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Abstract
Ischemic stroke often leads to neurological deficits, including olfactory dysfunction, which can significantly diminish qual-
ity of life. Photobiomodulation (PBM) has emerged as a promising therapeutic strategy for enhancing post-stroke recovery, 
although the molecular mechanisms, particularly regarding gene expression change, are not yet fully understood. This study 
investigates the long-term effects of photothrombosis (PT) on olfactory function and the olfactory bulb (OB) microenviron-
ment, with a focus on PBM’s efficacy during both early and late phases. In a mouse OB PT stroke model, PBM therapy 
(808-nm laser, 40 J/cm2 fluence, 325 mW/cm2, 2 min daily) was applied from day 2 to day 7 post-PT. Olfactory function 
was monitored from pre-stroke through day 28 using the buried food test (BFT), and MRI scans were performed on days 7 
and 28 to assess tissue damage. RNA sequencing (RNA-seq) and reverse transcription quantitative PCR (RT-qPCR) were 
conducted on day 7 to evaluate gene expression changes, with additional RT-qPCR analyses performed on day 28. PBM 
significantly accelerated olfactory function recovery by day 14, with full recovery maintained through day 28. Despite func-
tional recovery, MRI results indicated persistent infarction at 28 days. RNA-seq identified upregulation of neuroprotective 
genes, including Gpr39 and Or4m1, following PBM treatment, suggesting enhanced gene expression related to acute-phase 
recovery. However, the impact of PBM on gene expression and functional recovery appeared to wane in the later stages of 
recovery. These findings underscore PBM’s potential to enhance early-stage recovery in ischemic stroke, though its benefits 
may be more limited in the chronic phase.

Introduction

Ischemic stroke often leads to a range of neurological 
impairments, including olfactory dysfunction, for which 
effective treatment options remain limited. The olfactory 

bulb (OB) plays a critical role in processing olfactory infor-
mation, and its complex architecture and diverse cell types 
make it particularly susceptible to ischemic damage [1]. 
Photobiomodulation (PBM), a non-invasive therapy using 
low-level light, has emerged as a promising approach to 
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improve neurological function after stroke by modulating 
inflammatory responses and enhancing glial and vascular 
factors [2]. However, the molecular mechanisms by which 
PBM exerts its therapeutic efficacy, particularly in specific 
brain regions like the OB, remain poorly understood.

Advances in high-throughput sequencing technolo-
gies have shed light on the molecular processes involved 
in stroke pathology, including neuronal necrosis, ischemic 
injury, and inflammation [3, 4]. These technologies enable 
the exploration of gene expression changes that occur after 
stroke, potentially revealing therapeutic targets to mitigate 
neurological deficits.

Previous studies have demonstrated the efficacy of PBM 
in ischemic stroke by improving the post-stroke microenvi-
ronment and inhibiting ischemia-induced vascular endothe-
lial senescence [5, 6]. In models of neurodegenerative dis-
eases such as Alzheimer’s disease (AD), PBM has been 
shown to reduce neuroinflammation, oxidative stress, and 
amyloid-β plaque deposition, leading to improved cogni-
tive function [7, 8]. PBM has also been effective in treating 
traumatic brain injury (TBI), resulting in increased cerebral 
volume and perfusion, as well as enhanced functional con-
nectivity and cognitive abilities [9, 10].

Animal models are essential for understanding dis-
ease mechanisms and testing therapeutic interventions in 
stroke research. While the middle cerebral artery occlusion 
(MCAO) model is commonly used to replicate ischemic 
stroke [11], the photothrombotic (PT) stroke model offers 
advantages for inducing targeted, permanent ischemia in 
specific brain regions, such as the OB. The PT model allows 
for precise control over infarct size and location, facilitating 
investigations of molecular signatures unique to different 
brain regions following stroke [12, 13].

Recent research has highlighted the role of specific genes, 
such as Gpr39 and olfactory receptor family 4 subfamily 
M member 1 (Or4m1), in the brain’s response to ischemic 
injury. Gpr39, expressed in pericytes surrounding capillar-
ies, regulates microvascular perfusion, and its knockout in 
mice leads to worsened stroke outcomes, including larger 
infarcts and reduced neurological recovery [14]. Similarly, 
the downregulation of Or4m1 in the brain after TBI may 
contribute to neurological complications [15], emphasizing 
a more significant role of olfactory receptors in brain pathol-
ogy than previously understood.

