
areas of injury earlier in the process. These imaging
techniques detect different pathophysiologic process in
the ischemic brain tissue. CT reflects alterations of
tissue density, conventional radionuclide brain scan
examines blood-brain barrier integrity, SPECT using
current perfusion agents evaluates regional blood flow,
and MRI detects alterations oftissue water (8â€”14).

In other tissues, such as the myocardium, areas of
ischemia can be specifically identified using metabolic
markers. The decreased availability of oxygen causes
an increase in glucose utilization via the anaerobic
pathway (15). Thus, zones ofischemia can be identified
as areas of preserved or relatively increased glucose
uptake when images are recorded with the positron
emitting glucose analog, fluorine-18-fluorodeoxyglu
cose (18flJ@) (16,17). In the brain, however, where
glucose is the major substrate, injury is associated with
a decrease in local glucose utilization (18â€”21). In is
chemic tissue, extraction of glucose increases even
though the amount utilized is decreased due to lower
blood flow (18â€”21).

Glucaric acid, a 6-carbon dicarboxylic acid, can be
labeled with @mTcby stannous chloride reduction (22).
In rats, intravenous injection of insulin increased myo
cardial uptake of 99mTc..glucarate(23). Another study
performed to determine the length of ischemic injury
required for 99mTc..glucarate localization suggested that
this agent accumulates in experimental cerebral infarc
tion within 1 hr ofcarotid embolization (24).

The present studies were performed to characterize
the relationship of 99mTc@glucarateaccumulation to is
chemic cerebral injury. In a subgroup of animals with
ischemic injury, both l8fT@@and 99mTc..glucarate im
ages were recorded.

METHODS

Cell Cufture and Flux Measurements
LLC-PK cells, a cell line with multiple characteristicsof

renal proximal tubular cells, were cultured on collagen-coated
Nucleopore filter as previously described (25â€”27).Cells, plated
at 1/10 the saturation density, divided and reached confluency
5 days after plating. Experiments were performed with mature
monolayers 7 days after plating. To define the transport

The potential structural similarityof technetium-99m-Ia
baled glucaric acid (@â€˜Tc-glucarate)to that of fructose
suggests that this agent may enter cells by a sugar trans
port system. Studies with LLC-PK1 cells demonstrated
inhibition of @â€œTc-glucarateuptake by fructose, confirming
this potential relationship. Since anaerobic metabolism can
use either glucose or fructose, we hypothesized that @â€œTc
glucaratemay concentratein areas of acute ischemic
injury.To test this hypothesis,63 adult rats with middle
cerebral artery (MCA) occlusion followed by reperfusion
wereinjectedwith @â€œTc-gIucarateandin vivoandex vivo
images were acquired. Seven animals were also studied
with18FDGandhighresolutionPET imaging.The radio
nuclide images were compared to the results of triphenyl
tetrazolium chlOride (TTC) stalning and conventional his
topathology.Thirty-fiverats had significantaccumulation
of @â€œTc1lucarateand no TTC staining (indicatinginfarc
tion) in the involved hemisphere. Of the remaining 28 rats
with TTC staining (suggesting viability) of the involved
hemisphere, 16 (57%) had @â€œTc-gIucarateaccumulation.
In the seven rats that were studied with both @â€œTc
glucarate and 18FDG, @â€œTc-gIucarateaccumulated at the
centerof the occludedMCAterritorywhile18FDGactivity
wasdecreasedinthisregion.Theseresultssuggestthat

@â€œTc-gIucarateis a sensitive marker of acute severe car
ebral injury,but its mechanism of localizationis probably
different from that of 18FDG.

