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ABSTRACT 

 

Reduced glucose utilization at early reperfusion following focal brain ischemia might be an 

early predictor of infarction, as suggested by studies with the autoradiographic radioactive 

deoxyglucose technique. This method does not allow following up the animals to examine 

later development of infarction. Here glucose consumption was studied in vivo by positron 

emission tomography (PET) with 18F-deoxyglucose (18FDG). Perfusion was assessed by PET 

with 13NH3 during and after 2-hour middle cerebral artery occlusion, and 18FDG was given 

after 2h of reperfusion. Brain infarction was evaluated at 24h. In a separate set of 

experiments, mitochondrial oxygen consumption was examined ex vivo using a biochemical 

method. Cortical 18FDG uptake was reduced by 45% and 25% in the ischemic core regions 

and periphery, respectively, in spite of perfusion recovery. However, substantial alteration of 

mitochondrial respiration was not apparent until 24h after the onset of ischemia. This shows 

that early after reperfusion mitochondria retained the ability to consume oxygen ex vivo, but 

whether oxygen consumption could take place in vivo under these conditions remains 

unknown. These results show reduced glucose use in vivo at early reperfusion in regions that 

will later develop infarction and, to a lesser extent, in adjacent regions also. Depressed 

glucose metabolism at early reperfusion in the core might be attributable to reduced 

metabolic demand due to cellular injury. However, reduced glucose metabolism in 

peripheral regions suggests either an impairment of glycolysis or reduced glucose demand.  

 

Key words: PET, perfusion, glucose utilization, mitochondrial respiration, middle cerebral 

artery occlusion, reperfusion, rat 
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INTRODUCTION 

 

Reperfusion after an episode of ischemia can rescue brain tissue from cell death by 

reducing the volume of infarction and ameliorating the neurological deficit. The supply of 

glucose and oxygen is severely reduced during ischemia, but these energy substrates become 

available at reperfusion. Nevertheless, strong reduction of glucose utilization was found after 

reperfusion using the radiolabelled deoxyglucose technique with autoradiography (Belayev 

et al., 1997), supporting that early metabolic deterioration was determined by the severity of 

ischemia. Furthermore, reduced glucose metabolism at early reperfusion was related to 

irreversible injury (Zhao et al., 1997). Therefore, reduced glucose utilization after 

reperfusion might be an early predictor of tissue infarction. This concept has also been used 

in vivo in PET studies with 18F-deoxyglucose (18FDG) (Heiss et al., 1997). More recently, 

biochemical studies using 14C-glucose after transient middle cerebral artery occlusion 

support the view that there is a marked depression of neuronal glycolytic activity at 

reperfusion (Thoren et al., 2006). 

Here we sought to investigate in vivo by PET whether glucose metabolism was altered in 

the ischemic core and peripheral regions in the early hours of reperfusion that follow an 

episode of 2-hour ischemia, and to examine whether the affected regions correspond to 

zones that develop infarction one day later. Our results support the view of selective 

impairment of glycolysis at early reperfusion in areas that will later develop infarction and, 

to a lesser extent, in the non-damaged periphery. 

 

MATERIALS AND METHODS 

 

Animals and surgery 

 
Adult male Sprague-Dawley rats (280-320g body weight) (Harlan, Spain) were used 

(n=28). Animal work was conducted in compliance with the Spanish legislation on the 
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“Protection of Animals used for Experimental and other Scientific Purposes”, and in 

accordance with the Directives of the European Union. Transient focal ischemia was 

produced by 2-hour intraluminal occlusion of the middle cerebral artery (MCA) followed by 

reperfusion, as described elsewhere (Justicia et al., 2006). For PET studies, ischemia was 

induced under anesthesia with chloral hydrate (400 mg/kg body weight i.p.), whereas for the 

rest of studies ischemia was performed under anesthesia with isofluorane in a mixture of 