In this study, we used the PT stroke model to induce 
ischemic damage in the OB and administered daily PBM 
therapy to evaluate its therapeutic effects on functional 
recovery and molecular changes within the OB. Behavioral 
assessments, immunohistochemistry (IHC), MRI imaging, 
and RNA sequencing (RNA-seq) were employed to assess 
the impact of PBM during both the early and late stages 
of ischemic stroke recovery. To our knowledge, this is the 
first study to evaluate olfactory function at later time points 

following PT stroke and to apply RNA-seq to examine 
PBM’s effects in an OB stroke model. We aim to elucidate 
the mechanisms by which PBM restores olfactory function, 
potentially uncovering novel therapeutic strategies for treat-
ing post-stroke olfactory dysfunction and other neurodegen-
erative diseases.

Methods

All experimental protocols followed the guidelines of the 
Institutional Animal Care and Use Committee (IACUC) 
at Gwangju Institute of Science and Technology (GIST), 
Korea. The experimental protocols were approved by the 
GIST IACUC under protocol # GIST-2024–046. We used 75 
C57BL/6 male mice aged between 10 and 14 weeks.

Buried Food Test for Olfactory Function 
Measurement

The buried food test (BFT) was performed according to 
the previously published protocol [16] and our previously 
published study [2]. Adaptation to food was achieved by 
introducing the food pellets with fresh odor daily to the mice 
for 1 week. On the test day, animals were fasted (except 
for water) for 18 h and then introduced to a clean mouse 
cage where an odorous food pellet (RodFeed, DBL, Chun-
gcheongbuk-do, South Korea) was randomly embedded 
under the 3 cm thickness of clean bedding. Then, latency 
in the food search time was measured, which was repeated 
three times for each BFT session. The first BFT after PT 
was performed 3 days after the PT since certain mice were 
inactive after their PT surgeries, so the time was taken to 
allow the mice to recover. We measured the body weight 
before each BFT to assess the weight fluctuation after 18 h 
of fasting. The BFT was conducted on day 1 before the PT 
induction to obtain the baseline which was followed by the 
BFTs on days 3, 7, 14, 21, and 28 post-PT. Ten mice were 
used to assess the olfactory function from early- to late-stage 
post-PT.

Olfactory Bulb Photothrombosis

Photothrombosis (PT) was performed on day 0 for the PT 
and PT + PBM groups. After anesthetizing the mice, an inci-
sion was made in the scalp over the olfactory bulb (OB) area 
between the eyes, and the periosteum was removed. A 4-mm 
coverslip was placed over the OB area and secured with 
adhesive. Mice received a retro-orbital injection of 20 mg/
kg rose Bengal dye, followed by illumination with a 532-nm 
green laser over the OB for 15 min in a dark room. Control 
mice underwent the same procedure without the rose Bengal 
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injection. Body temperature was maintained at 37 ± 0.5 °C 
throughout the procedure.

Photobiomodulation Treatment

Photobiomodulation (PBM) therapy was administered daily 
from day 2 to day 7 post-PT using an 808-nm laser with a 
fluence of 40 J/cm2 (325 mW/cm2 for 2 min per session). 
The laser beam diameter was 4.17 ± 0.07 mm. PBM was per-
formed in a dark room, with body temperature maintained 
at 37 ± 0.5 °C. A protective mask with an opening over the 
OB area was used to shield the surrounding tissues from 
unnecessary light exposure.

Brain Tissue Sampling and Histology

On days 7 and 28 post-PT, mice were euthanized, and brains 
were harvested after perfusion with 4% paraformaldehyde 
(PFA). Brains were fixed in 10% neutral-buffered formalin 
for 3 days and then embedded in paraffin for histological 
examination and MRI imaging. For RNA-seq and RT-qPCR 
analyses, OB tissues were preserved in RNAlater solution 
at − 80 °C until processing.