J NucI Med 1991; 32:272â€”278

he early, objective, identification of the site and
extent of damage in patients with acute cerebral ische
mia is difficult. The changes seen on computed tomog
raphy (CT) scans or conventional radionuclide brain
scans occur relatively late in the process (1,7), when
therapy may be less efficacious. Recently, magnetic
resonance imaging (MRI) (8â€”10)and single-photon
emission computed tomography (SPECT) with brain
blood flow agents (11â€”13) have been used to define
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pathway followed by glucarate in LLC-PK1 cells, two sets of
experiments were performed. First, a group of monolayers
was incubated with 99mTcgiu@te (0.1 mM) in the absence
or presence of 20 mM fructose. Second, another group of
monolayers was incubated with â€˜4C-fructose(0.1 mM) in
presence of 20 mM glucarate. The influx of 99mTcglucarate
or â€˜4C-fructosewas measuredunder conditions approaching
initial entry rates, usually after 5 mm of incubation in the
presence of the labeled substratum. After incubation, the
monolayers were washed with ice-cold 0.1 M MgC12for 90
sec and radioactivity was measured. The results were expressed
as cpm/mg DNA.

Animal Model
Cerebral ischemia/infarction was induced by the method

of Koizumi et al. (28) in 63 male Sprague-Dawley rats (200â€”
250 g). Under ketamine anesthesia (0.125 mg/g), the right
carotid artery was exposed and a silicon-coated thread was
advancedto the originof the middle cerebralartery (MCA).
To inducecerebralischemia/infarction,the thread wasleft in
situ for 20â€”120mm. In this model, injury occurs in the
cerebralcortexand lateralcaudate nucleusof the right hemi
sphere perfused by the MCA.

Technetium-99m-Glucarate Imaging
One hour after tail vein injection of 3â€”6mCi of 99mTc@

glucarate images were recorded with a standard scintillation
camera equipped with a pinhole collimator (3 mm insert).
The averagedistancebetweenthe collimatorand rat skullwas
about 3 cm (â€”5x magnification). Data were obtained in the
parieto-basal(similarto vertexviewin human brain imaging)
and lateral views for 5 mm each on a dedicated nuclear
medicine computer system. After in vivo imaging, 56 rats
were killed by injection ofpentobarbital and decapitated. The
brains were removed and cx vivo images were recorded in the
parieto-dorsal view (opposite to vertex view in human brain
imaging) for 5 mm using the same collimator.

FDG Imaging
In seven rats (all reperfused for more than 5 hr), an I*@FDG

study was performed at the conclusion of in vivo @mTc@
glucarate imaging. A dose of 250â€”350 @Ciof ISfTJ(@was
injected intravenously and 30 mm later the rats were posi
tioned prone on the imaging table of an experimental single
slice high-resolution PET tomograph, PCR-l (29). This device
employs 360 bismuth germanate (BGO) detectors and 90
photomultipliertubes in a 45-cm diameter ring. Slice thickness
is 5 mm and the final reconstructed resolution is 4.5 mm
FWHM at the center ofthe field ofview. Images were acquired
at 10 bed positions ( 10 slices). The initial slice was taken at
the levelof the posterioreye fissurefor 600,000counts. The
scanning time of the subsequent images were determined by
that of the initial scan corrected for physical decay. After
â€˜8FDGimaging, the rats were killed by i.v. injection of keta
mine followed by decapitation. Ex vivo images of @mTc@
glucarate were recorded by 2 hr after positron imaging to
permit decay of residual â€˜8Factivity.

Technetium-99m-GlucarateImage Analysis
Technetium-99m-glucarate uptake in the right (ischemic/

infarcted) hemisphere was compared with uptake in the con
tralateral hemisphere and scored qualitatively as follows; 0 =
no significantincreasein uptake relativeto the contraiateral

hemisphere, 1 = significant uptake, 2 = intense uptake. For
quantitative analysis, the count density ratio (count density in
the injured hemisphere/count density in contralateral hemi
sphere) was calculated.

FDG Image Processing
Transverse PET images were reconstructed, and reformat

ted as coronal images. The slices at the mid-portion of the
brain were analyzed by region of interest analysis to calculate
a ratio of the right MCA area/left MCA area for comparison
to the 99mTcglu@te data.

Histopathology
Following cx vivo imaging of 99mTc..glucarate,the brains

were sliced into 3-mm thick coronal sections, placed in a
freshly prepared solution of triphenyltetrazolium chloride
(TTC) and incubated for 30 mm at 37Â°C.Unstained tissue
was considered to have suffered irreversible damage (30â€”33).

