Autoradiographic Analysis of
Iodoamphetamine Redistribution in
Experimental Brain Ischemia

Hiroshi Matsuda, Shiro Tsuji, Hiroshi Oba, Kazuhiro Shiba, Hitoshi Terada, Keiko Kinuya,

Hirofumi Mori, Hisashi Sumiya, and Kinichi Hisada

Department of Nuclear Medicine, School of Medicine, and Radioisotope Center, Kanazawa University,

Kanazawa, Japan

The pathophysiologic significance of iodoamphetamine
(IMP) redistribution was analyzed using a double radio-
nuclide autoradiography technique in experimental brain
ischemia in the rat. Within 4 hr after unilateral arterial
occulsion, IMP almost completely redistributed at 150 min
postinjection in the affected areas. At 2 min postinjection,
both a remarkable decrease of IMP accumulation and
histopathologic change of diminished staining were ob-
served in these areas. The redistribution amplitude was
higher in the affected hemisphere, especially in the regions
surrounding the ischemic core than in the unaffected hem-
isphere. These findings were consistent with computer
simulation studies of the time course of brain activity based
on the standard diffusible tracer model. The results sug-
gest that IMP redistribution in the ischemic area is due to
differences of the temporal changes of the brain activity
between the unaffected and affected areas and that it is a
“physical” phenomenon (only flow related) rather than a
J Nucl Med 1990; 31:660-667

It is well known that N-isopropyl-p-(‘*}I) iodoamphet-
amine (['>’I]JIMP) as an agent for brain perfusion im-
aging shows temporal changes in the distribution pat-
tern in the brain after administration (/-5). Late IMP
images (3-5 hr postinjection) frequently show a “redis-
tribution” phenomenon that is characterized by the
filling-in of the tracer in decreased accumulation areas
observed in early IMP images (15-30 min postinjec-
tion). We speculate that this redistribution phenome-
non is related to metabolic activity in viable cerebral
tissue (1,3,4,6). However, detailed investigation of the
pathophysiologic significance of this phenomenon has
not yet been undertaken. We describe here the autora-

Received Sept. 14, 1989; revision accepted Dec. 21, 1989.

For reprints contact: Hiroshi Matsuda MD, Department of Nuclear
Medicine, Kanazawa University School of Medicine, 13-1, Takara-machi,
Kanazawa City, 920, Japan.

660

diographic analysis of this phenomenon in experimen-
tal brain ischemia along with computer simulation.

MATERIALS AND METHODS

Simulation Study

The time course of brain activity after tracer administration
was simulated employing the following equation for diffusible
tracer model of Kety (7):

Cu(T) = FI[3Cu(t)-exp(—(F/(100 NXT — t)dt}, (1)

where F is the cerebral blood flow in ml/100 g/min, C, is the
arterial whole-blood concentration of true tracer in MBq/ml
determined by the octanol extraction technique, C, is the
brain activity concentration in MBq/100 g, t is time, A is the
brain:blood partition coefficient at equilibrium, and T is the
time of measurement. The C,(t) was experimentally measured
up to 150 min in a male Sprague-Dawley rat weighing 220 g
after administration of 0.37 MBq (10 xCi) of ['*I}IMP. The
A was also determined experimentally in the frontoparietal
cortices of six male Sprague-Dawley rats weighing 200-250 g
by measurement of the concentrations of the tracer in the
tissues and in the blood at 150 min postinjection. This time
was chosen to achieve equilibrium, as previously reported by
Lear et al. (8). Using these experimental data and a microcom-
puter (NEC PC-9801, Tokyo, Japan), the C(t) was generated
relative to varying cerebral blood flow values at intervals of 2
min for the first 30 min and then every 15 min from 45 to
150 min. Integrals were calculated by numerical integration
using a spline approximation.

Autoradiographic Study

Animals and experimental procedures. Ten male Sprague-
Dawley rats weighing 200-250 g were permitted free access to
food and water before the experiment. The animals were
anesthetized with halothane (1-1.5%). Using Tamura’s
method (9,10), an unilateral middle cerebral artery was
pinched with a small Zen clip (Ohwa Tsusho Co. Ltd., Tokyo,
Japan). The femoral arteries and veins were cannulated with
polyethylene catheters for administration of radioactive
tracers and for measurements of arterial blood pressure, pH,
Pacos, and Pao;.

