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A B S T R A C T   

Emerging evidence indicates crosstalk between the brain and hematopoietic system following cerebral ischemia. 
Here, we investigated metabolism and oxygenation in the spleen and spinal cord in a transient middle cerebral 
artery occlusion (tMCAO) model. Sham-operated and tMCAO mice underwent [18F]fluorodeoxyglucose (FDG)- 
positron emission tomography (PET) to assess glucose metabolism. Naïve, sham-operated and tMCAO mice 
underwent multispectral optoacoustic tomography (MSOT) assisted by quantitative model-based reconstruction 
and unmixing algorithms for accurate mapping of oxygenation patterns in peripheral tissues at 24 h after 
reperfusion. We found increased [18F]FDG uptake and reduced MSOT oxygen saturation, indicating hypoxia in 
the thoracic spinal cord of tMCAO mice compared with sham-operated mice but not in the spleen. Reduced 
spleen size was observed in tMCAO mice compared with sham-operated mice ex vivo. tMCAO led to an increase in 
the numbers of mature T cells in femoral bone marrow tissues, concomitant with a stark reduction in these cell 
subsets in the spleen and peripheral blood. The combination of quantitative PET and MSOT thus enabled 
observation of hypoxia and increased metabolic activity in the spinal cord of tMCAO mice at 24 h after occlusion 
compared to sham-operated mice.   

1. Introduction 

Brain injury due to cerebral ischemia results in early activation of the 
immune system that is at a later stage followed by immunodepression. In 
experimental cerebral ischemia, the inflammatory response is crucially 
involved in secondarily enhancing lesion growth but is also indispens-
able for tissue repair and regeneration. Immunodepression after cerebral 
ischemia increases the susceptibility to infections [1], leading to 
impaired recovery and death. [2,3]. Emerging evidence indicates 
brain-periphery crosstalk and activation of the hematopoietic system 
after ischemic stroke via the sympathetic nervous system [4]. Thus, 
interactions between the brain and the immune system are very relevant 
to the overall outcome after cerebral ischemia [5], and understanding 

these processes is key before immunomodulatory therapy can be applied 
to stroke patients. Monocytes are mobilized from the spleen, which is the 
largest lymphatic organ in the body, upon injury [6]. The levels of 
circulating neutrophils and monocytes increase in the circulation after 
ischemic stroke in animal models [7,8]. These myeloid cells are 
recruited to the ischemic brain [9,10]. Altered splenic function, re-
ductions in spleen weight and a decrease in monocytes/macrophages in 
the spleen have been demonstrated in both permanent and transient 
middle cerebral artery occlusion (pMCAO and tMCAO) models [11–15]. 
In addition, tMCAO induces rapid activation of the peripheral immune 
system in the spinal cord and bone marrow (BM), the primary site of 
hematopoiesis, as well as blood–spinal cord barrier alterations in rodent 
and primate models [12,16–20]. A previous study showed that tMCAO 
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activated BM hematopoietic stem cells (HSCs) and downstream he-
matopoietic progenitors, leading to an increased output of inflammatory 
monocytes and neutrophils [4]. 

Non-invasive monitoring of the activation of hematopoietic organs is 
an active area of research. Studies have shown that progenitor and im-
mune cell function are controlled by tissue oxygen tension and glucose 
metabolism [21,22]. Few studies have noninvasively investigated 
metabolic processes in hematopoietic organs in experimental models of 
cerebral ischemia and stroke patients. [18F]fluorodeoxyglucose (FDG) 
PET studies have been applied to assess glycolysis in hematopoietic 
organs in patients with a variety of disease conditions, including infec-
tion [23], cancer [24], vasculitis [25], and cardiovascular diseases [26, 
27]. Studies have found marked elevations in [18F]FDG uptake in the 
spleen and spinal cord, which was associated with systemic inflamma-
tory markers and future cardiovascular events. Studies have demon-
strated decreased [18F]FDG uptake in lumbar vertebrae (L4, L5), and no 
difference in the spleen of ischemic stroke patients compared to controls 
has been reported, but PET was performed at the chronic stage of the 
disease with a larger variability [28]. [18F]FDG PET of hematopoietic 
organs in MCAO models, where the assessment of earlier time points 
after cerebral ischemia with lower temporal variability is easier to 
attain, has thus far not been performed. Another regulator of immune 
and stem cell function in hematopoietic organs is local tissue oxygen 
tension [22]. Optoacoustic imaging allows for the non-invasive assess-
ment of blood oxygenation relatively deep in tissue (mm to cm range) 
[29–33]. Multi-spectral optoacoustic tomography (MSOT) has been 
previously employed to detect functional and molecular alterations in 
the brain of ischemic stroke animal models, including reduced oxygen 
saturation (sO2) and increased inflammation [34–39], but not yet in the 
periphery. 

We hypothesize that tMCAO affects tissue oxygenation and glucose 
metabolism in the peripheral immune system spleen, femur bone 
marrow and spinal cord in the tMCAO mouse model at an early phase 
(24 h after occlusion). In this study, we aimed to noninvasively image 
the metabolic alterations in the hematopoietic organs in response to 
tMCAO with [18F]FDG PET and MSOT and evaluate immune and pro-
genitor cell responses using flow cytometry. 

2. Materials and methods 

2.1. Animal model 

Thirty-one male C57BL/6 J mice (Janvier, France) weighing 20–25 g 
and 8–10 weeks of age were used. Animals were housed in ventilated 
cages inside a temperature-controlled room under a 12 h dark/light 
cycle. Pelleted food (3437PXL15, CARGILL) and water were provided ad 
libitum. Paper tissue and red mouse house® (Tecniplast, Milan, Italy) 
shelters were placed in cages for environmental enrichment. All exper-
iments were performed in accordance with the Swiss Federal Act on 
Animal Protection and were approved by the Cantonal Veterinary Office 
Zurich (permit number: ZH080/18). We confirm compliance with the 
NC3Rs ARRIVE 2.0 guidelines on reporting of in vivo experiments. Power 
analysis was performed to calculate the number of animals needed. Mice 
were randomly allocated to naïve (n = 8), sham (n = 13) or tMCAO (n =
10) groups. For MSOT, the exclusion criteria are the dark pigments in the 
trunk and limb, which influence the MSOT image quality. Thus, mice 
with strong dark pigmentation after shaving were included as the naïve 
group only for FACS analysis without imaging. Details on the numbers of 
animals that underwent experimental procedures are shown in STable 1. 