70% N2O and 30% O2. During surgery, body temperature was maintained at 37.5 ºC using a 

heating pad connected to a rectal probe. A clip was placed on the right common carotid 

artery and a 2.6-cm length of 4-0 monofilament nylon suture that had been heat-blunted at 

the tip was introduced into the right external carotid artery up to the level where the MCA 

branches out. After the occlusion, isofluorane anesthesia was removed and rats were placed 

into their cages. Two hours later, the animals were re-anesthetized under the same 

conditions, the filament was thoroughly removed and the clip on the common carotid artery 

was released to allow reperfusion. Animals were killed under deep isofluorane anesthesia at 

3h, 10h or 22h, after reperfusion following the episode of ischemia.  

 

PET  

 

To assess brain perfusion, rats (n=10) received a bolus injection of 13NH3 (1.5 mCi/rat, 

i.v.) during MCA occlusion and were immediately scanned under a microPET camera 

(microPET R4, Concorde, Siemens) (13NH3-i study). PET studies were carried out under 

chloral hydrate anesthesia as above. Within the first hour after reperfusion, the same rats 

received another injection of 13NH3 and were studied again by PET to assess reperfusion 

(13NH3-r study). At 2h after reperfusion, the rats were re-anesthetized and received 18FDG (1 

mCi/rat, i.v.), and 45 min later PET data was acquired for 20 min. PET data was 

reconstructed with an OSEM3D-MAP algorithm (matrix size: 256x256x63, 2 OSEM3D 

iterations, 18 MAP iterations, b=0.05), yielding scans with a spatial resolution of 1.5 mm 
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FWHM. At 10h of reperfusion, rats were studied by MRI (see below) and they were killed at 

24h to evaluate tissue infarction. 

  

MRI 

 

At 10h of reperfusion, rats of the previous PET study were anaesthetized with 

ketamine/xylazine, placed and fixed to a holder support in a supine position, and introduced 

in a 1.5 T Signa Horizon LX magnet (General Electrics) provided with a QDWRIST coil to 

obtain spin-echo T2-weighted images, DWI and T1-3D images. Acquisition parameters 

were: TE=102 ms, TR=4,200 ms, field of view (FOV)=8x8 cm, matrix=224x160, number of 

excitations (NEX)=6, slice thickness=2 mm for spin echo T2-weighted (T2w) images; and 

TE=91 ms, TR=10,000 ms, FOV=8x8 cm, matrix=128x128, NEX=4, slice thickness=2 mm, 

and spacing=0.5 mm for DWI images. The b-values were 0 and 1,000 s/mm2. ADC maps 

were generated with Functool2 software (GE). 

 

Image analysis  

 

In the 13NH3/18FDG study, PET images were co-registered with the corresponding MRI 

images (T1-3D) obtained from the same rats. Image co-registration was performed by 

maximizing their mutual information using the SPM2 program 

(http://www.fil.ion.ucl.ac.uk/spm/). For each animal we used the information of brain 

infarction at 24h on the tissue sections (stained with 2,3,5-triphenyltetrazolium chloride 

(TTC), see below) to draw regions of interest (ROIs) in the corresponding PET image, as 

reported previously (Rojas et al., 2007). For this purpose, we manually aligned the TTC-

stained brain tissue sections with the corresponding MRI images. ROIs were manually 

defined over the TTC images (see Fig. 1A) and then applied over the corresponding PET 

images. Visual inspection was carried out to verify ROI placement in the PET images. On 
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the basis of the tissue information obtained postmortem, two ROIs were defined for each rat 

on the cortical and striatal region of infarction in the ipsilateral hemisphere, and symmetrical 

ROIs were drawn in the homologous contralateral region. An additional ROI was defined in 

the ipsilateral cortex, which corresponded to peripheral non-infarcted tissue, and in the 

symmetrical contralateral hemisphere. The mean value and the standard deviation of each 

ROI in the PET images were measured using the MRIcro image processing program  

(http://www.sph.sc.edu/comd/rorden/mricro.html). The ratio to the homologous contralateral 

regions was calculated.  