One hour after the occulsion of the middle cerebral arteries,
1.85 MBq (50 uCi) of ['*I]IMP (100% '*°I radionuclide purity,
Nihon Medi-Physics, Takaradzuka, Japan) was intravenously
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injected. One hundred and forty eight minutes postinjection
of ['*I]IMP, 55.5 MBq (1.5 mCi) of ['*I]IMP, Nihon Medi-
Physics, Takaradzuka, Japan) was infused intravenously for
30 sec. The '?’I used here was produced by the process:
127(p,5n)'#*Xe—'?I. This reaction also produces less than
4.5% '®1 contamination. Twelve 0.03-ml arterial blood sam-
ples were withdrawn at ~7-sec intervals during the first 1 min
and at ~20-sec intervals during the second minute. Unmeta-
bolized ['*’IJIMP was extracted from the collected arterial
samples using the octanol extraction technique, as previously
reported (/). The animals were killed by decapitation 2 min
after the start of the injection of ['*’IJIMP, that is, 150 min
after the injection of ['**I)IMP. The brain was quickly removed
and frozen at —70°C in hexan-dry ice. Sections (20 um thick)
were cut at —20°C with a cryostat, mounted on coverslips,
and dried for autoradiography. The first exposure was carried
out for 36 hr to obtain ['*IJIMP images. Ten days later (18
half-lives of '*°I) when ['*I]JIMP activity was negligible, the
second exposure, lasting for 2 mo, was carried out to obtain
['*I]IMP images.

From 0.11 to 1.18 MBq/g (3 to 32 uCi/g) of ['Z’I]IMP,
which was prepared from the same batch of ['>I]IMP as that
administered to the animals, was mixed with 0.2 g gelatin and
1.0 ml distilled water, and heated to 60°C until the gelatine
dissolved to make the autoradiography standards for '2’I. The
standard was frozen in the same manner as for the brain
sections. Half of it was sliced in a cryostat into 20 um thick
sections which exposed x-ray films (Sakura A type, Tokyo) in
x-ray cassettes along with brain tissue slices in both the first
and second exposures. The other half was assayed for radio-
activity in a gamma scintillation counter to obtain the '*’]
concentration in MBq/g.

In five rats, adjacent 20-um brain slices were stained with
hematoxylin and eosin to evaluate neuropathologic changes.

Data analysis of autoradiograms. Autoradiograms were
processed with a microcomputer-based solid state image ana-
lyzer as previously reported (/7), by which optical densities
were converted to digital numbers. The following theory is
derived to obtain independent early (2 min postinjection) and
late (150 min postinjection) IMP images for each section.

The first exposure for brain sections is formed by the action
of '**I and '*I:

Eoi = "Zloi + Py’ + "Plyy, )

where Ep,, = exposure from tissue section in the first exposure,
123],, = exposure component of Ey, contributed by '2’I of ['**]]
IMP, '*1,,” = exposure component of Ey, contributed by the
contaminant '*I of ['*’IJIMP, and '*’I,, = exposure compo-
nent of Ey, contributed by '%1 of ['**IJIMP.

Since the second exposure was carried out after a suitable
period for ' decay, the second exposure is formed by the
action of only '*I.

Enz = "Plpy’ + "Ly, 3)

where E,, = exposure from tissue section in the second ex-
posure, '’Iy,” = exposure component of Ey, contributed by
the contaminant '*[ of ['ZI]JIMP, and '*’I,; = exposure com-
ponent of Ey, contributed by '*I of ['*I)IMP.

The first exposure for standard sections prepared from ['?*]]
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IMP is formed by the action of '?’I and '*I:
E. = "2l + 7Ly, @)

where, E;, = exposure from standard section in the first
exposure, 'L, = exposure component of E;, contributed by
121 of ['®I}IMP, and '*I,’ = exposure component of E;,
contributed by the contaminant '*I of ['*IJIMP.