The percent infarction([infarctedarea/area of right hemi
spherelx 100) was measured by planimetry. A representative
slice from each brain was fixed with 10% neutral-buffered
formalin for 5 days before embedding in paraffin. Paraffin
sections (4 @zm)were stained with hematoxylin and eosin and
examined by conventional light microscopy to detect mor
phologic changes of cerebral ischemia/infarction.

Distribution of @Tc-GIucarate
After TTC staining, the brains were dissected at the level

of the caudatoputamen (Fig. 1) to isolate the following struc
tures supplied by the occluded MCA: caudate and putamen
(A1), primary olfactory lobe (Be), temporal cortex (Ci), and
parietal cortex (Dr). In addition, parietal cortex supplied by
anterior cerebral artery (ACA) was isolated (E,). Similarly, the
corresponding contralateral areas (A1-E1)were also dissected.
The incidence of infarction decreased from territory A to E as
previously reported (34). The specimens were weighed and
counted in a well-type gamma counter to determine the count
ratio (injured/normal) for each area ofthe brain.

Comparisonof LocalizationBetween
W@@Tc@Glucarateand â€˜11In-DTPA

To evaluatethe changein blood-brainbarrier permeability
in the animal model, brain uptake of @mTc@glucaratewas

FIGURE 1
Topographyof a specimenof rat brain(caudatoputamenlevel)
in which @â€œTc4ucaratecontent was determined. The right
MCAwas occluded. A, = caudate and putamen, B@= primary
olfactorylobe,C@= temporalcortex,Dr pWletalcortex,Er
= panetal cortex ofthe ACA territory, and A1-E1 = correspond

ing areas of the contralateral (left) side. Regions B and C
represent the core of the occluded MCAterritory.RegionD
is the marginalareaand E is the surroundingarea.

RIGHT LEFT
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compared to indium-i 1 -(â€ẫ€˜In)DTPA uptake. Five rats had
occlusion of the right MCA for 30 mm. At 3 hr after reperfu
sion, 99mTc..&ucarate (3 mCi) and â€˜â€˜â€˜In-DTPA(0.5 mCi) were
injected simultaneously via the tail vein and the animals were
killed I hr later. The brains were dissected as described above.
Radioactivity was measured with a well-type gamma counter
and correction for spill-over between the two windows was
performed.

StatisticalAnalysis
All data was expressed as mean Â±s.e. Statistical analysis

was performed using two-way analysis of variance and Stu
dent's t-test.

RESULTS

Cell Culture
Previous studies indicate that the uptake of either

99mTcglucarate or â€˜4C-fructosewas linear with incuba
tion time up to 15 mm. All measurements were made
after 5 mm of incubation; conditions approaching mi
tial entry. When LLC-PK cells were incubated with
99mTc..glucarate in the presence of 20 n@1 fructose,
influx of 99mTc@glucarate was inhibited by 61 % com
pared to incubation without fructose, from 1149 Â±93
cpm/mg DNA (n = 6) to 450 Â±32 cpm/mg DNA (n
= 6). When the cells were incubated with â€˜4C-fructose

in the presence of2O mMglucarate, influx â€˜4C-fructose
was inhibited by 84% compared to incubation without
glucarate, from 5390 Â±338 cpm/mg DNA (n = 6) to
872 Â±56 cpm/mg. DNA (n = 6)

RelationshipBetweenw@@Tc@GlucarateImagesand
TTC Staining

In 17/20 rats (85%) occluded for more than 1.5 hr
and 18/43 rats (42%) occluded for 1 hr or less, the
involved hemisphere did not stain with TTC, suggesting
infarction (Table 1). Technetium-99m-glucarate local
ized in the injured hemisphere of all 35 rats that were
not stained with TTC (Table 2). In the remaining 28
rats occluded for less than 1.5 hr (Fig. 2), 16 stained
with TTC had increased @mTc@glucaratelocalization.
Three of these 16 rats (all reperfused for more than 16
hr) showed edema on light microscopy.

The count/density ratio was significantly higher in
the group that did not stain with TTC (non-viable)
(2. 17 Â±0. 14) compared to the group that did stain with
fl-c (1.48Â±0.09)(p< 0.0002).