2.2. Transient middle cerebral artery occlusion 

Transient middle cerebral artery occlusion (tMCAO) was induced 
using the intraluminal filament technique [40,41]. The sham operation 
involved anaesthesia and analgesia and surgical procedures, but the 
filament was withdrawn immediately. The protocol involved 10 min for 

the insertion procedure, 60 min for passive insertion, and 5 min for 
removal. The total time for surgical procedures is 15 min (in addition to 
the passive filament insertion time). Anaesthesia was induced by using 
3% isoflurane (Abbott, Cham, Switzerland) in a mixture of O2 (200 
ml/min) and air (800 ml/min) supplied via face mask. Anaesthesia was 
maintained with 1.5–2% isoflurane in a mixture of O2 (200 ml/min) and 
air (800 ml/min), supplied via face mask. Before the surgical procedure, 
buprenorphine was administered subcutaneously (s.c.) injection (0.1 
mg/kg; 1 ml Temgesic + 5 ml NaCl, 2 µl Temgesic/g of body weight). 
Temperature was controlled during the surgery and kept constant at 
36.5 ± 0.5℃ with a feedback-controlled warming pad system. A midline 
neck incision was made, and the left common carotid artery was ligated 
proximal to the bifurcation of the internal carotid artery and external 
carotid artery. Subsequently, the left external carotid artery was isolated 
and ligated. A suture was placed around the internal carotid artery to 
temporarily restrict blood flow. A small incision was made in the com-
mon carotid artery, and an 11-mm long silicone-coated monofilament 
(171956PK5Re, Doccol Corporation, USA) was introduced and 
advanced until it occluded the middle cerebral artery. A suture around 
the internal carotid artery secured the filament in position. In tMCAO 
animals, the filament was left in place for 60 min, while in sham animals, 
the suture was withdrawn immediately, and the internal carotid artery 
was ligated. After occlusion of the vessel or sham, animals were trans-
ferred to a heated recovery box and allowed to wake up. After 60 min, all 
animals were anaesthetized. In tMCAO, the filament was withdrawn, 
and the internal carotid artery was ligated. The surgical incision was 
closed with a suture, and animals were placed in a heated recovery box 
for 2 h. A second dose of buprenorphine was administered s.c. injection 
(Temgesic, 0.1 mg/kg; 1 ml Temgesic + 5 ml NaCl, 2 µl Temgesic/g of 
body weight) 4 h after reperfusion and supplied thereafter by drinking 
water (0.1 mg/kg body weight) until the end of the study. Buprenor-
phine was then given twice s.c. every 6–8 h on the day of surgery and 
thereafter supplied by drinking water (1 mg/kg) for 36 h. Animals 
received softened chow in a weighing boat placed on the cage floor to 
encourage eating. tMCAO animals were excluded from the study if they 
met one of the following criteria: Bederson score of 0, no reflow after 
filament removal, and premature death. 

2.3. [18F]FDG-μPET/CT 

Four sham-operated and four tMCAO mice underwent microPET 
imaging at 24 h after reperfusion. Scans were performed with a cali-
brated SuperArgus µPET/CT scanner (Sedecal, Spain) with an axial field- 
of-view of 4.8 cm and a spatial resolution of 1.6–1.7 mm (full width at 
half maximum). tMCAO and sham-operated C57BL/6 J mice were 
anaesthetized with isoflurane (2.5%) in oxygen/air (1:1) during tracer 
injection and the whole scan time period. The formulated radioligand 
solution ([18F]FDG: 9.9–11 MBq) was administered via tail vein injec-
tion. Mice were dynamically scanned until 60 min after injection. Body 
temperature was monitored by a rectal probe and kept at 37 ◦C by a 
heated air stream (37 ◦C). The anaesthesia depth was measured by 
respiratory frequency (SA Instruments, Inc., USA). µPET acquisitions 
were combined with CT for anatomical orientation and attenuation 
correction. The obtained data were reconstructed in user-defined time 
frames with a voxel size of 0.3875 × 0.3875 × 0.775 mm3 as previously 
described [42]. 

2.4. PET data analysis 

Images were processed using PMOD 4.2 software (PMOD Technol-
ogies Ltd., Zurich, Switzerland). Spleen, cervical and thoracic spinal 
cord volumes of interest (VOIs) were defined based on the CT contrast. 
The time-activity curves were deduced from specific VOIs. Radioactivity 
is presented as the standardized uptake value (SUV) (decay-corrected 
radioactivity per cm3 divided by the injected dose per gram body 
weight). The SUV signal was averaged from 18 to 53.5 min. Vertebral 
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VOIs were drawn manually similar to a previous report (Fig. 1) [43]. 

2.5. MSOT 

Three naïve, six sham and four tMCAO mice underwent MOST im-
aging at 24 h after reperfusion. An MSOT inVision 128 imaging system 
(iThera Medical, Germany) was used as described previously [44–46]. 
Briefly, a tunable (680–980 nm) optical parametric oscillator pumped 
by a Nd:YAG laser provides < 10 ns excitation pulses at a frame rate of 
10 Hz with a wavelength tuning speed of less than 10 ms and a peak 
pulse energy of 100 mJ at 730 nm. Ten arms, each containing an optical 
fibre bundle, provide even illumination of a ring-shaped light strip with 
a width of approx. 8 mm. For ultrasound detection, an array of 128 
cylindrically focused ultrasound transducers with a center frequency of 
5 MHz (60% bandwidth), organized in a concave array of 270 degree 
angular coverage and a curvature radius of 4 cm, were used. 