The second exposure for standard sections after a suitable
period for '#I decay is formed by the action of only '*I:

Et2 = '25lQ', (5)

where, E,, = exposure from standard section in the second
exposure, '’I,," = exposure component of E,, contributed by
the contaminant '*I of ['*I]IMP.

Since brains and gelatin standards are labeled with '2’I from
the same batch, the amount of '*I impurity in the brain and
standard sections is equal:

a= E.z/Eu = |2sl’2»/(ml" + 1251“,)
= lZSlbzl/(IZSIbl + I25lm/)’ (6)

where « = ratio of the contaminant '>*] exposure in Es; or E,
to 'l and the contaminant '?’I exposure in Ep, or E,,. In
Equation 2, '*I,, was estimated at <3% of E, from the
observation of ['*’I]IMP gelatin standards of 5.6 to 59.2 KBq/
g (0.15 to 1.6 uCi/g) exposure on a x-ray film for 36 hr.
Therefore:

Ebl = l23Im + lzslm' + IZSIM = In]bl + Izslbl'. (7)

Substituting Equation 7 to Equation 6 yields:

a = "Ply/Ey ®)
Substituting arranged Equation 8 to Equation 3 gives:
Ew2 = a-Ep + P )]
Thus:
Early IMP image = Ey, (10)
and

Late IMP image = '*Iy; = Eyz — a-Ey,, (1)

where a values are obtainable from the E,;/E,, ratio for ['*I]
IMP gelatin standards, as mentioned above. An image sub-
traction technique was used on a pixel-by-pixel basis to obtain
the late IMP images after precise superimposition of the first
and second autoradiograms from the same brain slice.

Local cerebral blood flow (LCBF) values were determined
in early IMP images, as previously reported (/7). The energy
window of a gamma scintillation counter was set to 111— 207
keV to eliminate the '**I activity of ['*’I]IMP. This setting also
eliminates the contaminant '*I activity of ['**I}IMP; however,
global overestimation of flow values due to this elimination is
estimated at < 4%.

Redistribution index images were made after the normali-
zation of early and late IMP images as follows:

E, = 100 (Early IMP image — BKG)/(Max. — BKG) (12)
L, = 100 (Late IMP image — BKG)/(Max. — BKG) (13)

Redistribution Index image = 100 + L, — E,, (14)
where E, and L, represent normalized early and late IMP
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images respectively, BKG is a digital number of background
density, and Max. is the maximal digital number of density
in each autoradiogram. The greater the redistribution index
in a particular brain region becomes, the greater is the redis-
tribution seen in the region.

The overall relationship between redistribution indexes and
cerebral blood flow values was investigated. For each pixel, a
redistribution index and cerebral blood flow value were gen-
erated, which resulted in a plot containing ~ 17,000 points for
each section compared. Two representative sections for each
animal were compared in this manner and the results were
summed, yielding a final plot with ~340,000 points. Finally
the results from all animals were summed and plots containing
mean redistribution indexes and standard deviations were
generated from the redistribution index versus cerebral blood
flow value by the microcomputer using the technique of Lear
etal. (/12).

Chromatographic Study

A thin-layer chromatographic technique was developed to
investigate what substance redistributes in ischemic areas. Two
male Sprague-Dawley rats with occulsion of unilateral middle
cerebral arteries were administered 37 MBq (1 mCi) of ['**I]
IMP by tail-vein injection. At 150 min postinjection, the
animals were killed by decapitation. The brains were quickly
removed and frontoparietal cortexes in both affected and
unaffected hemispheres were separately homogenized with 5
ml of 0.32 M sucrose. Small aliquots of the homogenates were
spotted onto Merck silica-gel strips along with control samples
of ['®IJIMP. The strips were developed in a 85/14/1 mixture
of CHCl;/MeOH/AcOH. The strips were then cut into 5 mm
long sections and counted in a gamma scintillation counter.