 

Ex vivo evaluation of mitochondrial respiration 

 

Two-hour ischemia was induced in another group of rats that were killed at 3h (n=8), 10h 

(n=5) or 22h (n=5) of reperfusion. The brain was quickly removed from the skull, the 

ipsilateral and contralateral cortices were dissected out and immediately processed for 

mitochondrial isolation as described (Gogvadze et al., 2003), with modifications. In brief, 

the cortex was gently homogenized on ice using a manual glass/glass Dounce-type 

homogeniser in 25 ml of buffer containing 250 mM sucrose, 0.5 mM K+-EGTA and 10 mM 

Tris, pH 7.4. This was followed by centrifugation at 1,300 x g for 3 min at 4ºC. The 

supernatant was centrifuged again at 13,000 x g for 10 min at 4ºC, and the pellet was 

resuspended in 5mL of 3% Ficoll solution containing 250 mM manitol, 60 mM sucrose, 10 

µM K+-EGTA, and 10 mM Tris, pH 7.5. The sample was then gently placed on a centrifuge 

tube containing 25 mL of 6% Ficoll, avoiding the mixing of the two solutions. This was 

centrifuged at 11,500 x g for 10 min at 4ºC and the mitochondrial-enriched pellet was 

resuspended in one mL of respiration buffer containing 255 mM sucrose, 5 mM MgCl2, 10 

mM KH2PO4, 20 mM Tris, and 5 mM Hepes, pH 7.4.  

One-hundred µl of the fresh mitochondrial preparation were placed in the chamber of an 

Oxygraph system (Hansatech Instruments Ltd, England) and diluted with 900 µl of 



 7

respiration buffer.  After stabilization of the reading, 10 µl of 255 mM succinate were added 

and oxygen consumption was registered for several min to estimate the state 4 respiration 

rate. Then, 4 µl of 105 mM ADP were added and the response was registered to estimate the 

state 3 respiration rate. The respiratory control ratio (RCR) was calculated as the ratio 

between the state 3 and state 4 respiration rates. RCR is taken as an indicator of 

mitochondrial oxidative phosphorylation coupling. 

 

Assessment of infarction 

 

Rats were anesthetized and killed at 24h for the assessment of infarction. The brain was 

removed and sliced in 2 mm-thick coronal sections that were stained with 1% solution of 

TTC for 10 min at 37ºC. Sections were then immersed overnight in 4% paraformaldehyde in 

phosphate buffer and washed in this buffer. Sections were scanned and images were used to 

define the regions of infarction. White or pale areas in each section were taken as the 

infarcted zones.  

 

Statistical Analyses 

 

Differences between two groups were analyzed with the Student’s t-test, and multiple 

groups were analyzed with one-way ANOVA followed by the Bonferroni's Multiple 

Comparison test for post-hoc analysis. One sample t-test was used to compare whether ratios 

of ipsilateral versus contralateral values were different from 1. Statistical analyses were 

carried out using GraphPad Prism software. 
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RESULTS 

PET studies 

 

Ten rats were used in the PET study. Two rats died before 24h and were excluded from the 

study. Two 13NH3 PET studies were performed, the first during ischemia and the second 

within the first hour after reperfusion, to assess cerebral perfusion during and after the 

episode of ischemia. The ratio of the values in the infarcted ipsilateral regions to the 

homologous contralateral regions was calculated. The values for each individual rat are 

listed in Table 1. One rat (rat 1 in Table 1) was excluded from the study due to insufficient 

decrease in perfusion during ischemia (the ipsilateral value dropped more than 70% versus 

the contralateral) in both cortex and striatum. In the rest of the animals, perfusion during 

ischemia in the ipsilateral cortex and striatum (mean±SD, n=7) corresponded to 54.6±18.3% 

and 53.6±9.8% of the values in the corresponding homologous contralateral regions. At 

reperfusion the values in cortex and striatum (mean±SD, n=7) recovered to 90.7±12.7% and 

89.9±11.5% of the corresponding contralateral values.  