For in vivo MSOT measurement, animals were anaesthetized with 4% 
isoflurane and maintained at 1.5% isoflurane in a 1:4 oxygen/air 
mixture supplied via a nose cone. Mice were depilated around the body 
parts of interest (approximately below the 5th rib) and placed in a mouse 
holder in the supine position with a cuff around the legs. Preheated 
ultrasound gel (Diagramma, Switzerland) was applied to the mouse 
body for ultrasonic coupling, and the animals were wrapped in a poly-
ethylene membrane. The mouse holder was placed in an imaging 
chamber filled with water with the temperature controlled at 36.5 ◦C. 
Images were acquired at 5 wavelengths (715, 730, 760, 800, and 
850 nm) for 135–140 consecutive slices with a step size of 0.3 mm and 
10 averages. The total acquisition time was approximately 10 min. 

2.6. MSOT image reconstruction and spectral unmixing 

To avoid negative-value artifacts present in the images reconstructed 
with standard back-projection algorithms [26]. MSOT images were 
processed with a dedicated non-negative constrained model-based 
(NNMB) reconstruction-unmixing framework [47], which is also 
known to facilitate quantification of oxygenation values in the images 
[43]. Specifically, images corresponding to different excitation wave-
lengths were first reconstructed with an NNMB algorithm. Subsequently, 
linear unmixing was also performed with an NNMB algorithm consid-
ering the theoretical absorption spectra of deoxygenated (Hb) and 
oxygenated (HbO2) hemoglobin. For comparison, the images were also 
processed with the data analysis system software (iTheraMedical, Ger-
many). This consists of a standard model-based reconstruction algo-
rithm followed by linear spectral unmixing but does not include 
non-negative constraints. Unmixed images represent the bio-
distribution of Hb and HbO2. The sO2 of the tissue (the capillar-
ies/microvasculature composing the tissue) was then calculated as 

sO2 =
HbO2

Hb + HbO2
× 100 (1) 

Regions of interest (ROIs) for the spleen, thoracic spinal cord and 
femur (on the left and right hindlimb) were drawn manually on the 
structural images (MSOT image corresponding to 850 nm excitation) 
over the Z-stack. ImageJ (NIH, USA) was used for ROI analysis using the 
mouse atlas as a reference. The spinal cord and femur structures are 
clearly visible due to the bone structure (boundary) on the 850 nm 
structural MSOT image. Since we started the measurement around 
approximately the 5th rib, the relative slices where the spleen and femur 
could be present could be roughly estimated as the axial movement gap 
during image acquisition was preset at 0.3 mm. The spleen shows a 
continuous higher intensity structure on the 850 nm MSOT image and 
thus can be separated from the surroundings in the abdomen of the 
mouse. Next, we transferred the ROI set over the Z-stack to the corre-
sponding computed sO2 image from the same animal to extract the 
regional sO2 value from each slice over the Z-stack that the organ is 
presented. Three independent ROI delineations over 30–40 horizontal 

slices were performed. The mean sO2 value was calculated with the 
values from the Z-stack from three analyses. The volumes of the spleen 
were calculated based on known axial movement gaps during image 
acquisition (distance between slices = 0.3 mm) and the area drawn over 
each 2D horizontal image. 

In addition, line profile analysis was performed to compare the signal 
intensity of different reconstruction methods (NNMB and MB) on the 
acquired 2D horizontal image (Fig. 2). Images with spleen and spinal 
cord presence were chosen. 

2.7. FACS analysis of BM, spleen and blood 

Murine femurs were harvested through careful dislocation at the 
joints between the hipbones and the knee and cleaned thoroughly of 
surrounding connective tissue and muscle using paper tissues. For FACS 
measurement, animals from eight naïve, nine sham and six tMCAO mice 
were examined. Murine spleens were extracted by abdominal incision. 
All organs were preserved in FACS buffer on ice before further pro-
cessing. In turn, blood was collected immediately after euthanasia via 
intracardiac puncture using a 5 ml syringe and a 25 G needle. The 
samples were immediately transferred into a potassium ethylenedi-
amine tetra-acetic acid (K+ EDTA) blood collection tube and shaken 
vigorously for 15 s to avoid coagulation. 

For the generation of single-cell suspensions, bones were crushed in 
5 ml of FACS buffer (phosphate buffered saline with 2% fetal bovine 
serum and 2 mM EDTA), and the released cellular content was dis-
aggregated via resuspension using a pipette. The cell suspensions were 
then filtered through a 70 µm cell strainer into a 50 ml collection tube. 
Bones were crushed as described three times to maximize marrow 
extraction and until bone fragments appeared completely pale. Spleens 
were crushed in FACS buffer directly into a 70 µm cell strainer using a 
syringe plunger under repeated washing. For the BM and spleen, red 
blood cells (RBCs) were removed by lysis in 2 ml of RBC lysis buffer 
(BioLegend) for 3 min. In the case of blood, 100 µl samples were lysed 
on 3 ml of RBCs for 3 min, and the reactions were inactivated through 
the addition of excess FACS buffer. Cells were then centrifuged, washed, 
and filtered once more before immunostaining for FACS analysis. Cells 
were then resuspended in fixed volumes, and the samples were blocked 
using Fc Receptor Blocking Solution (TruStain FcX™) at 4 ◦C. Cocktails 
of fluorescently labelled antibodies were added (STable 2), and the cells 
were incubated for 30 min at 4 ◦C. Cells were then washed twice in FACS 
buffer, resuspended in FACS buffer containing 4′,6-diamidino-2-phe-
nylindole (DAPI; 0.5 µg/ml), and analysed on an LSR II Fortessa (BD 
Biosciences). Data analysis was performed using FlowJo software, 
version 10.8. 

2.8. 2,3,5-Triphenyltetrazolium chloride (TTC) staining, spleen size and 
mass measurement 

Staining with 2,3,5-triphenyltetrazolium chloride (TTC) was used to 
assess ischemic lesion severity in four sham and four tMCAO mice as 
previously described [42]. Mice were euthanized, their brains were 
removed, and 1 mm thick brain slices were obtained with a brain matrix 
(World Precision Instruments). Slices were incubated in a 2.5% TTC 
solution (Sigma–Aldrich, Switzerland) in 1 ×phosphate-buffered saline 
(PBS, pH 7.4) at 37 ◦C for 3 min. Photographs of the brain sections were 
taken. The spleens of six naïve, six sham and nine tMCAO mice were 
dissected and measured using a ruler and weighed. 