RESULTS

Simulation Study
The time course of true IMP activity of whole arterial
blood in a rat is shown in Figure 1. The obtained values

for A were 15 + 2 (mean % s.d.). Setting the A value to
15 or 7.5 and introducing the obtained whole arterial
blood activity of true tracer to Eq. 1 generated simula-
tion curves of the time course of brain activity relative
to varying flow values (Fig. 2). The brain activities
directly correlate with the cerebral blood flow values at
2 min postinjection; however, at 150 min postinjection,
brain activities are essentially dependent on A values
with nearly equal values above the flow level of 30 to
40 ml/100g/min for each A value.

Autoradiographic Study

Immediately after arterial occulsion, all animals de-
veloped some degree of neurologic deficit. Physiologic
variables were within physiologic limits; mean arterial
blood pressure, 118 + S mmHg; pH, 7.37 £ 0.01; Paco,,
35.2 £ 0.8 mmHg; Pao,, 92.1 + 2.4 mmHg.

Independent early and late IMP images were ob-
tained after the digital processing of the autoradiograms.
The mean value of « was 1.07. Representative color-
coded images for early IMP, late IMP, redistribution
index, and hematoxylin eosin staining are shown in
Figure 3. The early IMP image showed remarkably
decreased uptake in the cerebral cortex of the lateral
convexity and the lateral segment of the caudate puta-
men ipsilateral to the occulsion. On the other hand,
although the areas with diminished staining were ob-
served in a part of the cerebral cortex and the lateral
segment of the caudate putamen, the late IMP image
showed no significant focally decreased accumulation
in the affected hemisphere, which indicates almost com-
plete redistribution in the affected hemisphere. The
redistribution index image revealed that IMP predom-
inantly redistributes in the affected hemisphere espe-
cially in the areas surrounding the ischemic core. Over-
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FIGURE 1
1 L L 4 2 Time course of relative true IMP activity
o 1 2 3 4 5 of whole arterial blood in a rat up to
Time (min) 150 min postinjection.
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FIGURE 2

Computer simulation of time course of
relative brain IMP activity relative to
varying cerebral blood flow values (F) h

in mi/100 g/min when X is 15 (solid °
lines) or 7.5 (dashed lines).

all relationships between IMP redistribution indices and
cerebral blood flow values (Fig. 4) disclosed a gentle
peak of the indices at flow values of ~30 to 50 ml/100
g/min, with IMP redistributing less as the flow value
increases above this level.

Chromatographic Study

Thin layer chromatograms for IMP control and brain
homogenates of the affected and unaffected cortices are
shown in Figure 5. IMP control showed a peak at Rf of
0.53. Brain homogenates at 150 min postinjection
showed quite similar patterns between the affected and
unaffected cortices with two peaks at Rf of 0.23 and
0.53.

FIGURE 3

Color-coded images for representative
early IMP, late IMP, redistribution in-
dex, and hematoxylin and eosin stain-
ing in experimental brain ischemia in
the rat.
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DISCUSSION

In this simulation study, IMP kinetics in the brain
are assumed to follow the standard diffusible tracer
model with two compartments of blood and brain
tissue. It is reported that IMP is rapidly dealkylated to
a lipophilic metabolite of p-iodoamphetamine (PIA) in
the brain (/3,14). No other metabolites have been
found in the presence of an intact blood-brain barrier
(BBB). Rapin et al. (15) reported that the kinetics of
this metabolite exhibit practically no significant differ-
ences from those of IMP in the brain. Both IMP and
PIA are avidly taken up in the brain and slowly elimi-
nated from it. These results suggest that IMP acts like
a metabolically inert flow tracer such as xenon-133 for

H-E staining
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several hours postinjection. Thus, IMP kinetics are
considered to be mathematically regulated by two in-
dependent factors, flow and the partition coefficient
between blood and brain tissue. The individual effects
of flow (F) and partition coefficient (A\) on brain activity
(Cb) are mathematically demonstrated by taking the
differential of Cb with the values for F and A as inde-
pendent variables as a function of measurement time
(T):

AP Control
-
- Affected Cortex
] Unaffected Cortex
origin front
FIGURE 5

Chromatographic profile of IMP control and brain homoge-
nates from affected and unaffected cortices.
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FIGURE 4

