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Abstract 34 

Traumatic brain injury (TBI) triggers a cascade of secondary pathologies—such as 35 

neuroinflammation and glial activation—that contribute to progressive neuronal loss and hinder 36 

functional recovery. While therapeutic hypothermia has shown neuroprotective potential, its 37 

clinical application is limited by systemic complications. Recent discoveries have identified 38 

hypothalamic Q neurons, whose activation induces a reversible, hibernation-like hypothermic 39 

state, termed Q neurons-induced hypothermic/hypometabolic states (QIH), without the need for 40 

external cooling. However, whether QIH can mitigate brain injury remains unknown. In this 41 

study, we examined the therapeutic effects of QIH following acute brain injury in male mice. 42 

Using a dorsal striatal stab injury model, we found that QIH-treated mice displayed significantly 43 

improved motor performance and grip strength compared to controls. Histological analyses 44 

revealed enhanced neuronal survival in the perilesional striatum, accompanied by markedly 45 

reduced astrocytic gliosis and microglial accumulation at the injury site.To investigate the 46 

mechanisms underlying these improvements, we employed a medial prefrontal cortex injury 47 

model and observed that QIH robustly suppressed astrocytic and microglial activation, as 48 

indicated by reduced GFAP and Iba1 expression. Additionally, QIH decreased the number of 49 

CD16/32- and CD68-positive microglia and downregulated iNOS expression, suggesting that 50 

QIH dampens both oxidative and phagocytic inflammatory responses. Morphometric analysis 51 

further revealed a shift toward ramified and rod-shaped microglia; phenotypes associated with 52 

neuroprotection. Our findings demonstrate that QIH ameliorates early neuroinflammation, 53 

preserves neuronal integrity, and promotes functional recovery following brain injury. These 54 

results highlight QIH as a novel and physiologically grounded neuroprotective strategy that may 55 

overcome the limitations of conventional hypothermia-based interventions. 56 
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Q neurons-induced hypothermic/hypometabolic states, brain injury, microglia, astrocyte 58 
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Significance Statement 60 

Traumatic brain injury (TBI) often leads to long-term neurological impairments due to glial 61 

activation and neuroinflammation. Although therapeutic hypothermia can reduce secondary 62 

damage, its clinical use is limited by systemic side effects. Here, we demonstrate that a 63 

hibernation-like state induced by hypothalamic Q neurons—Q neurons-induced 64 

hypothermic/hypometabolic states (QIH)—improves motor function, enhances neuronal survival, 65 

and suppresses early neuroinflammatory responses in mouse models of brain injury. QIH 66 

attenuated astrocytic and microglial activation and promoted the emergence of neuroprotective 67 

microglial morphologies. These results suggest that QIH is a promising and physiologically 68 

regulated neuroprotective strategy. Unlike traditional hypothermia, QIH avoids external cooling, 69 

offering a potentially safer and more practical approach to TBI treatment. 70 

  71 
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Introduction 72 

Traumatic brain injury (TBI) is a major public health concern that frequently leads to persistent  73 

neurological impairments and functional disability (Bramlett and Dietrich, 2015). Caused by 74 

external mechanical forces, such as impact, penetration, or rapid acceleration-deceleration, TBI 75 

initiates both immediate and delayed pathological responses. The primary injury involves 76 

neuronal and glial cell loss, axonal damage, cerebral edema, and disruption of the blood-brain 77 

barrier (BBB) (Puntambekar et al., 2018; Mira et al., 2021). These acute events subsequently 78 

trigger secondary cascades —including oxidative stress, neuroinflammation, and metabolic 79 

dysregulation—that exacerbate tissue damage and impair recovery. 80 

A hallmark of secondary injury is the rapid activation of glial cells—microglia and 81 

astrocytes—which mediate inflammatory responses and participate in tissue repair (Mira et al., 82 

2021). Microglia adopt amoeboid morphologies, migrate to the lesion site, and secrete pro-83 

inflammatory cytokines (Donat et al., 2017), while astrocytes undergo reactive gliosis, marked by 84 

hypertrophy and upregulation of intermediate filaments such as GFAP (Robel et al., 2011; Dimou 85 

and Götz, 2014). Although these glial responses can be protective, their sustained activation 86 

contributes to neuronal loss, impedes regeneration, and worsens long-term outcomes (Donat et 87 

al., 2017; Guttenplan et al., 2021). 88 

Therapeutic hypothermia has shown potential for mitigating secondary damage by 89 

reducing inflammation and metabolic demand (Andresen et al., 2015). However, conventional 90 

cooling methods are associated with systemic complications such as insulin resistance, 91 

coagulopathy, and cardiac arrhythmias, limiting their clinical application (Lewis et al., 2017). 92 

Recent advances in neurobiology have identified a distinct population of hypothalamic 93 

neurons—termed Q neurons—whose activation induces a reversible, hibernation-like 94 

hypothermic and hypometabolic state, referred to as Q neurons-induced 95 
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hypothermic/hypometabolic states (QIH) (Takahashi et al., 2020). Unlike conventional 96 

hypothermia, QIH does not require external cooling and achieves physiological downregulation 97 

through endogenous mechanisms. While QIH has been shown to lower body temperature and 98 

metabolic rate, its therapeutic potential in the context of brain injury has not been explored.  99 

Here, we investigate whether QIH can promote functional recovery and attenuate 100 

neuroinflammation after acute brain injury in mice. We employed a chemogenetic approach to 101 

induce QIH using Qrfp-iCre;Rosa26dreaddm3 mice (hereafter Qrfp-M3 mice), which enable systemic 102 

activation of Q neurons via clozapine-N-oxide (CNO) without the need for intracranial viral vector 103 

injection. This model avoids local inflammation and potential confounds associated with surgical 104 

viral vector delivery, and provides a more controlled platform for evaluating therapeutic outcomes. 105 

Our findings reveal that QIH enhances motor recovery, preserves neuronal integrity, and 106 

suppresses early glial activation following striatal and cortical injuries. These results support QIH 107 

as a novel, physiologically regulated neuroprotective strategy with the potential to overcome 108 

limitations of conventional hypothermia in TBI management. 109 

 110 

Materials and Methods 111 

Animals 112 

All animal experiments were conducted at the International Institute for Integrative Sleep 113 

Medicine (IIIS), University of Tsukuba, in accordance with the institute's animal experimentation 114 

guidelines. The experimental protocols were approved by the Animal Experimentation 115 

Committee (Approval No. 24-065) and adhered to the guidelines of the U.S. National Institutes 116 

of Health. Mice were housed under controlled conditions (23 °C, 50% humidity, 12-hour 117 

light/dark cycle) with ad libitum access to food and water. Experiments were performed using 118 
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adult male C57BL/6J wild-type mice (Charles River, ID#000664) and Qrfp-119 

iCre;Rosa26dreaddm3mice (Qrfp-M3 mice) (Takahashi et al., 2020) , aged 6-12 weeks and 120 

weighing 23-30 g. All mice were group-housed (four per cage) without isolation. Only male mice 121 

were used in this study. 122 

 123 

Chemogenetic Induction of QIH 124 

QIH was induced in Qrfp-M3 mice using the DREADD system. Clozapine-N-oxide (CNO; 125 

Abcam, ab141704) was dissolved in saline (500 μg/mL) and stored at -20 °C. For QIH induction, 126 

CNO was intraperitoneally injected at a dose of 6.5 mg/kg. Because Qrfp-M3 mice exhibit 127 

weaker and shorter QIH responses than Q-hM3Dq mice (which require AAV delivery into the 128 

AVPe), supplemental doses of CNO (2.5-5 mg/kg) were administered as needed to maintain 129 

QIH. 130 

Body temperature was continuously monitored using a thermal imaging camera (Nippon 131 

Avionics) inside a temperature-controlled chamber (HC-100, Shin Factory) set to 22.0 °C. Mice 132 

were not shaved to avoid unnecessary stress, and measurements were taken at the 133 

interscapular region. Additional doses of CNO were given if body temperature exceeded 28 °C 134 

during the designated QIH period. 135 

 136 

Induction of brain injury 137 

Stereotaxic surgery was performed under isoflurane anesthesia (Pfizer). For striatal injury, a 138 

sterile syringe needle (23G × 1, 0.60 × 25 mm, NN-2325R) was inserted into the dorsal striatum 139 

at the following coordinates: anterior-posterior (AP) +1.75 mm, medial-lateral (ML) +0.74 mm, 140 
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dorsal-ventral (DV) -4.0 mm. The needle was held in place for 5 minutes and then slowly 141 

withdrawn over approximately 1 minute. 142 

For cortical injury, a fiber optic cannula (RWD, 200 μm core, 6 mm length) was stereotaxically 143 

inserted into the medial prefrontal cortex (mPFC) at AP +0.3 mm, ML +1.94 mm, DV -4.0 mm. 144 