2.9. Statistics 

For data analysis, GraphPad Prism (GraphPad Prism 9.2.0, USA) and 
RStudio (R Core Team, Austria) [48] were used. An unpaired two-tailed 
t test was used for the comparison of regional [18F]FDG SUV between the 
sham and tMCAO groups. One-way ANOVA with Sidak post hoc analysis 
was used for MSOT-derived sO2, splenic volume, mass comparisons and 
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flow cytometry readouts between the three groups. Two-way ANOVA 
was used to compare the time course between groups. Spearman’s rank 
correlation analysis was used to analyse the link between the [18F]FDG 
SUV and sO2 in the brain, spinal cord and spleen. Data are presented as 
the mean ± standard deviation (SD). Significance was set at p < 0.05. 

3. Results 

3.1. Focal cerebral ischemia leads to increased metabolism in the spinal 
cord 

To investigate metabolic activity changes in the spinal cord and 
spleen due to tMCAO surgery, tMCAO and sham-operated mice 

Fig. 1. In vivo [18F]FDG PET of metabolism in the spleen of sham and tMCAO mice at 24 h after occlusion. (a, b) Representative axial, sagittal, and coronal views of 
[18F]FDG uptake (Bq/ml) in sham-operated and tMCAO mice (n = 4 per group, averaging 18–53.5 min); CT, computed tomography. Spleen and spinal cord 
(including cervical and thoracic) regions of interest delineation are shown on [18F]FDG PET-CT images. (c, h) Time activity curve of [18F]FDG in the spinal cord and 
spleen of sham-operated and tMCAO mice. The volumes of interest for the spleen and spinal cord were manually delineated (white line for spleen). Difference in the 
spinal cord TAC between sham and tMCAO (mixed effect model treatment, p = 0.0399, treatment x time p = 0.0073). (d-f) The [18F]FDG SUV signal was higher in 
the spinal cord (C1-T13, and C1–7, T1–13) of tMCAO mice compared to sham-operated mice. (g) The SUV is higher in C1–7 than in T1–13 of sham-operated 
+ tMCAO mice. (i) No difference in [18F]FDG SUV (n = 4 per group, averaging 18–53.5 min) in spleen FDG in sham-operated and tMCAO mice was detected. (j- 
k) No correlation between striatal and spinal cord [18F]FDG SUV. (i) Positive correlation between striatal and splenic [18F]FDG SUV (Spearman’s rank analysis). Data 
are presented as the mean ± standard deviation (SD). 

Fig. 2. In vivo MSOT of the mouse body and data processing. (a) Setup of the MSOT system for imaging across the mouse body; (b) non-negative model-based 
(NNMB) reconstructions of the in vivo vMSOT data for five distinct excitation wavelengths (715–850 nm). (c, d) Horizontal views of a background anatomy and 
oxygen saturation rate (sO2) slice resulting from NNMB unmixing. Scale bar = 4 mm. (e-h) Same set of image data after standard model-based (MB) reconstruction 
and unmixing, HbO2 (red), Hb (blue), background anatomy, and sO2 slice. (i-j) Profile analysis of c, d and g, h showed differences in the background OA intensity and 
in sO2 values processed by the MB and NNMB methods. 
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underwent [18F]FDG PET at 24 h after reperfusion (Fig. 1). The time 
activity curves of [18F]FDG uptake in the spleen and spinal cord of the 
sham and tMCAO groups are shown in Fig. 1c, h, and SFig. 1. We found 
an approximately 20% increase in [18F]FDG uptake (average 
18–53.5 min) in the spinal cord (C1-T13) of tMCAO mice (0.16 ± 0.02, 
n = 4) compared to sham-operated mice (0.13 ± 0.01, n = 4, p = 0.032, 
unpaired two-tailed t test) (Fig. 1d). Next, we further quantified [18F] 
FDG uptake in cervical (C1–7) and thoracic (T1–13) spinal cord seg-
ments (Fig. 1e, f). [18F]FDG uptake (averaged 18–53.5 min) was not 
different in the cervical part of the spinal cord of tMCAO mice (0.18 
± 0.03, n = 4) compared to sham-operated mice (0.14 ± 0.01, 
p = 0.0516, unpaired two-tailed t test) (Fig. 1e). In contrast, higher 
[18F]FDG uptake (averaged 18–53.5 min) was observed in the thoracic 
part (T1–13) of tMCAO mice (0.151 ± 0.02, n = 4) than in sham- 

operated mice (0.124 ± 0.004, p = 0.0384, unpaired two-tailed t test) 
(Fig. 1f). In addition, [18F]FDG uptake in the cervical part was higher 
than that in the thoracic part (0.16 ± 0.03 vs 0.14 ± 0.02, p = 0.0004, 
unpaired two-tailed t test) (Fig. 1g). There were no differences in splenic 
[18F]FDG SUV uptake (averaged 18–53.5 min) in tMCAO mice (1.23 
± 0.01, n = 4) and sham-operated mice (1.22 ± 0.02, n = 4) at 24 h 
after occlusion (Fig. 1i). To examine whether there is a potential link 
between the brain and peripheral [18F]FDG uptake, Spearman’s rank 
analysis was performed between different readouts. There was a positive 
correlation between the ipsilateral striatal and splenic [18F]FDG SUV 
(averaged 18–53.5 min, p = 0.0011，r = 0.9524, Spearman’s rank 
analysis). No correlation was observed between ipsilateral striatal and 
spinal cord [18F]FDG SUV (Fig. 1j, k). 