Immunohistochemistry (IHC)

Paraffin-embedded brain Sects. (3 µm thick) were subjected 
to IHC staining. Sections were stained using antibodies 
against glial fibrillary acidic protein (GFAP; 1:400 dilution, 
Dako), ionized calcium-binding adaptor molecule 1 (IBA-1; 
1:400 dilution, Synaptic Systems), and CD31 (1:200 dilu-
tion, Dako) using the Bond-max system (Leica Microsys-
tems). Negative controls were processed without primary 
antibodies. Stained slides were evaluated by a pathologist 
(KHL) and were digitized using a slide scanner (Aperio 
ScanScope CS System, Leica Microsystems). For the analy-
sis of IHC, three non-overlapping ROIs in the stained images 
were randomly selected to capture the heterogeneous distri-
bution of each olfactory bulb. These ROIs were constrained 
to lie within ∼200 µm of the ischemic lesion, corresponding 
to the peri-infarct area surrounding the lesion followed by 
analysis using ImageJ (Fiji) software for quantitative evalu-
ation. Twenty-four mice were utilized for the IHC for day 7 
and day 28 in PT and PT + PBM groups.

MRI Imaging

T2-weighted images of mouse olfactory bulbs were acquired 
at 7 and 28 days post-PT for both PT and PT + PBM groups 
using a Bruker Biospec 9.4 T Console Avance Neo MRI 
system with a 210 mm bore size. Fixed brain samples were 
carefully positioned within the MRI bore to ensure opti-
mal imaging of the olfactory bulb. A specialized surface 
RF coil, designed specifically for mouse brain imaging, was 
employed to capture high-resolution images of the olfac-
tory bulb’s fine structure. 3D fast spin-echo acquisition was 
performed using the following parameters: TR = 500 ms, 
TE = 32 ms, and a RARE factor of 16. The field of view 
was set to 30 × 30 × 30 mm3 with an isotropic resolution of 
0.1 mm. Twenty mice were used in MRI for OB volume 
measurement at day 7 and day 28 for PT and PT + PBM 
groups.

RNA Isolation and Sequencing

Total RNA was extracted from OB tissues on day 7 post-PT 
using TRIzol reagent (Invitrogen), followed by DNase treat-
ment (Promega) and purification. RNA quality was assessed 
using an Agilent Bioanalyzer. RNA-seq libraries were con-
structed using the TruSeq Stranded Total RNA Gold Library 
Kit (Illumina) and sequenced on an Illumina NovaSeq 500 
platform to generate 150-nucleotide paired-end reads. Nine 
mice were utilized for RNA sequencing, with three allocated 
to each group: control, PT, and PT + PBM.

Reverse Transcription Quantitative PCR (RT‑qPCR)

Total RNA extracted from OB tissues on days 7 and 28 
post-PT was reverse transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific). RT-qPCR was performed using gene-specific 
primers for Gpr39 and Or4m1 (Table 1), with GAPDH as 
the internal control. Reactions were carried out in triplicate 
using amfiSure qGreen Q-PCR Master Mix (GenDepot) 
on a Bio-Rad CFX96 real-time PCR system. Relative gene 
expression levels were calculated using the 2–ΔΔCt method. 
We used 12 mice in RT-qPCR for PT and PT + PBM for day 
7 and day 28.

Table 1   RT-qPCR primer 
sequences

Gene Forward 5′ to 3′ Reverse 5′ to 3′

OR4M1 ACC​ACA​CCC​AGC​TAT​GCT​CT TGA​AGG​GAT​GAC​AAA​TGG​CAAT​
GPR39 CCA​TCC​ATC​TAC​ATT​TAT​GC ACT​TCC​TTG​TTT​CTC​AAT​GT
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Statistical Analysis

Data are presented as mean ± standard deviation (SD). Sta-
tistical analyses were performed using one-way analysis of 
variance (ANOVA) and two-way ANOVA with GraphPad 
Prism software. Comparisons were tested for normality 
and homogeneity of variances. A P-value of less than 0.05 
was considered statistically significant.

