc., Canada; diluted in 0.9 %
NaCl to 10 mg/ml) was delivered. Mechanical sensitivity was assessed
using a manual von Frey test 2.67-2.75 h after vehicle/PGL adminis-
tration. Imaging with fMRI was executed and the first stimulation was
performed 3.17-3.47 h after vehicle/PGL administration.

2.7. Data analysis and statistics

Mechanical sensitivity data are presented as mean values + SD and
analyzed using GraphPad Prism Software 9.1.0. Both model progression
and treatment effect were subjected to the Kruskal-Wallis test with
Dunn’s multiple comparison post-hoc.

MRI data were preprocessed and analyzed using Snakemake (Koster

Fig. 3. Stimulation setup used during fMRI. Mechanical stimulation by the
filament (A) was provided by moving a sliding sledge, where the von Frey rod
was secured, between two stoppers (B) at ~1 Hz frequency. The rod was guided
through two additional supports to be aligned with the center of the hind paw.
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and Rahmann, 2012) and Python (version 3.10). First, data was con-
verted from Bruker format to NIfTI using BrkRaw (Lee et al., 2020).
Next, slice-timing correction (slicetimer, FSL) and motion correction
using Advanced Normalization Tools (ANTs) (Avants et al., 2009) were
applied. For normalization, images were co-registered to an anatomical
T2-image reference acquired from the same study using ANTs with
affine and non-linear SyN registration. Finally, spatial smoothing (0.6
voxel full-width at half-maximum Gaussian kernel, FSL) was applied.
For statistical maps, the time series were high-pass filtered (0.01 Hz),
autocorrelation was removed, and a general linear model (GLM) was
used to estimate to goodness of fit of the stimulation period and fMRI
signal. For GLM, stimulation ON/OFF periods were first modeled as
boxcar function and then convolved with gamma-variate hemodynamic
response function (HRF) assuming 6 s delay and 3 s variance using FSL
FEAT (Woolrich et al., 2001). The obtained regressor was then used to
estimate regression coefficient values (beta-values) for each voxel in the
brain. Group-level statistical maps were generated separately for each
planned contrast, including baseline, Day 21 (sham and MIA), Day 22
(sham + vehicle, MIA + vehicle, MIA + PGL), and the contrasts “Day 22
MIA + vehicle” versus “baseline” and “D22 - D21 MIA + PGL” versus
“D22 - D21 MIA + vehicle. Each comparison was analyzed using
Threshold-Free Cluster Enhancement (TFCE) and nonparametric per-
mutation testing with family-wise error correction (Salimi-Khorshidi
et al., 2011; Winkler et al., 2014). Voxel coordinates and multiple
comparison corrected p-values of the local maximas within cluster were
identified and reported (Suppl. Fig. 1). Additionally, we did correlation
analyses between fMRI signal changes and behavioral responses. For
fMRI, the response amplitude difference from the selected ROI was
calculated between time points after and before PGL treatment. These
values were plotted against the von Frey threshold differences calcu-
lated from the same animal for linear regression analysis. However, we
did not find a statistically significant correlation in any of the ROIs (data
not shown).

3. Results
3.1. Phenotype progression

The temporal progression of mechanical hypersensitivity was fol-
lowed with the von Frey test at baseline and 4 and 21 days after model
induction by MIA injections to the right knee. Paw withdrawal thresh-
olds were similar before model induction in both paws (baseline (BL),
Fig. 1A and B) in both sham and MIA groups. On day 4, variations in
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threshold values were seen in both groups. On the ipsilateral paw
(Fig. 2B), the range was 7.6 + 6.7 g in the sham group and 6.5 + 4.3 g in
the MIA group. Variations of a similar scale were also observed on day
21. However, on day 21, the MIA group showed significant hypersen-
sitivity in the ipsilateral paw compared to the sham group and to the BL
level of the MIA group, demonstrating successful model induction
(Fig. 3B). Interestingly, an opposite development was observed in the
withdrawal thresholds of the contralateral paw in the MIA group, with a
significant hyposensitivity on day 21 compared to BL (Fig. 4A).