Fig. 3. In vivo MSOT of blood oxygenation in the spinal cord, spleen and femur of naïve, sham and tMCAO mice at 24 h after occlusion. (a-c) Oxygen saturation rate 
(sO2) map in the spinal cord, spleen and femoral bone marrow (fBM) of naïve, sham-operated and tMCAO mice. (d, f, g) Reduced spinal cord oxygen saturation rate 
(sO2) and comparable in the spleen and femoral bone marrow (fBM) of naïve (n = 3), sham-operated (n = 6) and tMCAO mice (n = 4). (e) Profile of sO2 across 
different positions of the spinal cord. Data are presented as the mean ± standard deviation (SD). 
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3.2. NNMB reconstruction and unmixing 

We used the MSOT system (Fig. 2a) for non-invasive visualization of 
the mouse body. The MSOT imaging pipeline consisted of reconstructing 
3D images acquired at multiple excitation wavelengths (Fig. 2, SFig. 2) 
and spectral unmixing for different tissue chromophores, followed by 
manual ROI analysis. The reconstruction-unmixing processing steps are 
described in the methods section. The enhanced quantitative perfor-
mance achieved with the NNMB method has been previously demon-
strated in phantom studies [47] and in brain imaging data (orthotopic 
glioblastoma model) [49]. 

We compared the signal intensities of the images obtained with the 
custom-made NNMB reconstruction-unmixing framework with those of 
the images obtained with the standard MB approach integrated in the 
MSOT software package (Fig. 2b-h). The application of NNMB process-
ing (reconstruction and unmixing) facilitated enhancing image features 
corresponding, e.g., to the spinal cord and the spleen as well as to other 
organs at deeper locations in the structural images and, to a greater 
extent, in the sO2 images (indicated by the line profile analysis) (Fig. 2i, 
j). 

3.3. Focal cerebral ischemia leads to reduced thoracic spinal cord 
oxygenation 

To reveal oxygenation in the thoracic spinal cord and spleen after 
tMCAO in vivo, mice were assessed with MSOT at 24 h after occlusion. 
The spleen, cervical and thoracic spinal cord and femur in the repre-
sentative structural map resulting from NNMB processing had clear 
boundaries and were used for ROI delineation and later transferred to 
sO2 images for data analysis (Fig. 3a-c). In the thoracic spinal cord, the 
sO2 of the tMCAO group (0.37 ± 0.06, n = 4) was lower than that of the 
sham-operated group (0.56 ± 0.14, n = 6, p = 0.0428, one-way ANOVA 
with Sidak post hoc analysis) (Fig. 3d). Variation in the sO2 across the 
thoracic spinal cord was observed. Comparable sO2 (one-way ANOVA 
with Sidak post hoc analysis) was detected in the spleen of naïve (0.5 
± 0.04, n = 3), sham-operated (0.5 ± 0.07, n = 6), and tMCAO mice 
(0.5 ± 0.05, n = 4) (Fig. 3f) and in the femur of naïve (0.4 ± 0.05, 
n = 3), sham-operated (0.5 ± 0.07, n = 6), and tMCAO mice (0.3 
± 0.08, n = 4) (Fig. 3g). 

3.4. Alterations in hematopoietic and lymphoid organs after tMCAO 

Flow cytometry analysis revealed major changes in hematopoietic 
and lymphoid organs, as well as circulating cells, after tMCAO and sham 
surgeries. In general, we observed that tMCAO led to a significant in-
crease in the numbers of mature T cells (CD4 and CD8) in femoral BM 
tissues (Fig. 4e, f), concomitant with a stark reduction in these cell 
subsets in the spleen (Fig. 5e, f) and their decrease in peripheral blood 
(Fig. 6d, e) by using one-way ANOVA with Sidak post hoc analysis. In 
turn, the numbers of mature granulocytes (determined as CD11b+Gr1hi 

cells) decreased in BM tissues (Fig. 4b) and blood (Fig. 6a) but increased 
in the spleen (Fig. 5b) by using one-way ANOVA with Sidak post hoc 
analysis. Notably, both trends were also observed to a large extent in 
sham-operated mice. As previously reported, tMCAO induced subtle but 
significant increases in the frequencies and absolute numbers of he-
matopoietic progenitor cells (Lin-c-kit+Sca-1+, LSK) (Fig. 4g, n) and 
HSCs (LSKCD48- CD150+) (Fig. 4h, o). Again, alterations in these early 
primitive hematopoietic progenitors were also found, albeit at lower 
magnitudes, in sham controls (Fig. 4c, j). This suggests that the profound 
redistribution of mature cell types from peripheral circulation and 
spleen to BM tissues as well as the reactive expansions of early pro-
genitor populations and HSCs are largely caused by surgery-associated 
stress and accentuated in mice subjected to tMCAO. 

3.5. Histology and TTC staining validation and spleen pathology 

Significantly reduced weight in both sham-operated (22.1 ± 2.1 g, 
p = 0.0425) and tMCAO mice (21.6 ± 2.0 g, p = 0.0054) was detected 
compared to naïve mice (25.6 ± 1.3 mg, p = 0.0029, one-way ANOVA 
with Sidak post hoc analysis). Ischemic lesions in the tMCAO mice were 
validated by the presence of nonviable tissue white areas shown by TTC 
staining (approximately 42%, Fig. 7a, d). The spleens of the sham- 
operated and tMCAO mice were dissected, and the splenic size and 
mass were measured after in vivo imaging (Fig. 7b, c). Compared to naïve 
mice (88.7 ± 31.7 mg, n = 6), reduced splenic mass at approximately 
25 h after reperfusion (after in vivo imaging) was detected in both the 
sham and tMCAO mice (Fig. 7e, one-way ANOVA with Sidak post hoc 
analysis). No difference in the ex vivo splenic size was detected between 
sham and tMCAO mice. 