 

Table 1.   Perfusion 13NH3 PET data 

Striatum            Cortex 
------------------------------------                    ------------------------------------- 
ischemia       reperfusion              ischemia         reperfusion 

rat        13NH3-i             13NH3-r          13NH3-i              13NH3-r 
---- --------------       -------------                    --------------       ------------- 
1 *      0.761 ± 0.12      0.761 ± 0.15             0.702 ± 0.21      0.671 ± 0.24 

2          0.524 ± 0.19      0.821 ± 0.10                 0.628 ± 0.21      0.911 ± 0.17 

3         0.443 ± 0.14      0.929 ± 0.09                0.481 ± 0.17      0.901 ± 0.07 

4          0.693 ± 0.18      1.013 ± 0.10                 0.821 ± 0.27      1.042 ± 0.14 

5          0.654 ± 0.21      1.019 ± 0.12                 0.557 ± 0.21      0.959 ± 0.20 

6          0.487 ± 0.14      0.986 ± 0.11                0.635 ± 0.18      0.983 ± 0.19 

7          0.491 ± 0.21      0.747 ± 0.15                 0.441 ± 0.29      0.912 ± 0.40 

8 0.461 ± 0.04      0.777 ± 0.05  0.238 ± 0.03       0.642 ± 0.05 

Data are expressed as ratio to the homologous contralateral region (mean value ± error ratio). * 

Rat 1 was excluded due to a too small decrease in perfusion (≤30%) during ischemia, and lack of 

recovery at reperfusion. 13NH3-i:  indicates values during ischemia; 13NH3-r: indicates values after 

reperfusion. 
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After the 13NH3 studies, rats received 18FDG at 2h after reperfusion. For each rat, 18FDG 

images were analyzed by drawing ROIs based on the information of tissue infarction 

obtained postmortem at 24h (Fig. 1A). 

 

ROIs corresponded to infarcted regions in cortex (core ctx) and striatum (core str), plus an 

additional ROI corresponding to peripheral non-infarcted ipsilateral cortex (peri) (see Fig. 

1A). Equivalent ROIs were defined in homologous regions of the contralateral hemisphere. 

An example of the different imaging studies performed in each rat is shown in Fig. 2. 

18FDG uptake was reduced in all the ROIs as the ratio of ipsilateral versus contralateral 

values was significantly smaller than unity in all the regions (Fig 1B). The percent decrease 

in 18FDG uptake in the infarcted ROIs versus the corresponding contralateral ROIs 

(mean±SD) was 47.6±7.5 and 44.6±9.9 % in cortex and striatum, respectively, while in the 

non-infarcted peripheral cortex the mean reduction of 18FDG uptake was 25.4±11.3 % versus 

the corresponding contralateral ROI value. The decrease in 18FDG uptake was significantly 

smaller in the periphery than in the core regions of cortex (p<0.01) and striatum (p<0.05), 

whereas both core regions showed similar reductions in 18FDG uptake (Fig. 1B). Therefore, 

the results show reductions of glucose uptake at early reperfusion that are not associated 

with tissue damage, as the peripheral ROI was drawn beyond the tissue showing infarction at 

24h. In support of this, cortical reduction in 18FDG uptake was observed in a rat that did not 
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develop cortical infarction at 24h (Fig.2). In this rat (Fig. 2), the whole ipsilateral cortex 

corresponded to non-infarcted zone and was taken as the peripheral zone. Altogether, these 

findings suggest that there could be a threshold of reduced glucose metabolism below which 

the value of 18FDG uptake might predict tissue damage. 