When sham and MIA groups were pooled together (n = 24), signif-
icant (p < 0.05, FWER corrected) fMRI activation in the contralateral
somatosensory cortex was detected in response to 26 g stimulus before
model induction (Fig. 5). While the sham group showed similar
contralateral somatosensory activation on days 21 (n = 9) and 22 (n =
8), the only increased activation in the MIA group on day 21 (n = 18)
was left-lateralized and included the mediodorsal, centrolateral, and
laterodorsal thalamic nuclei. On day 22, the MIA group (n = 8) showed
activation in the same left-lateralized thalamic regions as on D21, and,
in addition, activation was seen bilaterally in the midline retrosplenial
cortex.

When comparing the MIA group results on day 22 (n = 8) to all
animals at the baseline (n = 24), significant differences were seen
mainly in the thalamus and midbrain with a clear right lateralization. All
animals were included in a comparison group to increase statistical
power. Changes in the right thalamic region included the anterior, lat-
erodorsal, mediodorsal, centrolateral, and ventrolateral nuclei as well as
the habenula. The only increase in the left thalamus comprised the
mediodorsal, centrolateral, and laterodorsal nuclei. In the midbrain,
differences were seen in the midline superior colliculus and the right
interior colliculus, periaqueductal gray, and cuneiform nucleus (Fig. 6).

3.2. Pregabalin effect

On day 22 post-MIA, the effect of PGL versus vehicle treatment on
mechanical sensitivity was examined with the von Frey test. Day 21
results were used as a baseline based on which the MIA group was
divided into two even groups, one receiving PGL and the other vehicle
(Fig. 2). Before dosing, both MIA groups had significantly lower
thresholds compared to sham and pre-MIA baseline (Figs. 4B and 7).
After dosing, the MIA + PGL group showed significantly increased paw
withdrawal threshold levels compared to the MIA + vehicle group. PGL
treatment restored mechanical sensitivity thresholds to levels similar to
the Sham + vehicle group. As expected, vehicle treatment had no effect
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Fig. 4. Mechanical sensitivity of the left (A) and right (B) paw measured on baseline, day 4, and day 21 after model induction. Changes are shown as a 50 %
withdrawal threshold for each hind paw. Results are shown as individual values and bars represent mean + SD. Data were analyzed with the Kruskal-Wallis test with
a Dunn’s multiple comparison; *p < 0.05, ***p < 0.001, ****p < 0.0001. BL = baseline, MIA = monosodium iodoacetate.



P. Lehtinen et al.

Neurolmage 325 (2026) 121670

Baseline all

Sham (D21)

T )

-38 -5.8

o, 8.Sham + vehicle (D22)

A

0, | ™ 1

-0.8 -5.8

MIA + vehicle (D22) RSC
—— Th‘\ \ = Y

L4
o 1 &

Fig. 5. Statistical maps of fMRI showing brain activation increase to 26 g stimulus in sham and MIA groups at the baseline (n = 24) and on days 21 (n = 9 sham, n =
18 MIA) and 22 (n = 8 sham, n = 8 MIA) after model induction. Significance was determined using a permutation test with p-values corrected for multiple com-
parisons using the family-wise error rate (p < 0.05). MIA = monosodium iodoacetate; S1 = somatosensory cortex, hind limb area; Cg = cingulate cortex; Th =
thalamus, lateroposterior nucleus; RSC = retrosplenial cortex. The anterior-posterior coordinates below the brain slices are from Bregma.
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Fig. 6. (A) Statistical maps of fMRI and (B) average time series (+SD) from thalamus and midbrain/brain stem ROIs showing brain activation increases in the MIA
group on D22 (n = 8) versus all animals at baseline (n = 24) in response to 26 g stimulus. Significance was determined using a permutation test with p-values
corrected for multiple comparisons using the family-wise error rate (p < 0.05). MIA = monosodium iodoacetate; veh = vehicle; BL = baseline; Th = thalamus with
specific nuclei: AD = anterodorsal, VL = ventrolateral, MD = mediodorsal, LD = laterodorsal, LP = lateroposterior, Mid = midline; Hb = habenula; SC = superior
colliculus; Pi = pineal gland; PAG = Periaqueductal gray; CnF = cuneiform nucleus; IC = Inferior colliculus. The anterior-posterior coordinates below the brain slices

are from Bregma.

on mechanical sensitivity in MIA + vehicle and Sham + vehicle animals
(Fig. 7).