4. Discussion 

Here, we demonstrated non-invasive imaging of increased meta-
bolism and reduced oxygen saturation in the spinal cord but not in the 
spleen of tMCAO mice at 24 h after 1 h of occlusion. We observed 
increased [18F]FDG uptake in the spinal cord (C1-T13 and thoracic 
T1–13) and that the uptake was higher in the cervical than in the 
thoracic part of the mice. This may be because the cervical (~C4–6) and 
lumbar (~T11-L1) enlargements for limb control have more grey matter 
than other sections of the spinal cord [50]. A previous [18F]FDG study in 
the human spinal cord showed that [18F]FDG uptake is lower in the 
mid-thoracic spine than in other sections under physiological conditions 
[51]. [18F]FDG PET has demonstrated a reduced cerebral metabolic rate 
for glucose after permanent MCAO and tMCAO in rats [52,53] and mice 
[54]. In the spinal cord, [18F]FDG PET has indicated increased glycolysis 
and metabolic changes in EAE mice, rats with inflammatory infiltrates 
[43,55,56], transgenic Parkinson’s disease mice [57], tumor models 
[58], and animal models after injuries and immune responses [59–62]. 
In healthy human subjects, [18F]FDG PET/CT showed a decreasing 
pattern from cervical to lumbar vertebrae and peaked at C4–6 and T12 
[63–65]. In patients with acute myocardial infarction, [18F]FDG-PET 
measures of metabolic activity were significantly higher in the BM 
lumbar spinal cord [26,27] and spleen and were associated with an 
increased risk of cardiovascular events [66,67]. 

MicroPET imaging has limitations in detecting functional or molec-
ular changes in small animals due to its suboptimal spatial resolution 
(1.6–1.7 mm) in comparison to other mesoscale modalities, such as 
MSOT (100–200 µm), as well as the spill-over effect. Thus, given the 
small size of the femur BM of the mice, we did not analyse the [18F]FDG 
uptake in the femur BM. Due to the limited FOV of the PET scan, the 
mouse lumbar spinal cord was not covered in our study. 

The NNMB algorithm provides reasonable values (between 0 and 1) 
across the entire section of the mouse. Note that unconstrained recon-
struction leads to negative values that have no meaning. On the other 
hand, we have previously validated the NNMB approach by imaging 
optical probes within tubing inserted in a mouse [68]. In this case, the 
concentrations of the probes are known and can be taken as a reference. 
We found that the NNMB approach provides more quantitative unmix-
ing and thus is also expected to provide more quantitative sO2 values. 
Notably, bones can lead to ultrasound propagation aberrations causing 
strong image distortion. However, the effects of the murine bones for the 
typical resolution provided by MSOT systems (~150 µm for the system 
used in this study) are not very significant. Indeed, we have repeatedly 
used 3D MSOT to image the brain through the murine skull bone 
[69–71], which causes stronger aberrations than, e.g., the spinal cord. 
Considering that algorithms [72,73] that can mitigate the effects of 
acoustic distortions and speed of sound changes in the spinal cord can 
only lead to a marginal improvement, we opted to use the NNMB 
approach for reconstruction, which has a larger impact on sO2 readings. 

We demonstrated reduced MSOT sO2 (indicating hypoxia) in the 
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Fig. 4. tMCAO increased the numbers of mature T cells in femur bone marrow. Flow cytometric analysis of the absolute number (a-h) and percentage (i-o) of mature 
granulocytes, immature granulocytes, B cells, CD4 + T cells, CD8 + T cells, LSCs and HSCs in the femur bone marrow of naïve (n = 8), sham-operated (n = 9) and 
tMCAO mice (n = 6). Data are presented as the mean ± standard deviation (SD). One-way ANOVA with Sidak post hoc analysis. 
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Fig. 5. tMCAO increased mature granulocytes in the spleen. Flow cytometric analysis of the absolute number (a-h) and percentage (i-o) of mature granulocytes, 
immature granulocytes, B cells, CD4 + T cells, CD8 + T cells, LSCs and HSCs in the spleen of naïve (n = 6), sham-operated (n = 6) and tMCAO mice (n = 3). Data are 
presented as the mean ± standard deviation (SD). One-way ANOVA with Sidak post hoc analysis. 
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spinal cord of tMCAO mice compared to sham-operated mice. Oxygen 
availability varies among tissues and sites within the same tissue. Local 
tissue oxygen tension is shown to be one physiological regulatory 
mechanism of immune responses [22]. A recent study showed a novel 
oxygen sensing mechanism in the spinal cord involved in cardiorespi-
ratory responses to hypoxia [74]. Stroke increases sympathetic nervous 
activity in the BM of the tMCAO mouse model [4]. tMCAO induces dy-
namic secondary degeneration [75,76] and rapid activation of the pe-
ripheral immune system in the spinal cord, as well as blood–spinal cord 
barrier alterations in rodents [16,18–20]. High-field magnetic resonance 
imaging has been used to detect oxygen metabolism in the brains of 
stroke patients and animal models [77–80]. Recent MSOT studies in 
animal models have demonstrated spinal cord hypoxia in experimental 
autoimmune encephalomyelitis (EAE) models [81] and white matter 
loss in a spinal cord injury model [82] and enabled the monitoring of 
image-guided stem cell therapy [83–86]. A recent study showed the 
feasibility of MSOT imaging of hyperoxia in the femur BM of a 
leukaemia animal model [87]. Here, we did not observe a difference in 
the MSOT sO2 of femur BM between tMCAO mice and sham-operated 
mice due to the variability and small ROI size. 

The spleen is a hematopoietic organ and an immediate reservoir of 
monocytes [6,88]. The spleen may respond to injury in the brain by 
releasing stored immune cells into the blood, infiltrating into the brain 
and promoting a secondary inflammatory response [43]. Increased [18F] 
FDG uptake has not been reported in spleen ischemic stroke patients 
compared to controls [8]. Previous studies in animal models have 
demonstrated altered splenic function after ischemic stroke and 
increased levels of circulating proinflammatory cytokines [11–13,89]. 
We observed no difference in splenic [18F]FDG uptake between tMCAO 
and sham-operated mice, while there was a positive association between 
[18F]FDG uptake in the ipsilateral striatum and spleen. In addition, we 
observed similar splenic sO2 in tMCAO mice at 24 h after occlusion 
compared to sham-operated mice. The splenic oxygen levels vary be-
tween 0.5% and 4.5%, depending on the distance from the splenic artery 
[90]. 