Although the mPFC is located near the midline, the left and right hemispheres are anatomically 145 

distinct, and clear laterality in glial responses was observed, supporting the use of unilateral 146 

injuries to evaluate regional differences. 147 

To investigate molecular changes via qPCR, bilateral cortical injuries were induced by 148 

inserting syringe needles into the mPFC at AP ±0.3 mm, ML +1.94 mm, DV -4.0 mm. Bilateral 149 

injury was chosen to obtain sufficient tissue for RNA extraction while minimizing the number of 150 

animals used, in accordance with animal welfare guidelines. The use of both cortical (mPFC) 151 

and subcortical (dorsal striatum) injury models allowed us to assess the generalizability of QIH 152 

effects across distinct brain regions with differing vulnerability and glial architecture. 153 

 154 

Behavioral Tests 155 

All behavioral tests were conducted under dim lighting conditions (<15 lux) and recorded using 156 

a CCD video camera. Behavioral data were analyzed using DeepLabCut 157 

(https://github.com/DeepLabCut/DeepLabCut) and the OpenCV (cv2) Python module. 158 

Open Field Test 159 

Spontaneous locomotor activity was assessed in an open-field arena (40 × 40 cm), as 160 

previously described (Seibenhener and Wooten, 2015). Each mouse was placed in the center of 161 

the empty arena and recorded for 2 minutes and 15 seconds. Key parameters—including total 162 

distance traveled, maximum velocity, and average velocity—were calculated to evaluate motor 163 
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function. The open field test was conducted on post-injury days (POD) 3, 5, 10, and 15 to 164 

assess locomotor recovery over time. 165 

To quantify gait-related movement, five 1-second video segments per mouse were 166 

extracted during periods of straight walking. The nose, hip, and tail base were tracked frame-by-167 

frame to compute body segment angles. Temporal changes in these angles were fitted with 168 

cosine functions, and the amplitude of each fitted curve was used as an index of locomotor 169 

coordination. 170 

Grip Strength Test 171 

Forelimb and four-limb grip strength were evaluated on POD 20 using a Mouse/Rat Grip 172 

Strength Meter (GPM-101BV/GPM-101B/GPM-101V, Melques, Japan), as previously reported 173 

(Takeshita et al., 2017). In the forelimb test, mice grasped a horizontal bar with their front paws, 174 

and the tail was gently pulled backward until the grip was released. In the four-limb test, mice 175 

held onto a vertical mesh grid using all four limbs. 176 

Each mouse performed three consecutive trials for each test. Grip force was normalized 177 

by body weight (g) and averaged across trials. 178 

Following the final behavioral tests, mice were immediately perfusion-fixed for 179 

histological analyses. 180 

 181 

Immunohistochemistry 182 

Mice were anesthetized with isoflurane and perfused transcardially with 10% sucrose solution, 183 

followed by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% paraformaldehyde (PFA) 184 

in phosphate-buffered saline (PBS) for 24 hours and cryoprotected by immersion in 30% 185 
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sucrose for 2 days. Brain sections (40-μm thick) were prepared using a cryostat (Leica 186 

Biosystems CM1860). 187 

The sections were washed three times in PBS for 10 minutes each and incubated 188 

overnight at 4°C with primary antibodies in PBS containing 10% bovine serum albumin 189 

(Blocking One, Nacalai Tesque) and 0.3% Triton X-100. The primary antibodies used were goat 190 

anti-Iba1 (1:500; 011-27991, Fujifilm), rabbit anti-GFAP (1:2000; HPA056030, Sigma-Aldrich), 191 

rabbit monoclonal anti-CD16+CD32 antibody (1:500;EPR23501-203, Abcam), rat monoclonal 192 

anti-CD68 antibody (1:50; FA-11, Abcam) and mouse monoclonal anti-NeuN antibody(1:500; 193 

clone A60, MAB377, Sigma-Aldrich). Sections were then washed three times in PBS and 194 

incubated overnight at 4°C with secondary antibodies in PBS containing 10% bovine serum 195 

albumin and 0.3% Triton X-100. The secondary antibodies used were Alexa Fluor 488-196 

conjugated donkey anti-goat IgG (H+L), cross-adsorbed (1:1000; A11055, Invitrogen), Alexa 197 

Fluor Plus 594-conjugated donkey anti-rabbit IgG (H+L), highly cross-adsorbed (1:1000; 198 

A32754, Invitrogen), Alexa Fluor Plus 488-conjugated donkey anti-mouse IgG (H+L), highly 199 

cross-adsorbed (1:1000; A32766, Invitrogen), and Alexa Fluor Plus 488-conjugated donkey anti-200 

rat IgG (H+L), highly cross-adsorbed (1:1000; A48269, Invitrogen). Sections were washed in 201 

PBS, air-dried on subbed slides, and coverslipped using FluorSave reagent (Calbiochem). Brain 202 

sections were observed using a confocal laser microscope (SP8, Leica Biosystems) or a 203 

fluorescent microscope (THUNDER imaging system, Leica Biosystems). 204 

 205 

Quantitative reverse transcription polymerase chain reaction（RT-qPCR） 206 

Mice were anesthetized with isoflurane to achieve deep anesthesia, confirmed by the absence 207 

of pain reflexes. The brain was promptly removed and immersed in ice-cold, half-frozen artificial 208 

cerebrospinal fluid (ACSF) to preserve its structural integrity. After a 3-minute immersion, the 209 
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cerebellum was removed, and the remaining brain tissue was sliced into 50-µm sections using a 210 

vibratome (VT1200S, Leica Biosystems). The mPFC region surrounding the injury site was 211 

dissected and placed in a 1.5 mL tube, immediately frozen in liquid nitrogen, and stored at -212 

80°C for further processing. 213 

Total RNA was extracted from the brain tissue around injured area using the 214 

NucleoSpin RNA XS kit (TaKaRa Bio, Product Codes: 740902.50 and 740944). The quality and 215 

concentration of the extracted RNA were measured and recorded using a Thermo Scientific™ 216 

NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (ND-ONE-W). 217 

 For reverse transcription of RNA, we used the ReverTra Ace® qPCR RT Kit (FSQ-101, 218 

TOYOBO) following the manufacturer’s protocol. To denature secondary RNA structures, RNA 219 

samples were incubated at 65°C for 5 minutes, then rapidly cooled on ice for 30 seconds. The 220 

reverse transcription reaction was carried out at 37°C for 15 minutes, followed by inactivation 221 

and denaturation at 98°C for 5 minutes. The resulting complementary DNA (cDNA) was stored 222 

at 4°C until further use. 223 

Quantitative PCR (qPCR) was performed using the THUNDERBIRD Probe qPCR Mix 224 

(QPS-101T, TOYOBO), optimized for high sensitivity and specificity. Specific primer-probe sets 225 

for IL-1β, IL-10, iNOS, and the internal control gene GAPDH were designed and synthesized. 226 

The primer sequences used were as follows: 227 

IL-1β: Forward: GACCTGTTCTTTGAAGTTGACG, Reverse: CTCTTGTTGATGTGCTGCTG 228 

IL-10: Forward: TTGAATTCCCTGGGTGAGAAG, Reverse: TCCACTGCCTTGCTCTTATTT 229 

iNOS: Forward: GGAATCTTGGAGCGAGTTGT, Reverse: CCTCTTGTCTTTGACCCAGTAG 230 

qPCR amplification was conducted using the Bio-Rad CFX96 Real-Time PCR System under the 231 

following cycling conditions: Initial denaturation at 95°C for 30 seconds, followed by 40 cycles of 232 
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95°C for 15 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. Fluorescence was 233 

monitored at each cycle. 234 

Gene expression levels were quantified using the comparative ΔCq method, with 235 

GAPDH as the internal control. Each reaction was performed with N = 8 biological replicates, 236 

and relative mRNA expression levels were calculated as 2^(-ΔCq). Data were analyzed using 237 

Bio-Rad CFX Manager and presented as fold change relative to the control group. 238 

 239 

Analysis of Cellular Numbers and Morphology  240 

Cell Counting 241 

Glial cell numbers were quantified using ImageJ (Schneider et al., 2012) from brain sections 242 

containing injury sites. Cells were counted within a 500 µm × 500 µm area centered on the 243 

injury tip, and density was calculated as cells per mm². 244 

Morphological Analysis 245 

Microglial morphology was analyzed using scikit-learn, scikit-image, and napari in the Python 246 

module. Z-stack images were processed into 2D using Maximum Intensity Projection (MIP), 247 

converted to grayscale, and background-corrected using a Gaussian filter, background 248 

subtraction, and fast Fourier transform (FFT) for contour extraction. Non-overlapping single cells 249 

(20 per section) were isolated and binarized using a threshold calculated by Otsu’s method (Lai 250 

and Rosin, 2014). 251 

Morphological Parameters 252 

Following parameters were calculated (Fernández-Arjona et al., 2017; Green et al., 2022):  253 
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Fractal Dimension & Lacunarity: Structural complexity and heterogeneity were assessed using 254 

the box-counting method. 255 

Convex Hull Analysis: Measures of cell and convex hull area, perimeter, and circularity. Density 256 

and roughness were calculated from these values. 257 

Sholl Analysis: Dendritic complexity was assessed by counting intersections with concentric 258 

circles (D A Sholl, 1953) 259 

Process Length & Straightness Index: A skeletonized binary image was used to calculate total 260 

and mean process lengths, with the straightness index defined as the ratio of Euclidean to 261 

actual path length. 262 

Cell Body Area: A polygon was created for the cell body, and its area was measured using the 263 