Results

The Influence of PBM on the Microenvironment 
from Early‑ to Late‑Stage Post‑PT

Figure 1 presents the IHC analysis of glial fibrillary acidic 
protein (GFAP), a marker for astrocytes, and ionized cal-
cium-binding adaptor molecule 1 (IBA-1), a marker for 
microglia/macrophages, to assess cellular activation in the 

Fig. 1   Impact of PBM on astrocyte and microglial activation and 
microvessel density in the olfactory bulb following PT at day 7 and 
day 28. A–D GFAP staining with high magnification. F–I IBA-1 
staining with high magnification; K–N CD31 staining with high 

magnification. E, J, and O Quantitative analysis of GFAP, IBA-1 
positive cells, and microvessel density. *P < 0.05, ***P < 0.001, 
****P < 0.0001; ns-not significant). Scale bars, 500 µm and 50 µm. 
n = 6 per group
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olfactory bulb following photothrombosis (PT) and subse-
quent photobiomodulation (PBM) treatment at early and late 
stages post-ischemic stroke.

GFAP staining (Fig.  1A–D) reveals a pronounced 
increase in astrocytic activation in both the PT 7 (A) and 
PT 28 (C) groups, consistent with the typical astroglial 
response to ischemic injury. In contrast, the PT + PBM 7 
(B) and PT + PBM 28 (D) groups exhibit a marked reduction 
in GFAP expression compared to their untreated counter-
parts, indicating that PBM effectively attenuates astrocyte 
activation. The quantitative analysis of GFAP-positive cells 
(Fig. 1E) demonstrates a statistically significant reduction 
in astrocyte activation in the PBM-treated groups at both 
7 and 28 days post-injury, suggesting that PBM mitigates 
astrocytic reactivity, potentially contributing to its neuro-
protective effects in the ischemic olfactory bulb.

IBA-1 staining (Fig. 1F–I) indicates minimal changes 
in microglial activation between the PT and PBM-treated 
groups at both time points. The quantitative analysis (Fig. 1J) 
shows no statistically significant differences between groups 
at either the early or late stages post-injury, with the excep-
tion of a modest reduction at day 7 of PT + PBM compared 
with day 28 of PT + PBM. These results suggest that PBM 
has a limited impact on microglial activation during the 
recovery process.

As shown in Figure for CD31 staining, a marker of 
endothelial cells, PBM revealed differences in microves-
sel density at early and late-stage post-ischemic stroke. 
At 7 days post-PT, there was a significant increase in the 
microvessel density in the PBM-treated group compared to 
the untreated PT group, indicating enhanced angiogenesis 
due to PBM therapy, while there was no significant differ-
ence observed at day 28 between PT and PT + PBM group, 
indicating that PBM’s effect on the vascular density may 
diminish over time.

Overall, these findings indicate that PBM treatment sig-
nificantly reduces astrocyte activation following ischemic 
stroke, highlighting its potential neuroprotective role. How-
ever, PBM appears to have a less pronounced effect on 
microglial activation, suggesting that its primary mechanism 
of action may involve modulating astrocytic responses rather 
than microglial activity during recovery from ischemic 
injury. Additionally, PBM is more effective at promoting 
microvessel density in the early stages after ischemic stroke, 
with a reduced impact in the later stages.

PBM Accelerates the Recovery in the Early‑Stage 
Post‑PT

Figure 2 illustrates the effects of PBM on olfactory function, 
as assessed by the buried food test, over 28 days following 
PT. The latency to find the food pellet was measured as an 
indicator of olfactory function impairment and recovery.

In the PT group (Fig.  2B), there was a significant 
increase in the latency time to locate the food pellet on 
day 3 (D3) compared to baseline (D-1), indicating olfac-
tory dysfunction induced by the PT stroke. This impair-
ment persisted at days 7 (D7), 14 (D14), 21 (D21), and 
28 (D28), although no statistically significant differences 
were observed between these later time points and baseline 
(ns), suggesting partial recovery of function over time.

In contrast, the PBM-treated group (Fig. 2B) demon-
strated a faster recovery of olfactory function. While there 
was a significant increase in latency at D3 and D7 com-
pared to baseline, the olfactory function was restored to 
near-baseline levels by D14, with no significant differences 
observed at D14, D21, or D28 (ns). These findings suggest 
that PBM accelerates the recovery of olfactory function in 
the early stages post-PT, effectively mitigating the stroke-
induced impairment by D14.

Overall, the data indicate that PBM treatment has a 
therapeutic effect on olfactory function recovery follow-
ing PT-induced stroke, particularly in the acute phase, sug-
gesting that PBM may preserve or restore sensory function 
in the context of ischemic brain injury.