When comparing day 22 to day 21 results, a significant difference
was seen between the MIA + vehicle (n = 8) and MIA + PGL (n = 9)
groups (p < 0.05, FEWR corrected) in a broad network of midline and
right-lateralized brain regions, with decreased activity in MIA + PGL
groups. These regions included the entire medial frontal cortex, right
insula, anterior and middle cingulate cortex, right medial striatum, right
bed nucleus of the stria terminalis, left Cornu Ammonis 1, both habe-
nulae, laterodorsal, mediodorsal and centrolateral thalamus on the
right, centromedial thalamus bilaterally, left parafascicular nucleus,

bilateral dorsal subiculum and right postsubiculum, inferior colliculus,
right retrosplenial cortex, and right entorhinal cortex (Fig. 8). No dif-
ferences were observed between the MIA + PGL and the Sham + vehicle
groups (p > 0.05) post-treatment.

4. Discussion

In this study, the possibility of using fMRI as an objective functional
readout for drug therapy discovery for chronic pain was investigated.
The rat MIA model of OA was used and pain processing pathways in the
brain were studied with fMRI followed by sensory stimulation.
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Fig. 7. Mechanical sensitivity of the right paw measured 2.67-2.75 h after
pregabalin treatment. Changes are shown as a 50 % withdrawal threshold.
Results are shown as individual values and on A bars represent mean + SD.
Results are shown as individual values and bars represent mean + SD. Data
were analyzed with the Kruskal-Wallis test with a Dunn’s multiple comparison;
*p < 0.05, ***p < 0.001. BL = baseline, MIA = monosodium iodoacetate, PGL =
pregabalin, veh = vehicle.

Mechanical sensitivity of rats was followed until the MIA group reached
the state of hypersensitivity, after which the rats were treated with PGL.

Successful model induction was ensured by mechanical sensitivity
testing. Hypersensitivity was reached in the MIA group 21 days after
model induction. Interestingly, a difference was observed in the MIA
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group on the contralateral paw between BL and day 21 thresholds to-
wards hyposensitivity. Development of contralateral hyposensitivity
may indicate compensatory mechanisms involved in bilateral pain
processing in osteoarthritis (Chaim et al., 2025; Pedersini et al., 2022).
Additional studies need to be performed to clarify these mechanisms,
which are beyond the scope of the present study. PGL delivered on day
22 alleviated pain-like behavioral phenotype in the MIA + PGL group,
showing a significant increase in the paw withdrawal threshold
post-treatment.

Pain processing involves several interconnected brain regions
collectively called the neuromatrix of pain, first proposed by Melzack in
1999 (Melzack, 1999). This concept integrates both ascending and
descending pathways. The primary and secondary somatosensory
cortices as well as the insula, are part of the lateral ascending pathway,
which mediates the sensory-discriminative aspects of pain. The thal-
amus plays a crucial role in transmitting pain signals to cortical areas.
Medial components of the ascending pathway, such as the parabrachial
nucleus, prefrontal cortex, anterior cingulate cortex, and amygdala, are
responsible for affective and cognitive dimensions of pain. The
descending pathway, involving structures such as the prefrontal cortex,
anterior cingulate cortex, amygdala, hippocampus, hypothalamus, and
periaqueductal gray, modulates nociceptive transmission from the me-
dulla to the spinal cord. (Bushnell et al., 2013; Lithwick et al., 2013; Yao
et al., 2023). Notably, the ascending pain pathways take a contralateral
course, whereas the descending pathways are located ipsilaterally
(Huang et al., 2019; Willis and Westlund, 1997).