Distribution of @â€œTc-GIucaratein the Infarction

In 9 rats whose brains were TTC-negative, the 99mTc@
glucarate count density ratio was high in the ipsilateral
caudate and putamen (7.20 Â±1.7 1), primary olfactory
lobe (5.10 Â± 1.28), and temporal lobe (5.16 Â± 1.63);

and low in the parietal cortex supplied by the MCA
(2.59 Â±0.59) and ACA (1.81 Â±0.44) (Fig. 3). In nine

rats whose brains were stained with TTC, the count

density ratio showed the same pattern (caudate and
putamen: 5.37 Â±2.38; primary olfactory lobe: 2.81 Â±
0.69; temporal cortex: 2.25 Â±0.75; parietal cortex
(MCA territory): 1.89 Â±0.45; and parietal cortex (ACA
territory): 1.34 Â±0.24). Analysis of variance showed a
significant main effect of brain area on 99mTc@glucarate
uptake (p < 0.05). The uptake ratio at the center of the
occluded MCA territory was significantly higher (p <
0.0002) than in the other areas.

Changesin Blood-BrainBarrierPermeability
After Ischemia

In the group of five rats with 30 mm of MCA
occlusion, four animals had ischemia (stained with
TTC). In this group, %ID/gram of â€˜â€˜â€˜In-DTPAwas:
0. 14 Â±0. 11 (caudate and putamen), 0.49 Â±0.30 (pri
mary olfactory lobe), 0.24 Â±0.20 (temporal cortex),
0. 11 Â±0.09 (parietal cortex, MCA territory), and 0.08
Â±0.06 (parietal cortex, ACA territory). For @mTc@
glucarate, the corresponding values were: 0. 13 Â±0.08
(caudate and putamen), 0.42 Â±0.35 (primary olfactory
lobe), 0. 18 Â±0. 13 (temporal cortex), 0. 13 Â±0.09 (pa
rietal cortex, MCA territory), and 0.07 Â±0.06 (parietal
cortex, ACA territory).

RelationshipBetween @â€œTc-GIucarateand
1@FDGImages

The I8fl@f@count ratios were decreased in three TTC
negative rats, while the ratios were near unity in four
TTC-positive animals (Table 3). In general, 99mTc@glu@
carate concentrated at the center of the infarcted hem
ispheres while I8f@TJ@had decreased activity in this area.
The count density ratio of @mTc@glucaratewas 1.64 Â±
0.13 in rats with infarction and 1.07 Â±0.06 in rats
without infarction while the corresponding values for
I8p-@c@ were: 0.83 Â± 0.06 (infarcted rats) and 1.01 Â±

0.03 (noninfarcted rats).

DISCUSSION

The cell culture data suggest that 99mTc@glucarate
enters cultured renal tubular cells via a fructose trans
port system. Fructose can contribute to anaerobic me
tabolism, since it can undergo phosphorylation in sim
ilar fashion to glucose (15). Also, the observation that
99mTcglucarate and 2-deoxyglucose do not compete for
the same transport system suggests that the two com
pounds may have significantly different patterns of in
vivo accumulation in some situations. While some
insight into the processes involved in @mTc@glucarate
accumulation in tissue can be gained from experiments
with cultured cells, considering the vast difference be
tween renal cells in vitro and rat brain in vivo, it is
important that the results of the in vitro experiments
should not be over interpreted.

The studies with rats demonstrated minimal accu
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OcclusionObservationtime afterGlucarate
imageFDGNo.

time(hr)RP (hr)In vivoEx vivo CDR*TTC@ image

I 0.3 18.5 1+ 2+ 2.03 1
2 0.5 0.5 1+ 1+ 1.82 0
3 0.5 1 1+ 1.81 0
4 0.5 1 1+ 1+ 1.78 0
5 0.5 2 1+ 2+ 1.75 0
6 0.5 3.3 â€” â€” 1.33 0
7 0.5 3.3 2+ 2+ 2.83 0
8 0.5 3.5 1+ 1+ 1.65 0
9 0.5 4.3 â€” â€” 1.06 0