 

Mitochondrial respiration 

 

Oxygen consumption can be studied in vivo by PET in humans or large animals using the 

15O isotope. However, in the rat the technique has severe limitations due to the low 

resolution of 15O and the small size of the rat brain. In order to assess brain tissue oxygen 

consumption were carried out an ex vivo study in another group of rats (n= 18) to evaluate 

mitochondrial respiration. Mitochondrial extracts were obtained from the ipsilateral and 

contralateral cortex at 3, 10 and 22 h of reperfusion following 2-hour ischemia. Isolated 

mitochondria were exposed to succinate and then to ADP and the oxygen uptake of the 

preparation was measured (Fig. 3B). Mitochondrial respiration was assessed by the 

respiratory control ratio (RCR). Mean±SD RCR values in the contralateral cortex were 

within the physiological range (Lores-Arnaiz et al., 2003) at 3h (3.20±0.98, n=8), 10h 

(3.23±0.57, n=5) and 22h (3.39±0.65, n=5) of reperfusion. RCR values tended to decrease in 

the ipsilateral hemisphere after ischemia, but differences to corresponding contralateral 

values were only statistically significant at 22h (p<0.05) (Fig. 3C).  
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DISCUSSION 

 

Here we report depression of glucose metabolism early after reperfusion in areas that will 

develop infarction, as assessed in vivo by PET after two-hours of reperfusion followed by 

postmortem evaluation of tissue damage in the same rats at 24h after the onset of ischemia. 

These results concur with the view that severe glucose hypometabolism at reperfusion can 

predict neuronal death (Zhao et al., 1997). In addition, a comparatively more moderate 

glucose hypometabolism was detected in peripheral regions that did not develop infarction. 

This is in agreement with findings of postischemic alterations in 14C-glucose metabolism 

that were not restricted to tissue that developed infarction, evidencing a marked depression 

of neuronal glycolytic activity after ischemia (Thoren et al., 2006). It is plausible that there 

was a threshold of glucose hypometabolism capable of differentiating viable from non-

viable tissue, but larger series of animals would be needed to validate this possibility.  

In spite of in vivo alterations of glucose metabolism, cortical mitochondria respiration, as 

evaluated ex vivo, was not significantly altered at 3h postischemia, whereas a reduction was 

observed at 24h. Previous reports showed that mitochondrial respiratory activity decreased 

during 30-min or 2-hour ischemia, but recovered in cortex after 1h and 3h of recirculation 

(Anderson and Sims, 1999; Li et al., 2000), and then showed a secondary decline from 6h 
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(Li et al., 2000). Another study found alterations in mitochondrial respiration at 10 min but 

not at 19h following 30-min or 1-hour ischemia (Duarte et al., 2003). Furthermore, regional 

differences have been reported at reperfusion, with restoration of core pO2 close to its 

preischemic value while penumbral pO2 only partially recovered (Liu et al., 2004). By 

determining regional arterial and venous oxygen saturation using microspectrophotometry, 

Liu et al. (2003) reported reduced oxygen consumption in the ischemic cortex at 1h of 

reperfusion, and Schild et al. (2003) found mitochondrial alterations following 

hypoxia/ischemia. Also, the results of a quantitative MRI study were compatible with 

reduced oxygen extraction at reperfusion (Kettunen et al., 2002). Therefore the use of 

sophisticated in vivo measurement techniques might increase the chances of detecting 

functional alterations. In addition, it is possible that certain abnormalities in mitochondrial 

function may not become apparent using isolated mitochondrial preparations due to loss of 

physiological connections between mitochondria and their environment, and the fact that 

important molecules and co-factors are lost in the extraction procedure and have to be 

supplemented to the preparations for the ex vivo assay (Safiulina et al., 2004). In this regard, 

the application of improved methods for brain mitochondrial isolation might be helpful 

(Sims and Anderson, 2008). Therefore, we cannot exclude that the classical mitochondrial 

preparation used here was insensitive to subtle changes in mitochondrial function that may 

occur in vivo before overt mitochondrial damage is apparent.  