We found a decrease in splenic mass in tMCAO mice 24 h after oc-
clusion compared to naïve mice but not to sham-operated mice ex vivo. 
In addition, tMCAO led to a significant increase in the numbers of 
mature T cells in femoral BM tissues, concomitant with a stark reduction 
in these cell subsets in the spleen and their decrease in peripheral blood, 
while the numbers of mature granulocytes decreased in BM and blood 
and increased in the spleen. This is in line with previous reports of spleen 
weight reductions in mice after tMCAO [13–15], accompanied by a 

Fig. 6. tMCAO reduced B cells and T cells in circulating blood. Flow cytometric analysis showed (a) an increased percentage of mature granulocytes in circulating 
blood from tMCAO mice compared to that from naïve mice. (b) No difference in the percentage of immature granulocytes in circulating blood from naïve or sham 
mice with tMCAO mice. (c) Reduced percentage of B cells in circulating blood from tMCAO mice compared to naïve and sham mice. (d) Reduced percentage of 
CD4 + T cells in circulating blood from tMCAO mice compared to sham mice. (e) No difference in the percentage of CD8 + T cells in circulating blood from naïve, 
sham and tMCAO mice. n = 3 per group. Data are presented as the mean ± standard deviation (SD). One-way ANOVA with Sidak post hoc analysis. 

Fig. 7. Assessment of the spleen volume and histology of the brain and spleen 
of sham and tMCAO mice at 24 h after occlusion. (a) TTC of tMCAO mouse 
brain slices indicating lesions in the ipsilateral striatum and cortex. (b, c) 
Representative images of dissected spleens from sham-operated and tMCAO 
mice. (d) Percentage of infarct volume in the brains of tMCAO mice. (e) 
Reduced mass of dissected spleen among naïve (n = 6), sham-operated (n = 6) 
and tMCAO mice (n = 9) ex vivo. Data are presented as the mean ± standard 
deviation (SD). 
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decreased number of monocytes/macrophages in the spleen [26,27] and 
increased myeloid cells [8,41]. Splenic atrophy was also reported in 
permanent MCAO in rats at 24 h [11] and at 4 days [91]. However, some 
studies did not include sham (surgery, but no ischemic brain injury) 
controls [14,15]. Myeloid cells are trafficked to the ischemic brain, 
where they participate in the inflammatory response [9,15]. Several 
studies have reported splenic atrophy and decreased monocytes at 4 
days [13], 3–7 days [92], and 3h-7 days [10] after tMCAO in mice. The 
number of mature T cells in the spleen and blood decreased and showed 
reduced interferon-γ production in tMCAO mice from 24 h to 14 days 
[93]. An earlier study showed that tMCAO increased mono-
cyte/macrophage subsets at 3 and 7 days after ischemia in the BM, as 
well as an increase in circulation [15]. In addition, tMCAO activates BM 
HSCs and downstream hematopoietic progenitors, leading to an 
increased output of inflammatory monocytes and neutrophils in an an-
imal model [4], whereas the number of lymphocyte progenitors 
declined. We did not observe an additional effect of cerebral ischemia on 
the deployment of cells from the spleen in our study. Our spleen volume 
and FACS data suggest that the experimental intervention dominates the 
egress of splenic cells into the circulation. The examination time point 
after occlusion and the animal model used might contribute to the 
different observations between studies. 

In patients with acute stroke, spleen sizes were measured with 
abdominal ultrasound, and a statistically significant negative associa-
tion was also observed between the pattern of change in total white 
blood cell count and spleen volume [94]. Splenic volume reduction is 
associated with poststroke infection in patients [95]. Using abdominal 
computed tomography, another study revealed that stroke induced an 
initial reduction (until 48 h) followed by an increase in the splenic 
volume in patients [96]. 

It is noted that there is a possibility that ECA/ICA ligation may cause 
ischemia to the cervical sympathetic chain and associated ganglia (su-
perior cervical ganglia) since the left common carotid artery, the 
external carotid artery and the internal carotid artery are ligated in the 
course. Ischaemia has been shown to produce an increase in thoracic 
sympathetic chain activity that persists after transection at both the 
ponto-medullary and medullary-spinal cord levels [97]. Cervical sym-
pathetic trunk ischemia induced by bilateral common carotid artery 
ligation has been shown to lead to degeneration of the cervical sympa-
thetic trunk, which inhibits sympathetic activity [98]. Cervical sympa-
thetic trunk transection has been shown to lead to a decreased 
inflammatory response [99]. This would argue that cervical sympathetic 
trunk ischemia due to the tMCAO procedure should lead to a decrease in 
sympathetic activity and reduced hematopoietic bone marrow stem cell 
activity. However, this is not the case in a previous report where MCAO 
mice showed increased sympathetic nervous system activity, which 
modulated the hematopoietic bone marrow environment and thereby 
contributed to the elevation of inflammatory cells after cerebral 
ischemia [4]. 

There are several limitations in the current study. First, fluence 
correction is expected to further improve the accuracy of the signal at 
depth, which was not performed in the current study [100]. Second, 
regarding animal models and sample size: sham operation might also 
introduce inflammatory response and increased proportion of circu-
lating neutrophils in the blood of animal [7]. [18F]FDG uptake has been 
shown associated with neutrophils and inflammatory response in earlier 
studies in other disease models [101]. However we did not perform [18F] 
FDG PET comparing sham-operated and tMCAO mice to the naïve mice 
in the current study. In addition, postischemic stroke inflammation and 
metabolic changes are dynamic processes [102]. Sex differences and 
age-related factors also influence ischemic stroke sensitivity [103]. 
Therefore, further study including additional naïve mice as a negative 
control, female and male aged mouse groups for a longer time frame is 
needed to dissect the effect of cerebral ischemic lesions from con-
founding factors induced by the tMCAO procedure, including the cer-
vical sympathetic trunk, on the hematopoietic system. Third, due to the 

complications in experimental procures, the number of tissue sample 
extracts was not exactly matched for FACS analysis. Fourth, regarding 
imaging techniques, oxygen levels vary within the same tissue [90]; 
however, the resolution of the PET and MSOT systems used here is not 
sufficient to dissect different compartments in the BM and spleen of 
mice. The image quality will be further improved with MSOT having a 
256-element transducer array [104–106] and transmission–reflection 
optoacoustic ultrasound computed tomography [107] compared to the 
one with the 128 element transducer array used in the current study. In 
addition, anaesthesia and mild surgical manipulation may induce 
granulocyte mobilization and systemic cytokine induction [108], which 
needs to be further elucidated. 