Shoelace theorem, then converted to µm². 264 

Microglia Categorization. 265 

The weights of morphological parameters were determined using the multimodality index (MMI), 266 

and features associated with the amoeboid type were selected (Table 1) (Fernández-Arjona et 267 

al., 2017; Vidal-Itriago et al., 2022). The Amoeboid Index was defined as the sum of these 268 

scaled features. Similarly, the Ramified Index was calculated using features characteristic of the 269 

ramified type. Microglia classification was determined by comparing these indices, with each cell 270 

assigned to the predominant type based on the larger value. 271 

Cluster & Principal Component Analysis 272 

Hierarchical Clustering Analysis (HCA): Microglia were grouped based on morphometric 273 

parameters using the Scipy module in Python. Cell distances or similarities were calculated 274 

using Euclidean distance with Ward’s method (Ward, 1963). Morphological parameters with an 275 

MMI ≥ 0.5 were selected for clustering into distinct cell types. 276 
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Cluster Selection: The optimal number of clusters was estimated using the silhouette score 277 

(Rousseeuw, 1987). A silhouette score closer to 1 indicates higher cluster quality, and the final 278 

number of clusters was determined based on the maximized the silhouette score. 279 

Principal Component Analysis (PCA): PCA was performed to identify key morphological 280 

variations, ensuring that the first two principal components explained >70% of the variance. Cell 281 

distributions were visualized based on hierarchical clustering and treatment conditions. 282 

Quantification of glial coverage at the injury site of the striatum 283 

Due to the high density and morphological complexity of glial cells at 20 days post-injury, 284 

reliable cell counting was not feasible. Instead, we quantified the area occupied by GFAP- and 285 

Iba1-positive signals as an index of astrocytic and microglial activation, respectively. 286 

Images were acquired from brain sections containing the injury site using a fluorescence 287 

microscope (THUNDER imaging system, Leica Biosystems) under constant exposure settings. 288 

A standardized 500 × 500 µm region centered on the lesion core was defined for each image. 289 

ImageJ software (NIH) was used to manually threshold the GFAP and Iba1 channels, and the 290 

total immunopositive area was calculated as a percentage of the defined region. All analyses 291 

were performed blinded to treatment condition. 292 

 293 

Statistical Analysis 294 

Data are presented as mean ± SEM unless otherwise noted. Statistical analyses were 295 

performed using repeated measures ANOVA for the open field test and amoeboid ratio. P 296 

values less than 0.05 were considered statistically significant. For comparisons between two 297 

groups, an unpaired two-tailed Student’s t-test was used. We report exact test statistics and 298 

degrees of freedom for all tests in accordance with JNeurosci policy. 299 
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 300 

Code availability 301 

The code used to perform all analyses in this study is available at: 302 

https://github.com/Yoshimoto-1/program-paper-TBI-in-QIH.git 303 

 304 

Results 305 

QIH Facilitates Functional Recovery Following Striatal Injury 306 

To evaluate whether QIH promotes functional recovery after brain injury, we performed behavioral 307 

analysis in mice subjected to dorsal striatal stab injury. QIH was induced using Qrfp-M3 mice, 308 

which express hM3Dq selectively in Qrfp-positive neurons, allowing non-invasive activation of Q 309 

neurons via intraperitoneal injection of clozapine-N-oxide (CNO) (Fig. 1A). hM3Dq-mCherry 310 

expression was detected in the AVPe, in agreement with previous reports (Takahashi et al., 2020) 311 

(Fig. 1B). As QIH induction in this model is less robust than in AAV-injected Q-hM3Dq mice 312 

(Takahashi et al., 2020), repeated CNO administration was used to maintain the hypothermic 313 

state. QIH was successfully sustained for over 24 hours using a temperature-controlled chamber, 314 

whereas wild-type mice showed no temperature change in response to CNO (Fig. 1C).  315 

Motor performance was assessed using open field tests on post-injury days (POD) 3, 5, 316 

10, and 15. Both QIH(-) and QIH(+) groups initially exhibited impaired locomotion, but QIH(+) 317 

mice showed progressive improvement over time. By POD 10 and 15, they traveled significantly 318 

longer distances and moved at faster velocities compared to QIH(-) group (Fig. 1D-F, Movie 1). 319 

In addition to reduced mobility, QIH(-) group also displayed behavioral signs of anxiety or 320 

hesitancy, tending to remain in the corners of the open field more than QIH(+) group (Fig. 1G). 321 
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Gait analysis based on body segment angles—measured from the nose, hip, and tail base—322 

revealed that QIH(-) group walked with relatively constant angles between these points, 323 

suggesting a stiff or constrained locomotor pattern. In contrast, QIH(+) group and uninjured group 324 

exhibited greater amplitude in angular fluctuations, indicating more dynamic and coordinated 325 

movement (Fig. 1H). 326 

On POD 20, QIH(+) group demonstrated significantly higher four-limb grip strength 327 

compared to QIH(-) group (Fig. 1I). 328 

Because QIH could potentially influence locomotor behavior or induce subtle gait 329 

abnormalities independent of injury, we also examined uninjured QIH(-) and QIH(+) mice. No 330 

significant differences were observed in open field performance or grip strength (Fig. S1), 331 

indicating that the improved motor recovery observed in injured QIH(+) mice was not attributable 332 

to baseline effects of QIH itself. These results suggest that QIH promotes motor recovery after 333 

striatal injury by enhancing both activity levels and movement coordination.  334 

 335 

QIH Preserves Neuronal Integrity Near the Injury Site 336 

To examine the structural basis underlying the functional recovery observed in QIH(+) group, we 337 

performed NeuN immunostaining to assess neuronal survival near the injury site in the striatum. 338 

On POD 20, QIH(-) group showed a marked loss of NeuN-positive neurons in the perilesional 339 

region, consistent with secondary neuronal degeneration following injury (Fig. 2A-B, E). In 340 

contrast, QIH(+) group exhibited significantly higher densities of NeuN-positive cells surrounding 341 

the lesion (Fig. 2C-D, F). Quantitative analysis confirmed a robust preservation of neuronal 342 

integrity in the QIH(+) group (Fig. 2G). 343 
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We next evaluated astrocytic and microglial responses in the same region at POD20. 344 

GFAP and Iba1 immunostaining revealed visually reduced gliosis in the QIH(+) group compared 345 

with QIH(-) controls (Fig. 2H-O). To quantify these observations, we measured the 346 

immunopositive area for GFAP and Iba1 within a standardized 500 × 500 μm region surrounding 347 

the lesion. Both astrocytic and microglial signals were significantly lower in the QIH(+) group (Fig. 348 

2P, Q), indicating that QIH suppresses chronic glial activation in the perilesional striatum. 349 

Together, these findings demonstrate that QIH not only preserves neuronal structure but 350 

also attenuates chronic glial activation, suggesting that its neuroprotective effects extend beyond 351 

the acute phase and contribute to a sustained reduction in secondary neuroinflammatory 352 

processes. 353 

Furthermore, to capture the early phase of glial activation, we also analyzed tissue 354 

collected 24 hours after striatal injury (Fig. 3A-C). GFAP immunostaining revealed a dense 355 

accumulation of reactive astrocytes around the lesion site in the QIH(-) group, whereas the QIH(+) 356 

group exhibited markedly reduced GFAP expression (Fig. 3D-G, L). Similarly, Iba1 357 

immunostaining showed a significant reduction in microglial density in the injured cortex of QIH(+) 358 

mice compared with the QIH(-) group (Fig. 3H-K, M). A comparable decrease in microglia was 359 

also observed in the contralateral intact striatum, suggesting that QIH exerts a systemic 360 

suppressive effect on glial activation. 361 

This early-phase analysis complements the chronic-phase findings at 20 days and reveals 362 

the temporal dynamics of astrocytic and microglial modulation under QIH treatment. 363 

 364 

QIH Suppresses Neuroinflammation: Insights from a Cortical Injury Model 365 
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To capture potentially more informative glial changes, we opted to use a more subtle injury 366 

model that produces minimal damage and permits higher-resolution cellular analysis. 367 

Additionally, to determine whether the anti-inflammatory effects of QIH are consistent across 368 

brain regions, we chose the medial prefrontal cortex (mPFC) as a distinct target region (Fig.4A-369 

C). This model enabled high-resolution analysis of glial responses under tightly controlled 370 

stereotaxic conditions. Mice were perfusion-fixed 24.5 hours after injury—corresponding to 24 371 

hours following QIH induction—and brain tissue was collected for histological and molecular 372 

analyses. 373 

We first assessed astrocytic and microglial activation using immunohistochemistry. 374 