10 0.5 5.6 1+ 2+ 3.72 1
11 0.5 6 1+ 2+ 2.70 1
12 0.5 6.5 2+ 2+ 273 1
13 0.5 7 1+ 2+ 2.41 1
14 0.5 16 1+ 1+ 1.25 0
15 0.5 19 1+ 2+ 2.24 0
16 0.5 19 â€” â€” 1.04 0
17 0.75 2 2+ 2+ 1.75 0
18 1 0.5 1+ 2+ 1.90 1
19 1 1 1+ 1+ 1.71 0
20 1 1 1+ 1+ 1.27 2 +
21 1 1 1+ 2+ 178 2 +
22 1 1.3 â€” â€” 1.04 0 â€”
23 1 1.5 1+ 2+ 1.78 2 +
24 1 2.5 1+ 1+ 1.91 1
25 1 3 2+ 1.50 0
26 1 3 â€” 1.18 0
27 1 3.5 1+ 1.23 0
28 1 3.5 1+ 1+ 2.20 0
29 1 4 2+ 1.51 2
30 1 4 2+ 1+ 205 0
31 1 5 â€” â€” 1.05 0
32 1 5.5 â€” â€” 0.42 0
33 1 6 â€” â€” 1.14 0
34 1 6 1+ 1+ 2.38 1
35 1 8 â€” â€” 1.22 0
36 1 8 â€” â€” 0.98 0
37 1 13 2+ 1+ 4.47 1
38 1 15 2+ 2+ 2.46 1
39 1 16 2+ 2+ 1.74 0
40 1 16 2+ 2+ 1.91 1
41 1 16 1+ 1+ 1.99 1
42 1 20 1+ 1+ 1.71 1
43 1 20 1+ 1+ 1.66 1
44 1.5 0.5 1+ 1+ 2.02 1
45 1.5 1.5 2+ 1+ 368 1
46 1.5 1.5 1+ 1+ 1.32 1
47 1.5 3 2+ 2+ 2.24 2
48 1.5 3 2+ 1.76 1
49 1.5 3 1+ 131 0
50 1.5 13 1+ 1+ 1.84 1
51 1.5 16 1+ 1+ 1.54 2
52 2 0.3 2+ 2+ 4.45 2
53 2 4 1+ 1.47 1
54 2 4 â€” 1.19 0
55 2 5 2+ 156 1
56 2 6 2+ 1.42 2
57 2 6 2+ 2.52 2
58 2 8 2+ 1.93 2
59 2 72 2+ 1.70 2
60 2 72 2+ 3.61 2
61 2 72 1+ 1.29 1
62 2 72 â€” 1.09 0
63 2 72 1+ 1.49 1

* Count density ratio.

t % Infarcted = Unstained Area/Area of Treated Hemisphere x 1 00; 0: 0%, 1 : 1â€”25%, 2: >26%.

* +: decreased 18FDGactMty in territory of occludes MCA. â€”:increased 18FDG activity in territory of occludes MCA.
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TABLE I
Relationship Between Occlusion Time, Reperfusion Time, Imaging,and TTC Staining



RelationshipBetweenTABLE
2

@@Tc-GIucarateImages
Stainingand

TTC@â€˜Tc-glucarate

images11-C

stainingUnstained

(irreversiblydamaged)StainedAccumulation

No accumulation35
(55.6%)

0 (0%)16(25.4%) 12(19%)

RelationshipBetwTABLE
3

een18FDGImagesandIT
TIC stainingC

StainingUnstainedâ€˜8FDG

images(irreversibly damaged)Stained

* Includes one case in which a small infarction was detected

by histopathology.
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FIGURE3
Distributionof @â€œTc-gIucaratein injuredbrain.

circumstances suggest that accumulation of @mTc@glu@
carate in the treated hemisphere detects not only irre
versible injury but also transient ischemia in tissue
which is still viable.