Overall relationship between redistri-
bution index and cerebral blood flow
values. Upper: Pairs of a redistribution
index and flow value are plotted for
~340,000 pixels. Point color indicates
the overlap number with a maximum
value of 340. Lower: The mean values
(red dots) are plotted with 1 s.d. (blue
and green dots).

dCb _ F 6CH(E,T) dF 1)

Cb Cb oF F
dCb _ A 3Cb(\,T) dA 16)
Cb Cb ax X

Setting the values for F and A to 150 ml/100 g/min
and 15, respectively (Fig. 6), the effect on Cb of the
change in the value of F is initially profound postinjec-
tion; it is, however, almost negligible beyond 1 hr
postinjection. On the other hand, Cb is dependent only
on the change in the value of A after 1 hr.

Chromatographic analysis revealed the presence of
the same metabolite in the ischemic areas as in the
unaffected areas, which would indicate redistribution
of PIA in the ischemic areas. Accordingly, this two
compartmental analysis is also applicable to the is-
chemic areas. To eliminate the influence of BBB de-
struction, we chose a model of acute brain ischemia
within 4 hr after arterial occulsion in this study. Under
the BBB destruction, circulating polar metabolites of
IMP such as p-iodobenzoic acid that normally do not
cross the BBB can modify the IMP distribution in the
brain (16). Blood-brain barrier destruction is reported
not to occur during the initial 4 hr after arterial occul-
sion (17,18).

To our knowledge the combination of the two radio-
nuclides, '?’I and '#1, has not been used for multiple
tracer autoradiography, possibly because of the diffi-
culty in eliminating the influence of a contaminant in
123] produced by cyclotron. Four percent contamination
of '*I in 55.5 MBq (1.5 mCi) of '**[ results in 2.2 MBq
(60 uCi) of '?°I, which is almost equal to the injection
dose of ['*I]IMP. Consequently, the contribution of
contaminant '%I of ['*I]IMP to the autoradiograms is
almost identical to that of ['*IJIMP in the second
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FIGURE 6

The percent effect on brain activity (dCb/Cb) owing to 10%
change in the value for flow (dF/F) and A (d A/\) as a function
of time.

exposure. However, precise registration of the first and
second autoradiograms and the use of autoradiographic
standards to correct for cross-contamination enabled us
to extract only ['*I]JIMP distribution from the second
autoradiograms using a computer-assisted image sub-
traction technique. This double radionuclide technique
made it possible to evaluate alterations of the tracer
distribution at two times after the administration in
autoradiography. One of the disadvantages of the au-
toradiographic technique had been the fact that a single
temporal image of the tracer distribution could be
obtained. However, recently this drawback has been
overcome with the use of two radiolabeled forms of a
tracer (19,20,21) or the use of the two kinds of tracers
with similar characteristics (22). This sequential admin-
istration technique has widened the application of au-
toradiography. Obrenovitch et al. (21) reported the
alternative combination of two radionuclides for IMP,
namely that of '*'I and '%’I. This combination, however,
required that the duration for the first exposure and the
waiting interval to allow the full decay of '*'I till the
second exposure be much longer than the combination
used here. The longer duration for the first exposure
worsens the purity of the first autoradiogram because
of cross-contamination by '*’I. Moreover, '*'I autora-
diography has poor resolution (23). Because of its high
energy, little auto-absorption within the tissue section
occurs and thus results in appreciable scatter. Recently,
131 has been produced by the process: '*Xe(p,2n)' %1
(Nihon Medi-Physics, Takaradzuka, Japan). This reac-
tion produces < 0.3% tellerium-123 contamination.
The use of this new ['ZIJIMP could make the double
radionuclide autoradiography technique much easier in
the future than the presented one in this study.