GFAP immunostaining revealed dense accumulation of reactive astrocytes around the lesion 375 

site in mice of QIH(-) group, whereas QIH(+) group exhibited markedly reduced GFAP 376 

expression (Fig. 4D-G, L). Similarly, Iba1 staining showed significantly lower microglial density 377 

in the injured cortex of QIH(+) mice compared to QIH(-) group (Fig. 3H-K, M), with a comparable 378 

reduction observed contralaterally, suggesting a systemic suppressive effect of QIH on glial 379 

activation. 380 

Notably, in both the mPFC and striatal injury models of both QIH(-) and QIH(+) 381 

conditions, astrocytes formed a clearly defined GFAP-positive border immediately surrounding 382 

the lesion core, consistent with previous reports of reactive astrocyte-mediated scar formation 383 

(Wanner et al., 2017). However, the density of GFAP-positive astrocytes in the perilesional 384 

parenchyma outside this border was markedly reduced in QIH(+) group compared to QIH(-) 385 

group (Fig.3E, G, Fig.4E, G), indicating suppression of reactive gliosis beyond the immediate 386 

scar zone. 387 

 388 

Temporal dynamics of glial responses under QIH 389 
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To investigate the temporal dynamics of glial responses under QIH, we examined the 390 

perilesional mPFC at multiple time points after injury. At 24 hours post-injury, QIH(+) mice 391 

exhibited a marked suppression of astrocytosis (Fig. 4). At 48 hours, the QIH(+) group 392 

continued to show a strong reduction in reactive astrocytes, resembling the 24-hour profile (Fig. 393 

5D–G, L), whereas microglial numbers did not differ significantly between groups (Fig. 5M, W). 394 

By 7 days post-injury, astrocytosis in QIH(+) mice had increased but remained at lower levels 395 

compared to QIH(–) mice (Fig. 5N–Q, V). At this later time point, microglial numbers were also 396 

reduced in the QIH(+) group. 397 

These findings indicate that QIH suppresses glial activation most prominently during the 398 

early post-injury phase. Importantly, this early suppression of astrocytic and microglial activation 399 

appears to result in sustained differences in the chronic phase, suggesting that QIH exerts its 400 

neuroprotective effects, at least in part, by modulating early inflammatory responses. 401 

 402 

QIH Suppresses Pro-Inflammatory and Phagocytic Microglial Markers 403 

To further characterize microglial activation states, we examined the expression of CD16/32 404 

(FcγRII/III) and CD68, markers associated with pro-inflammatory and phagocytic microglia, 405 

respectively. Both markers were significantly reduced in the injured cortex of mice in QIH(+) 406 

condition (Fig. 6A-I), indicating suppression of classically activated, M1-like microglial 407 

phenotypes. 408 

We next assessed inflammatory gene expression by quantitative RT-PCR using tissue 409 

from the perilesional mPFC collected at the same 24.5-hour time point (Fig. 6J-K). Although 410 

expression levels of IL-1β and IL-10 did not differ significantly between groups, iNOS 411 

expression—a marker of oxidative and inflammatory stress—was significantly downregulated in 412 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

21 

 

mice of QIH(+) condition (Fig. 6L). This suggests that QIH selectively suppresses oxidative and 413 

phagocytic microglial activation while sparing broader cytokine responses. 414 

Collectively, these findings demonstrate that QIH attenuates early neuroinflammation 415 

following cortical injury by suppressing glial activation and reducing the expression of pro-416 

inflammatory and oxidative stress markers. This anti-inflammatory effect may contribute to the 417 

observed neuroprotection and functional recovery. 418 

 419 

QIH Alters Microglial Morphology and Functional States 420 

To further elucidate how QIH modulates microglial behavior after brain injury, we 421 

conducted detailed morphometric analysis of Iba1-positive microglia in the medial prefrontal 422 

cortex at 24.5 hours post-injury (Fig. 7A-H,). Using a previously established morphometric 423 

pipeline (Lobo-Silva et al., 2016; Fernández-Arjona et al., 2017; Green et al., 2022; Vidal-Itriago 424 

et al., 2022), high-resolution images of the injured cortex were processed for three-dimensional 425 

reconstruction and quantitative shape analysis using metrics such as process length, circularity, 426 

and solidity (Fig. 7I-J). 427 

Hierarchical clustering and principal component analysis (PCA) based on these 428 

parameters identified four distinct microglial clusters (Fig. 7K). Microglia from QIH(+) group were 429 

predominantly classified in Cluster 3, which displayed rod-like morphologies with elongated 430 

somata and aligned processes—structural features associated with surveillance or 431 

neuroprotective phenotypes. These cells have been implicated in neuroprotective roles following 432 

injury, potentially forming structural barriers around damaged neurons (Taylor et al., 2014). In 433 

contrast, injured region in QIH(-) group exhibited higher proportions of Cluster 1 microglia, which 434 

showed amoeboid like forms consistent with inflammatory activation (Fig. 7K-N). 435 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

22 

 

Overall morphometric distributions confirmed these patterns: microglia from injured 436 

sites of QIH(+) condition had significantly reduced circularity and increased process length 437 

compared to injured sites of QIH(-) condition (Fig. 7J, Table S1). The proportion of rod-shaped 438 

microglia in QIH(+) condition was especially elevated in regions adjacent to the lesion core (Fig. 439 

7O-Q), where these cells often aligned parallel to the cortical surface and injury axis—a spatial 440 

pattern previously linked to tissue remodeling. 441 

To extend this analysis, we also examined microglial morphology at 48 hours and 7 442 

days post-injury (Fig. S2, Table S2, S3). We calculated the percentage of microglia with an 443 

Amoeboid Index greater than the Ramified Index (defined as the “Amoeboid ratio”) and 444 

presented these results in Fig. 7R. Consistent with the 24-hour findings, the QIH(+) group 445 

exhibited a significant reduction in the Amoeboid ratio at 24 and 48 hours compared to the QIH(-446 

) group. By 7 days post-injury, however, this difference had disappeared. These observations 447 

indicate that QIH exerts its strongest modulatory effects on microglial dynamics within the first 448 

48 hours after injury, which likely contributes to the subsequent neuroprotective outcomes. 449 

 450 

Discussion 451 

QIH Enhances Functional Recovery and Preserves Neuronal Integrity after TBI 452 

Traumatic brain injury (TBI) initiates glial activation, leading to neuroinflammation, neuronal loss, 453 

and blood-brain barrier disruption (Kreutzberg, 1996; Graeber and Streit, 2010; Muñoz-Ballester 454 

and Robel, 2023). Pro-inflammatory cytokines such as IL-1β and TNF-α amplify this response, 455 

perpetuating tissue damage (Arvin et al., 1996; Alam et al., 2020). Astrocytes become reactive, 456 

and microglia adopt amoeboid morphologies associated with neurotoxicity (Nimmerjahn et al., 457 

2005; Hanisch and Kettenmann, 2007; Taylor and Sansing, 2013; Ben Haim and Rowitch, 458 

2016). These activated microglia and astrocytes play a crucial role in TBI pathology, contributing 459 
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to neurodegeneration and the rogression of various CNS disorders (Gregersen et al., 2000; 460 

Block et al., 2007; Onwuekwe and Ezeala-Adikaibe, 2012; Kierdorf and Prinz, 2013; Mira et al., 461 

2021). 462 

We show that chemogenetically induced QIH promotes functional recovery and neuronal 463 

preservation in male mice with TBI. Using Qrfp-iCre;Rosa26dreaddm3 mice,  QIH was non-464 

invasively induced and sustained for >24 hours via repeated CNO injections. Though milder 465 

than viral systems, this hypothermia effectively conferred neuroprotection. 466 

QIH(+) mice exhibited improved motor performance and grip strength after dorsal striatal 467 

stab injury, with increased neuronal density and reduced gliosis in the perilesional striatum (Fig. 468 

1-2). Notably, anti-gliotic effects persisted through POD20, underscoring the therapeutic 469 

relevance of Q neuron activation for neurotrauma. 470 

 471 

Temporal Dynamics of Glial Modulation by QIH 472 

QIH modulates glial responses in a time-dependent manner after TBI. In the acute 473 

phase (24–48 h), QIH(+) mice showed markedly reduced perilesional gliosis, with fewer reactive 474 

astrocytes and a lower proportion of amoeboid microglia. Instead, microglia adopted rod-like 475 

morphologies, associated with neuroprotection and structural support, whereas QIH(–) mice 476 

exhibited classic inflammatory features.  477 

By 7 days post-injury, glial differences between groups diminished (Fig. 5, Fig. 7), 478 

though QIH(+) mice still showed attenuated gliosis at POD20 (Fig. 2). These findings suggest 479 

that QIH primarily acts during the early inflammatory phase with lasting impact on the 480 

neuroinflammatory landscape. 481 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

24 

 