The mechanism of accumulation of @mTc@glucarate
in ischemic tissue is unknown. It seems unlikely that
the generation/unmasking ofa specific transport system
is involved, and disruption of a permeability barrier

seems more plausible.
The present study has demonstrated that blood-brain

barrier permeability increases in ischemic viable tissue
(30 mm MCA occlusion) and that the concentration of
99mTc..glucamte in mild ischemia is similar to that of
1 I â€˜In-DTPA. Previous studies have reported a marked

decrease of regional cerebral blood flow in the territory
of the occluded MCA, with flows reached to 11.6â€”
13.0% of the control level during 1 hr of ischemia;
following 2 hr of reperfusion, perfusion recovered to
43.3%â€”46.8% (30,37). Since our model is similar to
that reported by Abe (35), accumulation of @mTc@
glucarate in ischemic tissue cannot be explained by an
increase in regional cerebral blood flow after reperfu
sion.

Several authors have reported decreased deoxyglu
cose uptake in infarcted areas ofthe brain and increased
accumulation in surrounding areas (18-21). In the
present study, the concentration of lsp1@r@in the in
volved hemisphere was decreased in three animals and
was normal in four. In contrast, significant accumula
tion of 99mTc..glucamtewas observed in hemispheres
with decreased FLX3 concentration but was equal to

mulation of99mTc@glucaratein normal brain, suggesting
that is not a preferred substrate under these circum
stances. However, at sites of reversible (TTC stained)
or irreversible (TTC unstained) injury, increased @mTc@
glucarate concentration was usually observed. When
failure of TTC staining was used as the indicator of
irreversible injury (29,30,31), 99mTc..glu@te concen
trated in all 35 irreversibly damaged hemispheres. On
the other hand, of the 28 brains that were stained with
TTC, 99mTc..glucarateconcentrated significantly in 16.
While TTC staining may be retained in cells that are
destined to die, due to incomplete loss of mitochondrial
enzyme activity (31), the presence of â€˜fTCstaining
suggests that this tissue is viable. Previous studies in
cats have demonstrated that mitochondrial enzyme ac
tivity changes in TTC-stained specimens after 2.5 hr of
ischemia with subsequent reflow, however, in rats, sig
nificant mitochondrial changes were observed after only
60 mm of ischemia (29,30). Histologic examination of
the 16 brains stained with TTC revealed slight edema
in 3, but most specimens reperfused for a short time
did not show distinct changes at the light microscopic
level. Previous studies have shown that under some
experimental conditions, cellular function can recover
after 30 mm ofischemia, making it difficult to precisely
categorize these specimens (35). A study in rats using
the same occlusion method as ours demonstrated re
tamed RNA synthesis after 1 hr of MCA occlusion
followed by 12 hr of reperfusion; protein synthesis was
inhibited at 2 hr after reperfusion (36). In our study,
15 of these 16 rats had occlusion of 1 hr or less. These

IMAGE(+), TrC(+)

1OO@ â€” IMACE(+). TrC(â€”)

@ 75@

@z@ I

25@

Decreasedactivity3(42.9%)0(0%)Normal
activity0 (0%)4 (57.1%)*(1 1â€”1.5 2

OCCLUSIONTIME(HoliRc@

FIGURE2
Relationshipbetween @â€œTc-glucarateimagesand TTC stain
ing.
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FIGURE4
Representativecase of a rat inwhichthe MCAwas occluded
for I hr before reperfusion.(A) @â€œTc-glucarateimages (left:
lateralprojection,right paneto-basalprojection)acquired2 hr
after reperfusion,demonstrating intense focal accumulation
of radionuclidein the right hemisphere.(B) Anatomic land
markscorrespondingto the imageson the left. (C) â€˜8FDG
images(left:coronal,right: transverse)acquired5 hr after
reperfusion,demonstratingdecreasedactivity in the right
hemisphere.(D) Anatomic landmarks corresponding to the
imageson the left. (E)TTC stainingof a brain section at the
caudatoputamenlevel,demonstratinga largearea ofinfarction
in the right hemisphere. (F) Photomicrographs (H & E section,
400x)of infarcted(left)andnormal(right)cerebralcortex.In
the infarctedcortex, areasof edemaand neuronalshrinkage
wereclearlyvisible.

the contralateral side in animals with normal histologic
findings and normal â€˜8FDGuptake. The discordance
between the distribution of@mTc@glucarateand ISfTJ(j
indicates that the mechanism by which @mTc@glucarate
acts as a marker of acute cerebral injury is not related
to being a glucose analog.
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