PBM Reduces Olfactory Bulb Damage and Preserves 
Volume Following PT

The MRI data presented in Fig. 3 demonstrate the effect 
of PBM on reducing ischemic damage in the olfactory 
bulb OB following PT. In Fig. 3A, the damaged volume 
(in mm3) at 7 and 28 days post-PT is presented for the PT 
and PT+PBM groups. The PBM-treated groups exhibit 
a reduction in damaged volume at both time points com-
pared to the PT-only groups, although the difference is not 
statistically significant. Figure 3B presents the damaged 
volume as a percentage of total OB volume; the PBM treat-
ment leads to a significant reduction in the damaged vol-
ume fraction at day 7 post-PT compared to the untreated 
PT group, while no significant difference was observed 
between both groups at day 28. Figure 3C illustrates the 
whole OB volume in cubic millimeters. PBM treatment 
significantly preserves the overall OB volume at 7 days 
post-PT compared to the PT group, indicating a neuro-
protective effect in the early phase of recovery. However, 
by 28 days post-PT, there is no statistically significant 
difference in OB volume between the groups. Figure 3D 
shows a representative MRI image of the OB, with arrows 
indicating the damaged region.

Collectively, these findings suggest that PBM treatment 
effectively reduces the extent of ischemic damage and pre-
serves OB volume during the acute phase of recovery post-
PT, with diminished effects observed in the later stages of 
recovery (28 days).



	 Translational Stroke Research

Gene Expression Profiling in the OB Post‑PT 
and PBM Therapy

To explore the molecular mechanisms underlying the effects 
of PBM on stroke recovery, RNA sequencing (RNA-seq) 
was conducted to profile gene expression in the olfactory 
bulb (OB) after PT. Figure 4A–C presents heatmaps of the 
top 40 differentially expressed genes (DEGs). Hierarchical 
clustering in these heatmaps further demonstrates that both 
PT and PT + PBM groups show significant transcriptional 
differences compared to control, with PBM-treated animals 
showing a unique transcriptional profile. Notably, several 
genes involved in neuroprotection, inflammation, and recov-
ery are differentially expressed, implying that PBM modu-
lates key recovery pathways in the brain.

Figure 4D presents Venn diagrams of deregulated genes 
and top-regulated genes between the different experimen-
tal groups. In the upregulated gene comparison (left), the 
PT + PBM vs. control group shares 2084 DEGs with the PT 
vs. control group, suggesting that many of the genes acti-
vated in stroke are similarly modulated by PBM. However, 
671 genes are upregulated in the PT + PBM group, indicat-
ing that PBM triggers distinct molecular responses. Among 
these top-regulated genes, GPR39 stands out as one of the 

top-upregulated genes following PBM treatment, highlight-
ing its potential role in enhancing neuroprotection and recov-
ery after ischemic injury.

The downregulated gene comparison (right) shows that 
234 genes are distinctly downregulated in the PT + PBM 
group compared to the control, further supporting the idea 
that PBM specifically modulates certain pathways involved 
in stroke recovery.

To further explore the role of key genes in the PBM-medi-
ated recovery process, we conducted quantitative RT-qPCR 
analysis on GPR39 and OR4M1, two genes with known neu-
roprotective functions. As shown in Fig. 4E, GPR39 expres-
sion was significantly higher in the PBM-treated group at 
day 7 post-PT compared to the PT-only group. This finding 
suggests that GPR39 may play a critical role in mediating 
the beneficial effects of PBM in the acute phase of stroke 
recovery. By day 28, GPR39 expression levels in the PBM 
group had decreased and were closer to baseline levels, indi-
cating that the gene’s upregulation is transient and occurs 
primarily during the early stages of recovery.