In conclusion, we demonstrated increased metabolic activity in the 
spinal cord by non-invasive multimodal imaging in tMCAO mice. The 
inflammatory linkage among the BM, spleen, and blood after acute ce-
rebral ischemia needs to be further investigated. A bidirectional rela-
tionship between hypoxia and inflammation has been demonstrated in 
ischemic stroke (hypoxia-induced inflammation, or inflammation 
reduced the rate of oxygen delivery to tissues and elicited hypoxic 
conditions) [109]. 
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Dr. Xosé Luís Deán-Ben received the diploma in automatics 
and electronics engineering from the Universidade de Vigo in 
2004. He received the PhD degree from the same university in 
2009. Since 2010, he serves as a research fellow at the Lab for 
Multi-Scale Functional and Molecular Imaging at the Institute 
for Biological and Medical Imaging (IBMI), Helmholtz Center 
Munich. He is currently group leader and senior scientist at 
ETH Zurich. His major research interests are the development 
of new optoacoustic systems for preclinical and clinical appli-
cations and the elaboration of mathematical algorithms for fast 
and accurate imaging performance.  

Mr Georgios Louloudis is PhD student at Institute of 
Biomedical Engineering, University of Zurich (Prof. Jan Klohs 
group).  

Ms Claudia Keller is a nuclear medicine technologist at 
Institute for Pharmaceutical Sciences (Group Radiopharma-
ceutical Science), Dep. of Chemistry and Applied Biosc. ETH 
Zürich.  

Prof. Daniel Razansky is Full Professor of Biomedical Imaging 
at the Faculty of Medicine, University of Zurich and Depart-
ment of Information Technologies and Electrical Engineering, 
ETH Zurich. He earned PhD in Biomedical Engineering and 
MSc in Electrical Engineering from the Technion – Israel 
Institute of Technology and completed postdoctoral training in 
bio-optics at the Harvard Medical School. From 2007 until 
2018 he was the Director of Multi-Scale Functional and Mo-
lecular Imaging Lab and Professor of Molecular Imaging En-
gineering at the Helmholtz Center and Technical University of 
Munich. Razansky’s Lab pioneered a number of imaging tech-
nologies successfully commercialized worldwide, among them 
the multi-spectral optoacoustic tomography and hybrid opto-

acoustic ultrasound imaging. He has authored over 200 peer-review journal articles and 
holds 15 patented inventions in bio-imaging and sensing. He is a co-founding Editor of the 
Photoacoustics journal and serves on Editorial Boards of a number of journals published by 
Nature Publishing Group, Elsevier, IEEE and AAPM. He is also an elected Fellow of the OSA 
and SPIE.  

R. Ni et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref97
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref97
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref97
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref97
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref98
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref98
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref98
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref98
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref99
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref99
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref99
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref99
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref100
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref100
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref101
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref101
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref101
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref101
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref102
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref102
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref102
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref102
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref102
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref103
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref103
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref103
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref104
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref104
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref104
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref105
http://refhub.elsevier.com/S2213-5979(23)00085-X/sbref105


Photoacoustics 32 (2023) 100532

15

Prof. Simon Ametamey is a senior scientist at the Institute for 
Pharmaceutical Sciences of ETH Zurich (Group Radiopharma-
ceutical Sciences) since April 2005. In 2006 he was appointed 
Titularprofessor. He earned his doctorate degree in Organic 
Chemistry from the University of Zurich under the guidance of 
with Prof. H.H. Heimgartner. Subsequently, he spent one year 
as a postdoctoral fellow with Prof. K. Bernhard at Hoffmann La 
Roche, Basel, Switzerland. In 1991, he joined the Center for 
Radiopharmaceutical Sciences of ETH, PSI and USZ in Villigen, 
Switzerland. In 1994, Simon M. Ametamey worked as a 
research scientist in Karolinska Institute, Stockholm, Sweden 
under the supervision of Prof. Christer Halldin and contributed 
to the synthesis of dopamine transporter PET ligands. In 

January 1995, Simon M. Ametamey became the group leader of the Radiotracer Synthesis 
research group at the Center for Radiopharmaceutical Sciences of ETH, PSI and USZ in 
Villigen. In 2001, he completed his habilitation in Radiopharmaceutical Chemistry at ETH 
Zurich, Switzerland. His research activities concentrate on the development of radio-
labelled biomolecules for diagnostic application in brain diseases and tumor imaging. 
Currently, his research work concentrates on the development of PET ligands for gluta-
matergic neurotransmission and folate receptors.  

Linjing Mu received her PhD in Chemistry from Nankai Uni-
versity, China in 1996. She worked as a postdoctoral fellow at 
the University of Basel and Center for Radiopharmaceutical 
Sciences (CRS) in Switzerland. She was appointed team leader 
for PET chemistry at CRS in 2004 and Research Head of 
Radiopharmacy since 2010. She is a senior scientist and group 
leader at ETH Zurich. Her research interests focus on CNS PET 
tracer development and the development of new 18F-radio-
labelling methods as well as the translation of new PET tracers 
into the clinic.  

Prof. César Nombela-Arrieta is Associate Professor at 
Department of Medical Oncology and Hematology of the Uni-
versity and University Hospital Zurich. He graduated in Phar-
macy and obtained a PhD in Immuology from the University 
Complutense in Madrid. He performed his postdoctoral work in 
the Division of Transfusion Medicine of the Children’s Hospital 
and the Harvard Stem Cell Institute in Boston. His laboratory is 
focused in understanding how stromal cells of the bone marrow 
microenvironment regulate healthy and malignant hemato-
poiesis, as well as immune cell trafficking and activation in 
marrow tissues. The ultimate goal is to find new ways in which 
dysfunctional stromal-hematopoietic crosstalk maybe targeted 
in hematologic malignancies.  

Prof. Jan Klohs obtained a BSc degree in Chemistry at the 
University of Wales, Swansea, United Kingdom. He completed 
a MSc and Ph.D. in Medical Neurosciences at the Char-
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