This supports a model in which QIH suppresses initial neuroinflammation, mitigating 482 

secondary damage and promoting recovery—consistent with studies highlighting the importance 483 

of early glial modulation (Loane and Kumar, 2016; Witcher et al., 2021) 484 

 485 

QIH Suppresses Early Glial Activation and Inflammatory Responses 486 

To investigate QIH-induced neuroprotection, we assessed glial responses after striatal 487 

and prefrontal injuries. QIH reduced GFAP and Iba1 immunoreactivity, indicating suppressed 488 

astrocytic and microglial activation (Fig. 3, Fig. 4). Notably, microglial changes were bilateral, 489 

suggesting a systemic anti-inflammatory effect (Fig. 3M, Fig. 4M). 490 

QIH also decreased CD16/32, CD68, and iNOS expression, indicating reduced 491 

phagocytic activity and oxidative stress (Fig. 6I, 6L), while IL-1β and IL-10 levels remained 492 

unchanged, suggesting pathway-specific modulation. 493 

Astrocytic scar borders near the lesion were preserved, but GFAP-positive astrocytes in 494 

the surrounding tissue were reduced (Fig. 3G, Fig. 4G, Fig. 5G). This indicates QIH suppresses 495 

astrocyte activation while maintaining scar integrity—protective against further damage 496 

(Sofroniew, 2015). Such region-specific modulation may limit secondary inflammation without 497 

compromising the protective role of the glial scar. 498 

 499 

Mechanisms Underlying QIH-Induced Neuroprotection  500 

A key mechanism by which QIH exerts neuroprotection may be through modulation of microglia-501 

astrocyte interactions. Inflammatory microglia can induce neurotoxic A1 astrocytes (Witcher et 502 

al., 2018; Mira et al., 2021). QIH-treated mice exhibited attenuated astrocytic gliosis and 503 

decreased microglial activation, suggesting disruption of this detrimental loop. Although IL-1β 504 
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and IL-10 mRNA levels did not differ significantly between QIH and control groups, iNOS 505 

expression was significantly reduced, indicating that QIH suppresses oxidative stress, 506 

potentially limiting ROS-mediated neuronal injury (Fig. 6L). 507 

Microglia display remarkable morphological plasticity in response to environmental 508 

changes. In QIH-treated mice, microglia adopted ramified or rod-like shapes instead of 509 

amoeboid forms. Morphometric clustering revealed that rod-shaped microglia were enriched in 510 

QIH-treated animals, suggesting a shift toward a protective phenotype (Fig. 7). Rod microglia, 511 

which are typically absent from severely inflamed or damaged regions, are thought to support 512 

neuronal survival and structural integrity (Taylor et al., 2014). Their emergence under QIH(+) 513 

conditions, along with reduced iNOS expression, supports a link between anti-oxidative 514 

modulation and protective microglial remodeling (Roth et al., 2013). 515 

QIH also suppressed markers of M1-like microglial polarization (CD16/32, CD68), 516 

consistent with a shift away from pro-inflammatory phenotypes. Though transcriptomic analysis 517 

was not performed, the observed morphologies are associated with reparative microglial states 518 

in prior studies. It is possible that QIH induces a gene expression program similar to that seen in 519 

hibernating mammals, characterized by anti-inflammatory and energy-conserving adaptations. 520 

We observed clear attenuation of astrogliosis in the striatum 20 days after injury in the 521 

QIH(+) group compared with controls (Fig. 2). Nevertheless, a moderate level of gliosis 522 

persisted even under QIH conditions, suggesting that while early neuroinflammatory responses 523 

are suppressed, a delayed and controlled glial response still develops. This may reflect an initial 524 

suppression of A1-like astrocytes followed by delayed activation of A2-like, neuroprotective 525 

subtypes. This delayed gliosis may be beneficial, supporting repair while avoiding the damaging 526 

consequences of early, excessive inflammation. Indeed, controlled gliosis plays a role in 527 

neuroprotection, metabolic support, and scar formation (Bélanger and Magistretti, 2009; 528 
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Shinozaki et al., 2017; Beylerli et al., 2024). Future work using glia-specific markers and single-529 

cell sequencing would help elucidate these state transitions. 530 

In addition, although we did not assess synaptic markers directly, the presence of rod-531 

like microglia and improved behavior suggest maintenance of synaptic architecture. Future 532 

studies should assess synaptic integrity using markers such as synaptophysin or PSD-95, or 533 

functional imaging to confirm this hypothesis. 534 

Although our findings demonstrate that QIH suppresses glial activation and 535 

neuroinflammation, the precise molecular mechanisms underlying these effects remain to be 536 

elucidated. Future studies using transcriptomic profiling, cell-type-specific manipulations, and 537 

pathway analyses will be essential to identify how Q neuron activation influences neuroimmune 538 

interactions. These efforts may clarify whether QIH acts via systemic metabolism, 539 

neuromodulation, or neuroendocrine signaling. 540 

 541 

QIH Reprograms Microglial Morphology Toward Neuroprotective Phenotypes 542 

To further characterize the impact of QIH on microglial states, we performed high-dimensional 543 

morphometric profiling using a previously established pipeline (Taylor and Sansing, 2013). 544 

Hierarchical clustering based on shape parameters revealed four distinct microglial clusters. 545 

QIH-treated mice exhibited a predominance of Cluster 3 microglia, defined by rod-like 546 

morphologies with elongated somata and aligned processes (Fig. 7). These cells have been 547 

implicated in neuroprotective roles following injury, potentially forming structural barriers around 548 

damaged neurons (Taylor et al., 2014). 549 

By contrast, injury site of QIH(-) mice exhibited a predominance of amoeboid microglia—550 

consistent with inflammatory activation. These morphological findings support the hypothesis 551 
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that QIH not only reduces microglial activation but also promotes a shift toward a reparative, 552 

surveillance-like phenotype. 553 

 554 

Comparison to Conventional Hypothermia and Clinical Implications 555 

Therapeutic hypothermia has long been investigated for neuroprotection in TBI, but its clinical 556 

utility remains limited by systemic side effects and technical challenges. QIH offers a novel 557 

solution by harnessing an endogenous neuronal mechanism to induce a torpor-like state without 558 

external cooling. This physiologically regulated hypothermia may offer enhanced stability and 559 

reduced risk compared to conventional methods. 560 

While the neuroprotective effects observed in this study may be attributable to 561 

hypothermia itself, the means by which hypothermia is achieved is of critical relevance. In 562 

homeothermic animals such as mice, maintaining stable and prolonged hypothermia using 563 

external cooling typically necessitates deep anesthesia to suppress endogenous 564 

thermoregulatory defenses. However, in our experience and that of others, such procedures 565 

often result in severe physiological stress or mortality, making long-term external cooling an 566 

impractical or non-viable experimental condition. 567 

In stark contrast, QIH represents an internally regulated and reversible hypometabolic 568 

state that enables mice to sustain deep hypothermia for over 24 hours without the need for 569 

anesthesia or artificial cooling. All animals spontaneously re-warmed and survived, highlighting 570 

a significant advantage of QIH over conventional methods. This feature not only minimizes 571 

systemic complications but also makes it feasible to examine the effects of prolonged 572 

hypothermia in a physiologically stable and survival-compatible context. We believe this 573 

distinction offers important translational potential and justifies the use of QIH as a model for 574 

investigating endogenous neuroprotective pathways. 575 
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Our use of Qrfp-M3 mice allowed non-invasive, systemic induction of QIH. Although 576 

chemogenetic tools are not yet clinically deployable, the proof-of-concept established here 577 

opens avenues for pharmacological or neuromodulatory strategies targeting Q neurons or 578 

downstream effectors. 579 

 580 

Limitations and Future Directions 581 

This study has several limitations. First, the effects of QIH were examined only in acute injury 582 

models; its efficacy in chronic or severe TBI remains to be tested. Second, while QIH clearly 583 

influenced microglial phenotype and inflammatory markers, its impact on long-term synaptic 584 

connectivity and cognitive outcomes is unknown. Third, the precise downstream mechanisms by 585 

which Q neurons modulate inflammation—whether via systemic metabolism, neuroimmune 586 

signaling, or neuroendocrine pathways—require further elucidation. 587 

Future work should focus on delineating the molecular and circuit-level mechanisms 588 

underlying QIH-induced neuroprotection and evaluating the feasibility of QIH-mimetic 589 

interventions in translational settings. 590 

In this study, we used only male mice to reduce variability. However, sex differences in 591 

neuroinflammatory responses and recovery after TBI are well documented. Future studies 592 

should examine whether QIH exerts similar neuroprotective effects in females. 593 

 594 

Conclusion 595 

Our findings identify QIH as a novel and physiologically grounded neuroprotective state that 596 

promotes recovery after TBI. By reducing early glial activation, suppressing oxidative 597 

inflammation, and promoting neuroprotective microglial morphologies, QIH effectively interrupts 598 
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secondary injury cascades. These results establish a foundation for future strategies that 599 

leverage neural control of metabolism to treat acute brain injury. 600 

  601 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

30 

 

References 602 

Alam A, Thelin EP, Tajsic T, Khan DZ, Khellaf A, Patani R, Helmy A (2020) Cellular infiltration in 603 

traumatic brain injury. J Neuroinflammation 2020 171 17:1-17. 604 

Andresen M, Gazmuri JT, Marín A, Regueira T, Rovegno M (2015) Therapeutic hypothermia for 605 

acute brain injuries. Scand J Trauma Resusc Emerg Med 23:42 Available at: 606 

https://pmc.ncbi.nlm.nih.gov/articles/PMC4456795/ [Accessed February 5, 2025]. 607 