Similarly, OR4M1, which is associated with neuroprotec-
tion in traumatic brain injury, exhibited a similar expression 
pattern. OR4M1 expression was comparable between the PT 
and PT + PBM groups at day 7, suggesting that it is part of 

Fig. 2   Impact of PBM on the 
olfactory function following 
PT from early to late stages. A 
Schematic representation of the 
buried food test (BFT) protocol 
used to assess olfactory function 
in mice after PT stroke (top 
panel). The latency to find the 
food pellet was recorded from 
day -1 (baseline) until day 28 
post-PT. PBM treatment was 
administered daily from day 2 
to day 7 post-PT (red line). B 
Olfactory function in the PT 
and PT + PBM groups from 
baseline until day 28 (*P < 0.05, 
**P < 0.01, ****P < 0.0001, 
ns = not significant). n = 5 per 
group
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the natural recovery process post-stroke. By day 28, OR4M1 
expression levels returned to baseline in both groups, indi-
cating that PBM does not have a sustained effect on this gene 
in the later stages of recovery.

In summary, these results indicate that PBM induces sig-
nificant transcriptional changes in the olfactory bulb post-
stroke, with upregulation of genes like GPR39 and OR4M1 
during the early recovery phase. The transient nature of 
these changes suggests that PBM’s therapeutic effects may 
be time-sensitive, targeting specific pathways involved in the 
acute response to ischemic injury.

Discussion

This study aimed to evaluate the therapeutic potential of 
photobiomodulation (PBM) in treating olfactory dysfunc-
tion following ischemic stroke induced by photothrombosis 
(PT) in the olfactory bulb (OB). Our results demonstrated 
that PBM significantly accelerated the recovery of olfac-
tory function in the early stages post-PT, with full recovery 
by day 14 sustained through day 28. Despite the restora-
tion of olfactory function, MRI imaging revealed persistent 
infarction on day 28, suggesting that PBM may facilitate 

functional improvements through mechanisms other than 
direct tissue repair.

Although PBM has gained increasing attention for treat-
ing various pathological disorders, including neurodegen-
erative diseases, some studies have shown less significant 
effects. For example, Sipion et al. reported no significant 
differences between the PBM-treated Alzheimer’s disease 
(AD) group and the untreated AD group in behavioral tests. 
Additionally, histological analyses revealed no notable 
differences in amyloid load, neuronal loss, or microglial 
response between the two groups [17]. It was reported also 
that PBM has no effects on the prefrontal cortex and hip-
pocampus development in young rats [18]. Taken together, 
further studies are needed to provide more definitive evi-
dence on whether PBM has positive or neutral effects.

The restoration of olfactory function observed in our 
study aligns with the notion that PBM can promote func-
tional recovery through neuroplasticity and modulation of 
the neural microenvironment. Interestingly, some studies 
have reported structural repair or neurogenesis following 
PBM [19]. Our MRI results did not show significant tis-
sue regeneration in the OB. This discrepancy may be due 
to differences in experimental models, PBM parameters, or 
the specific brain regions examined. It suggests that PBM 
may enhance functional recovery by facilitating synaptic 

Fig. 3   MRI imaging of the 
olfactory bulb post-PT and post-
PBM treatment. A Damaged 
volume (mm3) of the olfactory 
bulb at 7 and 28 days post-PT 
for both PT and PT + PBM 
groups. B Damaged volume 
fraction of the olfactory bulb 
at day 7 and day 28. C Whole 
OB volume (mm3) for PT and 
PT + PBM groups at day 7 and 
day 28 post-PT. D Repre-
sentative MRI image (T2) of 
the olfactory bulb, with arrows 
indicating the damaged region. 
Thickness, 0.1 mm. (*P < 0.05, 
ns = not significant). n = 5 per 
group
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Fig. 4   Transcriptomic analysis of PBM in PT ischemic stroke model. 
A–C Heatmaps showing the top 40 DEGs across groups, clustered 
by gene expression profiles. A PT + PBM vs. control, B PT vs. con-
trol, and C PT + PBM vs. PT. D Venn diagrams of overlapping and 

top upregulated and downregulated genes with the top 10 DEGs for 
each comparison. E Quantitative RT-qPCR of GPR39 and OR4M1 
mRNA expression levels normalized to GAPDH, in control, PT, and 
PT + PBM groups at day 7 and day 28 post-PT. n = 3 per group
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plasticity and compensatory neural network reorganization 
[20], rather than directly repairing damaged tissue [21]. 
PBM may enhance synaptic plasticity, strengthen exist-
ing neural circuits, or promote functional reorganization to 
compensate for damaged areas. Such mechanisms have been 
proposed in studies of neural plasticity and rehabilitation 
after stroke [22]. For example, Murphy and Corbett [23] 
discussed how post-stroke rehabilitation can harness neural 
plasticity to improve functional outcomes, and our findings 
suggest that PBM may act as a catalyst in this process.