In conclusion, the present findings evidence in vivo an extensive reduction of glucose use 

at early reperfusion that is stronger in areas that will later develop infarction than in 

peripheral areas. Thus, our study supports that glycolysis is depressed early after reperfusion 

following an episode of focal ischemia in rats, and that this effect is not always related to 

subsequent development of infarction. Decreased glucose use might be due to either 

selective impairment in the glycolytic process and/or reduced glucose demand. Further 

studies are needed to better understand the molecular basis of this effect and the meaning to 

ischemic damage. 
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FIGURE LEGENDS 

 

Figure 1.  Reduction of 18FDG uptake in different ROIs. A) Postmortem coronal brain 

tissue section stained with TTC to visualize the infarcted zone at 24h postischemia. 

Regions of interest (ROIs) are: infarcted cortex (core ctx) and striatum (core str), and non-

infarcted peripheral cortex (peri ctx). ROIs were manually defined for each animal in the 

ipsilateral hemisphere and homologous regions were drawn in the contralateral 

hemisphere. B) The ROIs defined in the postmortem tissue were taken into the 

corresponding PET images co-registered with MRI T1-3D images to obtain the anatomical 

information of each brain. The 18FDG PET signal obtained between 2-3h of reperfusion 

was measured in each ROI and the ratio of the ipsilateral (ipsi) to the corresponding 

contralateral (contra) ROI was calculated. Values in the graph are ratios and are expressed 

as mean ± SEM (n=7 rats). Values are expressed as mean ± SEM. All regions show an 

18FDG ratio lower than unity (one sample t-test, ** p<0.01, *** p<0.001), demonstrating 

reduced uptake in the ispilateral hemisphere. The cortical and striatal core regions show a 

ratio lower than that in the peripheral cortex (one-way ANOVA followed by post-hoc 

Bonferroni’s multiple comparisons test, & p<0.05, && p<0.01). 

 

Figure 2. Illustration of the different imaging studies obtained in the same rat. A, B) 

Perfusion PET images obtained in vivo with 13NH3 during ischemia (A) and 30 min after 

reperfusion (B). Reduced signal intensity is observed in the ipsilateral hemisphere (left 

side of the image) during ischemia (A), whereas the signal recovers at reperfusion (B). The 

PET images shown in A, B, and E are co-registered with an MRI T1-3D image obtained 

from the same rat (C). D) 18FDG PET image obtained between 2-3h of reperfusion 

showing reduced uptake in the ipsilateral hemisphere (left side of the image). E) The same 

18FDG PET image is co-registered with the MRI data to obtain anatomical information. F-

H) MRI images showing T2w (F), DWI (G), and the ADC map (in false color) (H) of the 

same rat, illustrating damage in the striatum but not in the cortex. (I) The rat shown here 
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did not develop cortical infarction at 24h in spite of reduced 18FDG uptake in the cortex 

after reperfusion, as illustrated in the postmortem tissue section stained with TTC and 

obtained at 24h.  

 

Figure 3. Mitochondrial respiration in the cortex after ischemia/reperfusion. 

Mitochondria were isolated from the ispilateral and contralateral cortex at 3 (n=8), 10 

(n=5), and 22h (n=5) of reperfusion following 2-hour ischemia to study the mitochondrial 

oxidative capacity. A) An example of mitochondrial oxygen uptake after exposure to 

succinate and ADP under control conditions, and in the ischemic cortex at 3h and 22h of 

reperfusion. The X axis indicates the time scale (min) and the Y axis indicates the 

concentration of molecular oxygen uptake (µM). B) Mean ± SEM respiratory control rate 

(RCR) values for the different experimental groups. Similar values were found in the 

contralateral hemisphere at the different time points. Two-way ANOVA, by hemisphere 

and by time followed by the Bonferroni’s test showed a significant reduction (* p<0.05) in 

the ipsilateral (ischemic) cortex at 22h of reperfusion. 