Arvin B, Neville LF, Barone FC, Feuerstein GZ (1996) The Role of Inflammation and Cytokines 608 

in Brain Injury. Neurosci Biobehav Rev 20:445-452. 609 

Bélanger M, Magistretti PJ (2009) The role of astroglia in neuroprotection. Dialogues Clin 610 

Neurosci 11:281-296. 611 

Ben Haim L, Rowitch DH (2016) Functional diversity of astrocytes in neural circuit regulation. 612 

Nat Rev Neurosci 2016 181 18:31-41. 613 

Beylerli O, Gareev I, Beilerli A, Ilyasova T, Shi H, Sufianov A (2024) The function of astrocytes 614 

in cerebral infarction and potential therapeutic approaches. Brain Hemorrhages 5:181-187. 615 

Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the molecular 616 

mechanisms. Nat Rev Neurosci 2007 81 8:57-69. 617 

Bramlett HM, Dietrich WD (2015) Long-Term Consequences of Traumatic Brain Injury: Current 618 

Status of Potential Mechanisms of Injury and Neurological Outcomes. J Neurotrauma 619 

32:1834 Available at: https://pmc.ncbi.nlm.nih.gov/articles/PMC4677116/ [Accessed 620 

February 18, 2025]. 621 

D A Sholl (1953) Dendritic organization in the neurons of the visual and motor cortices of the 622 

cat. J Anat 87:387-406. 623 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

31 

 

Dimou L, Götz M (2014) Glial cells as progenitors and stem cells: new roles in the healthy and 624 

diseased brain. Physiol Rev 94:709-737 Available at: 625 

https://pubmed.ncbi.nlm.nih.gov/24987003/ [Accessed February 6, 2025]. 626 

Donat CK, Scott G, Gentleman SM, Sastre M (2017) Microglial activation in traumatic brain 627 

injury. Front Aging Neurosci 9:274524 Available at: www.frontiersin.org [Accessed 628 

February 5, 2025]. 629 

Fernández-Arjona M del M, Grondona JM, Granados-Durán P, Fernández-Llebrez P, López-630 

Ávalos MD (2017) Microglia morphological categorization in a rat model of 631 

neuroinflammation by hierarchical cluster and principal components analysis. Front Cell 632 

Neurosci 11. 633 

Graeber MB, Streit WJ (2010) Microglia: Biology and pathology. Acta Neuropathol 119:89-105. 634 

Green TRF, Murphy SM, Rowe RK (2022) Comparisons of quantitative approaches for 635 

assessing microglial morphology reveal inconsistencies, ecological fallacy, and a need for 636 

standardization. Sci Reports 2022 121 12:1-13 Available at: 637 

https://www.nature.com/articles/s41598-022-23091-2 [Accessed February 25, 2025]. 638 

Gregersen R, Lambertsen K, Finsen B (2000) Microglia and macrophages are the major source 639 

of tumor necrosis factor in permanent middle cerebral artery occlusion in mice. J Cereb 640 

Blood Flow Metab 20:53-65. 641 

Guttenplan KA, Weigel MK, Prakash P, Wijewardhane PR, Hasel P, Rufen-Blanchette U, Münch 642 

AE, Blum JA, Fine J, Neal MC, Bruce KD, Gitler AD, Chopra G, Liddelow SA, Barres BA 643 

(2021) Neurotoxic reactive astrocytes induce cell death via saturated lipids. Nat 2021 644 

5997883 599:102-107 Available at: https://www.nature.com/articles/s41586-021-03960-y 645 

[Accessed February 6, 2025]. 646 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

32 

 

Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile effector cells in the 647 

normal and pathologic brain. Nat Neurosci 2007 1011 10:1387-1394. 648 

Kierdorf K, Prinz M (2013) Factors regulating microglia activation. Front Cell Neurosci 7:46384. 649 

Kreutzberg GW (1996) Microglia: a sensor for pathological events in the CNS. Trends Neurosci 650 

19:312-318. 651 

Lai YK, Rosin PL (2014) Efficient circular thresholding. IEEE Trans Image Process 23:992-1001 652 

Available at: https://pubmed.ncbi.nlm.nih.gov/24464614/ [Accessed March 20, 2025]. 653 

Lewis SR, Evans DJW, Butler AR, Schofield-Robinson OJ, Alderson P (2017) Hypothermia for 654 

traumatic brain injury. Cochrane Database Syst Rev 2017:CD001048. 655 

Loane DJ, Kumar A (2016) Microglia in the TBI brain: The good, the bad, and the dysregulated. 656 

Exp Neurol 275:316-327 Available at: 657 

https://www.sciencedirect.com/science/article/pii/S0014488615300790?utm_source=chatg658 

pt.com [Accessed August 4, 2025]. 659 

Lobo-Silva D, Carriche GM, Castro AG, Roque S, Saraiva M (2016) Balancing the immune 660 

response in the brain: IL-10 and its regulation. J Neuroinflammation 13 Available at: 661 

https://pubmed.ncbi.nlm.nih.gov/27881137/ [Accessed February 15, 2025]. 662 

Mira RG, Lira M, Cerpa W (2021) Traumatic Brain Injury: Mechanisms of Glial Response. Front 663 

Physiol 12:740939 Available at: https://pmc.ncbi.nlm.nih.gov/articles/PMC8569708/ 664 

[Accessed February 5, 2025]. 665 

Muñoz-Ballester C, Robel S (2023) Astrocyte-mediated mechanisms contribute to traumatic 666 

brain injury pathology. WIREs Mech Dis 15:e1622. 667 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

33 

 

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Neuroscience: Resting microglial cells are 668 

highly dynamic surveillants of brain parenchyma in vivo. Science (80- ) 308:1314-1318. 669 

Onwuekwe I, Ezeala-Adikaibe B (2012) Ischemic Stroke and Neuroprotection. Ann Med Health 670 

Sci Res 2:186. 671 

Puntambekar SS, Saber M, Lamb BT, Kokiko-Cochran ON (2018) Cellular players that shape 672 

evolving pathology and neurodegeneration following traumatic brain injury. Brain Behav 673 

Immun 71:9-17 Available at: https://pubmed.ncbi.nlm.nih.gov/29601944/ [Accessed 674 

February 6, 2025]. 675 

Robel S, Berninger B, Götz M (2011) The stem cell potential of glia: lessons from reactive 676 

gliosis. Nat Rev Neurosci 12:88-104 Available at: 677 

https://pubmed.ncbi.nlm.nih.gov/21248788/ [Accessed February 6, 2025]. 678 

Roth TL, Nayak D, Atanasijevic T, Koretsky AP, Latour LL, McGavern DB (2013) Transcranial 679 

amelioration of inflammation and cell death after brain injury. Nat 2013 5057482 505:223-680 

228 Available at: https://www.nature.com/articles/nature12808 [Accessed March 21, 2025]. 681 

Rousseeuw PJ (1987) Silhouettes: A graphical aid to the interpretation and validation of cluster 682 

analysis. J Comput Appl Math 20:53-65 Available at: 683 

https://www.researchgate.net/publication/222451107_Rousseeuw_PJ_Silhouettes_A_Grap684 

hical_Aid_to_the_Interpretation_and_Validation_of_Cluster_Analysis_Comput_Appl_Math_685 

20_53-65 [Accessed March 20, 2025]. 686 

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image 687 

analysis. Nat Methods 2012 97 9:671-675 Available at: 688 

https://www.nature.com/articles/nmeth.2089 [Accessed February 13, 2025]. 689 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

34 

 

Seibenhener ML, Wooten MC (2015) Use of the Open Field Maze to measure locomotor and 690 

anxiety-like behavior in mice. J Vis Exp. 691 

Shinozaki Y, Shibata K, Yoshida K, Shigetomi E, Gachet C, Ikenaka K, Tanaka KF, Koizumi S 692 

(2017) Transformation of Astrocytes to a Neuroprotective Phenotype by Microglia via P2Y1 693 

Receptor Downregulation. Cell Rep 19:1151-1164. 694 

Sofroniew M V. (2015) Astrocyte barriers to neurotoxic inflammation. Nat Rev Neurosci 16:249 695 

Available at: https://pmc.ncbi.nlm.nih.gov/articles/PMC5253239/ [Accessed July 16, 2025]. 696 

Takahashi TM, Sunagawa GA, Soya S, Abe M, Sakurai K, Ishikawa K, Yanagisawa M, Hama H, 697 

Hasegawa E, Miyawaki A, Sakimura K, Takahashi M, Sakurai T (2020) A discrete neuronal 698 

circuit induces a hibernation-like state in rodents. Nature 583:109-114 Available at: 699 

https://doi.org/10.1038/s41586-020-2163-6 [Accessed February 6, 2021]. 700 

Takeshita H, Yamamoto K, Nozato S, Inagaki T, Tsuchimochi H, Shirai M, Yamamoto R, 701 

Imaizumi Y, Hongyo K, Yokoyama S, Takeda M, Oguro R, Takami Y, Itoh N, Takeya Y, 702 

Sugimoto K, Fukada SI, Rakugi H (2017) Modified forelimb grip strength test detects aging-703 

associated physiological decline in skeletal muscle function in male mice. Sci Reports 2017 704 