Activation in the left-lateralized somatosensory cortex was observed
in fMRI in both the MIA and sham groups at the baseline, indicating that
this pattern was a result of mechanical stimulation with the filament.
However, this activation was absent in the MIA group after day 21,
possibly explained by high variability in fMRI responsiveness in the MIA
group, demonstrating sensitization differences in the OA model. Instead,
activation was detected in the left-lateralized thalamus and midline
retrosplenial cortex. Interestingly, on day 22, the right-lateralized
thalamus and midbrain (superior and inferior colliculi, cuneiform
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Fig. 8. Statistical maps of fMRI showing the effect of pregabalin treatment. (A) Statistical maps are presented from MIA groups on day 22 before (MIA + vehicle) and
after pregabalin induction (MIA + PGL). (B) Differences were first calculated between D22 and D21 in all animals, then the MIA + vehicle group (n = 8) was
compared to the MIA + PGL group (n = 9). Significantly reduced activity in animals treated with PGL was observed in several brain regions. Significance was
determined using a permutation test with p-values corrected for multiple comparisons using the family-wise error rate (p < 0.05). MIA = monosodium iodoacetate;
PGL - pregabalin; Cg = cingulate cortex; mFC = medial frontal cortex; Al = anterior insula; Str = striatum; BST = bed nucleus of stria terminalis; Th = thalamus with

specific nuclei: LD =

laterodorsal, AD = anterodorsal, Po posterior, mid = midline, VL = ventrolateral; CA1 = cornu ammonis of hippocampus; ZI = zona inserta; RSC

= retrosplenial cortex; S = subiculum; PoS = post-subiculum; PaS = parasubiculum; PAG = Periaqueductal gray; EC = entorhinal cortex; SC = superior colliculus; IC
= inferior colliculus; The anterior-posterior coordinates below the brain slices are from Bregma.
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nucleus, and periaqueductal gray) were activated in the MIA group
when comparing their results to all animals before model induction.

Thalamic activation observed in the MIA group after day 21 is
reasonable as nociceptive signals must pass through the thalamus to
reach their destination, whether in somatosensory or limbic regions of
the brain. The thalamus was activated in the mediodorsal, centrolateral,
and laterodorsal nuclei, indicating that signals are relayed through the
medial spinothalamic tract, which is mostly associated with nociceptive-
specific responses and emotional and affective aspects of pain (Groh
etal., 2017; Lenz et al., 2024). Furthermore, chronic pain is often linked
to structural and functional changes in the thalamus. These changes can
include alterations in thalamic connectivity, which may play a role in
the persistence of chronic pain (Groh et al., 2018). As the MIA group
exhibited decreased activity in the somatosensory cortex after day 21,
thalamic connectivity might be somewhat dysfunctional. Previous
human studies indicate abnormal connectivity between the thalamus
and the somatosensory cortex, as well as between the thalamus and the
insula, which contribute to sensory and affective pain processing (Cauda
etal., 2009; Tu et al., 2020). The changes are related to thalamocortical
dysrhythmia, which is marked by disrupted oscillatory activity and
decreased inhibitory tone (Schulman et al., 2005; Yan et al., 2023).

Interestingly, the changes observed on day 22 were mainly right-
lateralized. Ipsilateral pain lateralization in the brain has been noted
in conditions such as allodynia, hyperalgesia, neuropathic, and chronic
pain (Hashmi et al., 2013; Lanz et al., 2011; Peyron et al., 2004), all of
which are also expressed in the MIA model. Furthermore, ipsilateral pain
lateralization in the brain is linked to pain processing and controlling
(Hashmi et al., 2013; Roza and Martinez-Padilla, 2021). This phenom-
enon and bilateral activation have also been seen in previous
pain-related in vivo fMRI studies (Abaei et al., 2016; Malisza et al.,
2003).

Activation in the superior and inferior colliculi as well as in the
cuneiform nucleus was observed in the MIA group, highlighting their
involvement despite not being traditionally listed among the brain re-
gions associated with the pain neuromatrix. In rodents, these regions
interact with the periaqueductal gray, which is an integral part of the
descending pain signaling pathway. The periaqueductal gray plays a
crucial role in integrating sensory information from the superior and
inferior colliculi and cuneiform nucleus, and modulating responses,
including pain. (Chang et al., 2020; Freitas et al., 2005). Both colliculi
and the cuneiform nucleus are also connected to each other and also to
the thalamus (Cauzzo et al., 2022; Chang et al., 2020). Moreover, acti-
vation of the superior colliculus in response to noxious mechanical
stimuli has been shown in various pain models (Moylan Governo et al.,
2006; Spisdk et al., 2017), including the MIA model (Abaei et al., 2016).