Our immunohistochemical analyses revealed that PBM 
effectively reduced astrocyte activation, as indicated by 
decreased GFAP expression, at both early and late stages 
post-PT. Reactive astrocytes can contribute to glial scar for-
mation and inhibit neuronal regeneration [24]. By attenuat-
ing astrocyte activation, PBM may create a more permissive 
environment for neuronal recovery and synaptic plasticity. 
This finding is consistent with other studies reporting that 
PBM can modulate glial cell activity and reduce neuroin-
flammation [25].

Interestingly, PBM had a limited effect on microglia acti-
vation, as evidenced by minimal changes in IBA-1 expres-
sion. Microglia play complex roles in the central nervous 
system, contributing to both injury and repair processes 
[26]. Delayed microglial activation has been detected in 
regions distant from the infarct and is thought to contribute 
to gradual and progressive neurodegeneration over time [27]. 
The lack of significant impact on microglia suggests that 
PBM’s primary mechanism may involve astrocytic pathways 
rather than microglial modulation. Alternatively, the timing 
of our assessments may not have captured transient changes 
in microglial activity, and future studies could explore this 
aspect further.

Our RNA-seq and RT-qPCR analyses identified sig-
nificant upregulation of the neuroprotective gene Gpr39 
in PBM-treated mice at day 7 post-PT. Gpr39 has been 
implicated in regulating microvascular perfusion, neuronal 
survival, and neurogenesis after ischemic injury [28]. The 
transient upregulation of Gpr39 suggests that PBM enhances 
endogenous recovery mechanisms during the critical early 
period following stroke. Additionally, the upregulation of 
Or4m1, an olfactory receptor gene associated with neural 
repair, indicates that PBM may influence sensory-specific 
pathways to promote functional recovery [29]. These molec-
ular changes may underlie the observed functional improve-
ments without apparent structural repair.

Our study presents novel insights into the therapeutic 
effects of PBM on olfactory dysfunction post-stroke. By 
focusing on the OB, a region critical for olfaction and sus-
ceptible to ischemic injury, we highlight the potential of 
PBM to address sensory deficits that are often overlooked in 
stroke recovery. The identification of specific genes modu-
lated by PBM provides a foundation for understanding the 

molecular basis of its therapeutic actions and may guide the 
development of targeted interventions.

However, several limitations of this study should be 
acknowledged. The use of bulk RNA-seq limits our ability 
to attribute gene expression changes to specific cell types 
within the OB. Single-cell RNA-seq or spatial transcriptom-
ics would provide more detailed insights into the cellular 
mechanisms underlying PBM’s effects [4, 30]. Addition-
ally, we did not assess functional connectivity or synaptic 
changes that may contribute to the recovery of olfactory 
function. Electrophysiological recordings or advanced imag-
ing techniques such as functional MRI could address this 
gap.

Furthermore, while our study focused on the acute and 
subacute phases post-stroke, longer-term assessments are 
needed to determine the durability of PBM’s effects and its 
impact on chronic recovery stages. Investigating different 
PBM parameters, such as wavelength, dosage, and treatment 
duration, may optimize therapeutic outcomes. Finally, trans-
lating these findings to clinical practice requires caution. 
Differences between animal models and human pathology 
necessitate rigorous clinical trials to evaluate PBM’s safety 
and efficacy in stroke patients with olfactory dysfunction.

Conclusion

Our study demonstrates that PBM therapy accelerates the 
recovery of olfactory function in the early stages follow-
ing ischemic stroke in a mouse olfactory bulb. We observed 
that PBM reduces astrocyte activation and enhances the 
expression of neuroprotective genes, such as Gpr39 during 
the acute recovery phase. These findings suggest that PBM 
may facilitate functional recovery by modulating the neuro-
inflammatory environment and promoting endogenous 
protective mechanisms. By offering novel insights into the 
molecular and cellular effects of PBM, our study provides a 
foundation for future research aimed at developing effective 
therapies for sensory deficits following stroke.
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