71 7:1-9. 705 

Taylor RA, Sansing LH (2013) Microglial Responses after Ischemic Stroke and Intracerebral 706 

Hemorrhage. J Immunol Res 2013:746068. 707 

Taylor SE, Morganti-Kossmann C, Lifshitz J, Ziebell JM (2014) Rod Microglia: A Morphological 708 

Definition. PLoS One 9:e97096 Available at: 709 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0097096 [Accessed 710 

March 21, 2025]. 711 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

35 

 

Vidal-Itriago A, Radford RAW, Aramideh JA, Maurel C, Scherer NM, Don EK, Lee A, Chung RS, 712 

Graeber MB, Morsch M (2022) Microglia morphophysiological diversity and its implications 713 

for the CNS. Front Immunol 13:997786 Available at: 714 

https://pmc.ncbi.nlm.nih.gov/articles/PMC9627549/ [Accessed February 15, 2025]. 715 

Ward JH (1963) Hierarchical Grouping to Optimize an Objective Function. J Am Stat Assoc 716 

58:236-244. 717 

Witcher KG, Bray CE, Chunchai T, Zhao F, O’Neil SM, Gordillo AJ, Campbell WA, McKim DB, 718 

Liu X, Dziabis JE, Quan N, Eiferman DS, Fischer AJ, Kokiko-Cochran ON, Askwith C, 719 

Godbout JP (2021) Traumatic Brain Injury Causes Chronic Cortical Inflammation and 720 

Neuronal Dysfunction Mediated by Microglia. J Neurosci 41:1597 Available at: 721 

https://pmc.ncbi.nlm.nih.gov/articles/PMC7896020/ [Accessed August 4, 2025]. 722 

Witcher KG, Bray CE, Dziabis JE, McKim DB, Benner BN, Rowe RK, Kokiko-Cochran ON, 723 

Popovich PG, Lifshitz J, Eiferman DS, Godbout JP (2018) Traumatic brain injury-induced 724 

neuronal damage in the somatosensory cortex causes formation of rod-shaped microglia 725 

that promote astrogliosis and persistent neuroinflammation. Glia 66:2719. 726 

 727 

  728 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Sakurai, et al 

36 

 

Figure Legends: 729 

Figure 1. QIH promotes functional recovery following striatal injury. 730 

Experimental timeline. A unilateral dorsal striatal stab injury was introduced, followed 30 731 

minutes later by intraperitoneal (IP) injection of CNO (6.5 mg/kg) to induce QIH. Behavioral 732 

assessments consisted of open field tests conducted on postoperative days (POD) 3, 5, 10, and 733 

15, and grip strength testing performed on POD 20. (B) Representative image of hM3Dq-734 

mCherry expression in the anteroventral periventricular nucleus (AVPe) of Qrfp-M3 mouse, 735 

confirming selective targeting of Q neurons (scale bar, 200 μm).(C) Body temperature profiles 736 

following QIH induction.Top: temporal changes in maximum body temperature of individual 737 

mice.Bottom: group averages ± SEM. (N = 12 per group).In the QIH(+) group (blue), a marked 738 

drop in body temperature was induced, and sustained hypothermia was maintained for over 24 739 

hours with additional CNO injections as needed. In contrast, no change in body temperature 740 

was observed in the QIH(-) group (gray). (D–F) Open field test performance. Total distance 741 

traveled(D), average speed(E), and maximum speed (F) were significantly higher in QIH-treated 742 

mice at POD5, 10, and 15 (repeated-measures ANOVA: total distance, F(3, 66) = 6.42, p = 743 

0.0007; average speed, F(3, 66) = 5.98, p = 0.0011; maximum speed, F(3, 66) = 4.87, p = 744 

0.0039; N = 12 per group). Dotted black lines represent baseline values obtained prior to injury 745 

from the same animals (QIH(–), N = 4; QIH(+), N = 4; total N = 8), and serve as reference 746 

values from uninjured mice.(G) Heatmaps representing positional occupancy in the open-field 747 

arena on POD15. QIH-treated mice explored the arena more broadly, whereas control mice 748 

predominantly remained near the corners. (H) Gait analysis. The amplitude of angular 749 

fluctuation was greater in QIH(+) mice (unpaired two-tailed Student’s t-test: QIH(+) vs QIH(−), 750 

t(24) = 2.71, p = 0.012; N = 12 vs 14). Pre-injury baseline comparisons: QIH(+) before vs after, 751 

t(20) = 2.31, p = 0.032; QIH(−) before vs after, t(22) = −0.74, p = 0.466. (I) Grip strength test on 752 
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POD20. Forelimb: no significant difference (unpaired two-tailed Student’s t-test: t(22) = −1.83, 753 

p = 0.081). Four-limb: significantly greater in QIH(+) vs QIH(−) (t(22) = 3.00, p = 0.007). 754 

 755 

 756 

Figure 2 757 

QIH enhances neuronal survival and modulates glial responses around the injury site in 758 

the striatum. 759 

(A-D) Representative immunofluorescence images of NeuN-positive neurons in coronal brain 760 

sections from the injured striatum in QIH(-)(A, B) and QIH(+) group (C, D) at 20 days after 761 

striatal injury. (B) and (D) show higher magnification views of the boxed regions in (A) and (C), 762 

respectively. (E, F) High-magnification (100×) merged images of the peri-lesional striatum 763 

stained for NeuN (green), GFAP (red), and DAPI (blue) in QIH(-) (E) and QIH(+) group (F). (G) 764 

NeuN+ density was higher in QIH(+) mice (unpaired two-tailed Student’s t-test: injured, t(14) = 765 

−7.83, p < 0.0001; contralateral, t(14) = −0.10, p = 0.919; N = 8 per group). (H-K) 766 

Representative images of GFAP immunoreactivity in the striatum surrounding the lesion site 767 

from QIH(-) group (H, I) and QIH(+) group (J, K). Panels I and K are enlarged views of the 768 

corresponding boxed regions. (L-O) Representative images of Iba1 immunoreactivity in the 769 

same region from QIH(-) group (L, M) and QIH(+) group (N, O), with higher magnification views 770 

shown in M and O. 771 

(P, Q) Quantification of GFAP+ and Iba1+ areas. QIH(+) mice showed reduced GFAP and Iba1 772 

immunoreactivity (unpaired two-tailed Student’s t-test: GFAP, t(6) = 3.44, p = 0.014; Iba1, t(6) = 773 

5.49, p = 0.0015; N = 4 per group). 774 

 775 
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 776 

Figure 3. QIH suppresses astrocytic and microglial activation around the injury site in the 777 

striatum. 778 

(A) Experimental procedure. Stab injury was introduced before inducing QIH. Lower panels: 779 

Representative thermographic images of experimental mice.(B) A representative image 780 

showing hM3Dq-mCherry expression in the AVPe of a Qrfp-M3 mouse. (C) Upper panel: 781 

Temporal changes in the maximum body temperature of individual mice. Lower panel: Average 782 

± SEM of body temperature values shown in the upper panel (N = 4 per group). (D-G) GFAP-783 

positive astrocytes around the lesion site in the striatum. Arrowheads indicate the insertion site 784 

of the needles. (D, E) QIH(-) group; (F, G) QIH(+) group. (E) and (G) are higher-magnification 785 

views of the boxed areas in (D) and (F), respectively. (H-K) Iba1-positive microglia around the 786 

lesion site in the striatum. (H, I) QIH(-) group; (J, K) QIH(+) group. (I) and (K) are higher-787 

magnification views of the boxed areas in (H) and (J), respectively. (L) GFAP+ density was 788 

reduced ipsilaterally in QIH(+) mice (unpaired two-tailed Student’s t-test: t(6) = 21.31, p < 789 

0.0001), but not contralaterally (t(6) = 1.66, p = 0.148). (M) Iba1+ density was reduced in both 790 

hemispheres (ipsilateral: t(6) = 4.26, p = 0.005; contralateral: t(6) = 5.56, p = 0.001). 791 
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Figure 4. Effect of QIH  on astrocytic and microglial responses around a stab injury in the 793 

mPFC in mice. 794 

(A) Experimental procedure. A stab injury was introduced before inducing QIH. Lower panels: 795 

representative thermographic images of experimental mice. (B) Representative image showing 796 

hM3Dq-mCherry expression in the AVPe of a Qrfp-M3 mouse. (C) Body temperature profiles. 797 

Top: temporal changes in maximum body temperature of individual mice. Bottom: group 798 

averages ± SEM (N = 5 per group). QIH(+) mice (blue) showed a marked drop in body 799 

temperature, maintained for over 24 h with additional CNO as needed, while no change was 800 

observed in the QIH(−) group (black). (D-G) GFAP-positive cells around the injury site. 801 

Arrowheads indicate the insertion site of the fiber optic cannula. QIH(−): D, E; QIH(+): F, G. 802 

Panels E and G are high-magnification views of the boxed regions in D and F, respectively. (H-803 

K) Iba1-positive cells around the injury site. QIH(−): H, I; QIH(+): J, K. Panels I and K are high-804 

magnification views of the boxed regions in H and J, respectively. (L) GFAP+ density in the 500 805 