PGL treatment on day 22 produced a significant effect when
comparing the MIA groups, with the MIA + PGL group exhibiting
reduced activity in the midline or several right-lateralized brain regions
associated with pain. Reduced activity in fMRI in MIA + PGL animals to
the levels observed in the Sham + vehicle group was associated with
attenuated mechanical hypersensitivity after PGL treatment. The effect
of PGL as a reduced activity was significant in pain-related brain regions
from the descending pathway, such as the frontal cortex, cingulate
cortex, insula, bed nucleus of the stria terminalis, and multiple thalamic
regions. In addition, the activity of the right-lateralized striatum, ret-
rosplenial, and entorhinal cortex was reduced by PGL. These regions
have previously been linked to chronic pain (Borsook et al., 2010; Hao
et al., 2025; Ploghaus et al., 2001). Activity from all of these regions
reduced by PGL primarily relates to the emotional aspects of pain
signaling. Additionally, the right-lateralization suggests that PGL can
reduce the need for pain processing and controlling. However, follow-up
studies with different analgesics will be needed to understand the utility
of fMRI for measuring the affective component of pain in MIA-treated
rats.

Anesthetics are known to influence brain resting state activity
(Paasonen et al., 2018), stimulus responses (Paasonen et al., 2016) and

Neurolmage 325 (2026) 121670

hemodynamic responses (Martin et al., 2006). In addition, medetomi-
dine also affects the cardiovascular system, can cause hypothermia, and
reduces cerebral blood flow (Sinclair, 2003). However, the negative
effects of medetomidine anesthesia can be mitigated by using
isoflurane-medetomidine combination anesthesia, preserving biologi-
cally plausible functional connectivity patterns (Grandjean et al., 2023a,
2023b; Paasonen et al., 2018). Moreover, a very low concentration of
medetomidine (only 0.03 mg/kg/h) was used to minimize its known
pain-alleviating effects (Siegenthaler et al., 2020).

The effect of anesthesia and using PGL as a pain treatment can be
considered as limitations in this study. Due to the pain-alleviation effects
of medetomidine, reduced functional responses can be possible in pain
pathways involving regions like the somatosensory, cingulate cortices,
and thalamus. As isoflurane-medetomidine anesthesia especially affects
subcortical-subcortical and cortico-subcortical synchrony (Paasonen
et al., 2018), fMRI responses in these brain connections can also be
hindered. Additionally, PGL’s sedative effects can result in drowsiness
and dizziness. However, it primarily functions as a painkiller and
secondarily as a sedative, as documented in clinical studies (Karube
et al., 2017). Lastly, although PGL can have a minor effect on blood
pressure and heart rate (Hao et al., 2025), we cannot completely rule out
the possibility of altered hemodynamics influencing our results.
Distortion correction was not applied in data analysis. Although dis-
tortions and signal dropouts can be problematic in echo-planar imaging,
particularly near air-tissue interfaces, these artefacts were not pro-
nounced in our data. Importantly, the observed functional responses did
not co-localize with regions typically prone to such artefacts.

This study shows the potential of fMRI as an objective tool for pain
drug therapy discovery. The MIA model demonstrated logical pain-
related activation patterns, and PGL treatment was able to reduce
those to the level of sham animals. To expand our knowledge about the
sensitivity and utility of fMRI in measuring different aspects of pain
sensation and processing, other analgesic compounds need to be tested.
Compared to PGL, which is mostly used for treating neuropathic pain, a
better and more targeted treatment could be Tanezumab which has
promising results in the treatment of chronic musculoskeletal pain
conditions (Jayabalan and Schnitzer, 2017). In addition, it would be
worthwhile to explore the potential of dual fMRI of the brain and spinal
cord to visualize the central and peripheral pain processing pathways
simultaneously.
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