× 500 µm peri-lesional regions. GFAP+ density was reduced ipsilaterally in QIH(+) mice 806 

(unpaired two-tailed Student’s t-test: t(8) = 6.23, p = 0.0003), but not contralaterally (t(8) = 2.23, 807 

p = 0.056). (M) Iba1+ density in the same regions. Iba1+ density was reduced in both 808 

hemispheres (ipsilateral: t(8) = 2.37, p = 0.045; contralateral: t(8) = 5.41, p = 0.0006). 809 

Abbreviations: CPu, caudate putamen; AVPe, anteroventral periventricular nucleus; mPFC, 810 

medial prefrontal cortex. 811 

 812 

 813 

 814 

Figure 5. Effect of QIH on astrocytic and microglial responses in the mPFC at 48 hours 815 

and 7 days after injury. 816 
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(A) Experimental procedure. A stab injury was introduced into the medial prefrontal cortex 817 

(mPFC) using a fiber-optic cannula, followed by QIH induction. Brains were collected either 48 818 

hours or 7 days after injury for immunofluorescence analysis. (B-C) Body temperature profiles 819 

during QIH for 48 h (B) and 7-day (C) post-injury analysis. Left: individual body temperatures; 820 

Right: group-averaged temperature curves. Left: temporal changes in maximum body 821 

temperature of individual mice. Light: group averages ± S.E.M. QIH(+) mice (blue) showed a 822 

marked drop in body temperature, maintained for over 24 hours with additional CNO as needed, 823 

while no change was observed in QIH(-) mice (black).(D-G) Representative GFAP 824 

immunofluorescence images in the mPFC at 48 hours post-injury. (D, E) QIH(-) group; (F, G) 825 

QIH(+) group. (E, G) are high-magnification views of the rectangular regions in (D, F), 826 

respectively. (H-K) Representative Iba1 immunofluorescence images in the same region. (H, I) 827 

QIH(-) group ; (J, K) QIH(+) group. (I, K) are high-magnification views of the rectangular regions 828 

in (H, J), respectively. (L) Quantification of GFAP+ density in 500 × 500 µm peri-lesional 829 

regions. GFAP+ density was significantly reduced ipsilaterally in QIH(+) mice (unpaired two-830 

tailed Student’s t-test: t(3) = 22.47, p = 0.0002), but not contralaterally (t(3) = 0.78, p = 0.495; N 831 

= 4 per group; QIH(+), N = 2; QIH(−), N = 3). (M) Quantification of Iba1+ density in the same 832 

regions. No significant differences were observed between QIH(−) and QIH(+) mice (ipsilateral: 833 

t(3) = 1.69, p = 0.191; contralateral: t(3) = 0.77, p = 0.498; QIH(−), N = 3; QIH(+), N = 2). (N-Q) 834 

Representative GFAP immunofluorescence images at 7 days post-injury. (N, O) QIH(-) group; 835 

(P, Q) QIH(+) group. (O, Q) are high-magnification views of the rectangular regions in (N, P), 836 

respectively. (R-U) Representative Iba1 immunofluorescence images at 7 days post-injury. (R, 837 

S) QIH(-) group; (T, U) QIH(+) group. (S, U) are high-magnification views of the rectangular 838 

regions in (R, T), respectively. (V) Quantification of GFAP+ density at 7 days. GFAP+ density 839 

was reduced ipsilaterally in QIH(+) mice (t(4) = 2.91, p = 0.044), but not contralaterally (t(4) = 840 

−1.15, p = 0.313; N = 3 per group). (W) Quantification of Iba1+ density at 7 days. Iba1+ density 841 
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was reduced ipsilaterally in QIH(+) mice (t(4) = 3.19, p = 0.033), but not contralaterally (t(4) = 842 

−0.90, p = 0.421). 843 

Scale bars: 1000 µm (D, F, H, J, N, P, R, T), 100 µm (E, G, I, K, O, Q, S, U). Abbreviations: 844 

mPFC, medial prefrontal cortex; QIH, Q neuron-induced hypothermia.  845 
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 846 

Figure 6. Effect of QIH on neuroinflammation around the injury site. 847 

(A-D) Expression of CD16/32 around the injury site in QIH(-) and QIH(+) groups. (E-H) 848 

Expression of CD68 around the injury site in QIH(-) and QIH(+) groups. (I) Density of CD16/32+ 849 

or CD68+ microglia around the injury site (N = 5 per group). Significant differences were 850 

observed between QIH(−) and QIH(+) groups in CD16/32 (unpaired two-tailed Student’s t-test: 851 

t(8) = −2.72, p = 0.026), CD68 (t(8) = −8.64, p < 0.0001), and double-positive cells (t(8) = −4.92, 852 

p = 0.0012). (J) Schematic representation of the procedure for quantitative RT-PCR analysis 853 

around the injury sites. (K) Left panel: Temporal changes in the maximum body temperature of 854 

each mouse. Right panel: Average ± S.E. of body temperature values shown in the left panel (N 855 

= 4 per group). QIH(+) mice (blue) showed sustained hypothermia (>24 h) with additional CNO, 856 

while QIH(–) mice (black) showed no change. (L) Expression levels of IL-1β, IL-10, and iNOS 857 

mRNAs in QIH(−) and QIH(+) groups (N = 4 per group). iNOS expression was significantly 858 

reduced in QIH(+) mice (t(6) = 3.17, p = 0.019), whereas IL-10 (t(5) = −0.87, p = 0.426) and IL-859 

1β (t(6) = 0.11, p = 0.915) did not differ significantly. 860 

 861 

 862 
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Figure 7. Morphological differences in microglia at the injury site in QIH-treated mice. 864 

(A-H) Representative images of microglia in the perilesional and contralateral mPFC regions 865 

under QIH(-) and QIH(+) conditions. Panels B, D, F, and H show high-magnification views of the 866 

regions outlined in A, C, E, and G, respectively. Panels A–D display images from the 867 

contralateral side, while panels E–H show images from the injured side. (I) Strategy for 868 

microglial morphological analysis. 869 

(J) Comparison of morphological parameters between QIH(−) and QIH(+) groups (statistical 870 

parameters are provided in Supplementary Table 1; N = 100 per group, 20 cells/mouse). Red 871 

dots indicate group means. Corresponding p-values are shown in the figure. Here, we present 872 

all 16 parameters used for morphological analysis. (K-N) Principal component analysis (PCA) 873 

revealed that microglia could be classified into four distinct clusters based on their 874 

morphological characteristics. (K) Microglia were classified into four clusters based on their 875 

morphological characteristics. (L) Representative schematic drawings of microglial 876 

morphology.(M) Distribution of microglia with amoeboid-like and ramified structures. X indicates 877 

the centroid of each group in the figure. (N) Distribution of microglia at the injured and 878 

contralateral sites under QIH(-) and QIH(+) groups. X indicates the centroid of each group in the 879 

figure. (O) Representative image of rod-shaped microglia observed in the perilesional cortex of 880 

QIH(+) group. (P) High-magnification view of the rectangular region shown in panel (O), 881 

highlighting the rod-like morphology of microglia. Arrows indicate rod-shaped microglia. (Q) 882 

Schematic illustration of microglial morphological changes after brain injury. Following injury, 883 

amoeboid microglia were predominantly observed in the QIH(-) group, whereas rod-shaped and 884 

jellyfish-like microglia were frequently found in the QIH(+) group. (R) Temporal changes in the 885 

proportion of amoeboid microglia in the samples. A two-way ANOVA revealed significant main 886 

effects of group (F(3, 28) = 38.81, p < 0.001) and time (F(2, 28) = 8.02, p = 0.0018), as well as a 887 

significant interaction between group and time (F(6, 28) = 2.84, p = 0.027). 888 
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 889 

Movie 1. Open field locomotion in QIH(–) and QIH(+) mice. 890 

Representative videos showing locomotion after TBI. The QIH(–) mouse (left) displays impaired 891 

movement, while the QIH(+) mouse (right) shows improved coordination and mobility. 892 
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Parameter MMI Morphology Associated with Increased Values 

Fractal_dimention                    0.347974 Ramified 

lacnaulity                           0.50747 Ramified 

Cell Area (µm²)                      0.464576 Amoeboid 

Convex Hull Area (µm²)               0.424609 Ramified 

Density                              0.513855 Amoeboid 

Cell Perimeter (µm)                  0.430981 Ramified 

Convex Hull Perimeter (µm)           0.294781 Ramified 

Roughness                            0.446389 Ramified 

Convex Hull Circularity              0.543737 Amoeboid 

Cell Circularity                     0.600643 Amoeboid 

Total_Process_Length                 0.430398 Ramified 

Max_Process_Legth 0.314099 Ramified 

Mean_Process_Length                  0.207123 Ramified 

Sholl_Max_Counts                     0.378631 Ramified 

Straightness                         0.286425 Ramified 

Cell body Area (μm²)                0.582923 Amoeboid 

 Table 1 Morphological features enriched in amoeboid or ramified microglia identified by 894 
multimodality index (MMI) analysis. 895 

 896 
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