Late IMP images revealed the prominent filling-in of
IMP in the ischemic areas demonstrated in early IMP
images, where the activities in the affected areas are
almost equivalent to or partly surpass those in the
unaffected areas. Redistribution index images showed

IMP Redistribution in Brain Ischemia ¢ Matsuda et al

a high redistribution amplitude in the affected hemi-
sphere selectively in the surrounding areas of the is-
chemic core. This finding is also confirmed in the
overall relationship between the redistribution indices
and cerebral blood flow values. The mathematical A
may be physiologically related to the retention of IMP
in the brain tissue as shown in Figure 6. The low A
values result in low brain activities at 150 min postin-
jection as shown in Figure 2. Consideration of both the
autoradiographic and simulation results leads to the
assumption that IMP retention in brain tissue does not
deteriorate in the ischemic areas. As shown in the
computer simulation of the time course of brain activity
at various blood flow levels, when the flow value is
above 30 to 40 ml/100g/min, brain activities become
almost equal at 150 min postinjection. Even below this
flow level there is a possibility that brain activity reaches
the same level after 150 min insofar as the A value is
preserved. These results suggest that the redistribution
phenomenon of IMP visually inspected from the early
and late images is due to the co-existence of different
time courses of brain activity among brain regions that
have different flow levels with similar retentivity for
IMP. High flow areas have a steeper initial increase and
a subsequent milder increase in brain activities than
low flow areas as shown in Figure 2.

The lung plays an important role in the manifestation
of this redistribution phenomenon. Immediately after
the injection, the lung accumulates almost 100% of
IMP (24,25). Thereafter, IMP is washed out from the
lung, which acts as a reservoir of IMP for the input to
the brain for a long period postinjection. Besides, IMP
is not converted to polar metabolites in the blood cells
(26) unlike other technetium-99m- (*>mTc) labeled
flow tracers, **™Tc-hexamethyl-propyleneamine oxime
(27) or ®™Tc-ethyl-cysteinate dimer (28). These char-
acteristics of IMP kinetics are also speculated from the
time course of arterial blood activity shown in Figure
1. Lipophilic tracer activity is observed over a long time
postinjection in the arterial blood with some increase
from 20 min. Thus, a considerable amount of lipophilic
tracer recirculates to the brain over a long period.

The retention mechanism of IMP in brain tissue has
not been clarified, but Winchell et al. (29) reported that
IMP binds to high-capacity, relatively nonspecific
amine binding sites. This was experimentally verified
using an in vitro binding assay in our report (30). We
showed the presence of saturable binding of IMP with
an apparent dissociation constant, K, of 56 uM, and an
estimated maximum number of binding sites, Bpmax Of
15.7 nmol/mg protein in the rat brain. This remarkably
high capacity of IMP binding sites is consistent with
the occurrence of the redistribution phenomenon. Se-
lective tissue necrosis was reported in the 2 hr middle
cerebral artery occulsion model in monkeys (31). Ta-
mura et al. reported irreversible ischemic damage with
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morphologic characteristics in the affected areas 2 hr
after arterial occulsion in this model (9), which was
confirmed by hemotoxilin and eosin staining in the
present study. Even if a large number of the IMP
binding sites are damaged due to ischemic insult, the
remaining binding sites may be sufficient to retain IMP
because of the quite small chemical dose of the injected
IMP as long as there is not total necrosis of brain tissue.
This suggests that the late IMP images, which would
reflect IMP retention, are not related to brain function.
Our preliminary report (32) comparing IMP redistri-
bution and brain metabolism, or the report on the
relationship between IMP redistribution and cerebral
oxygen metabolism measured by positron emission to-
mography (33) may support this hypothesis. From these
results, IMP retention in brain tissue is speculated to
be not so susceptible to ischemic insult. Further inves-
tigation is, of course, necessary to clarify the alteration
of IMP binding sites under ischemic conditions. Also,
caution must be exerted when directly applying these
results in acute experimental ischemia to the clinical
findings in the human brain. Nevertheless, the autora-
diographic results were consistent with those from the
simulation study and help to explain the redistribution
phenomenon.

The results suggest that there is an apparent redistri-
bution “filling in” of IMP in ischemic areas. The redis-
tribution is more pronounced in ischemic than in nor-
mal areas. The mechanisms responsible for IMP reten-
tion are not affected by ischemic insult. Initial
differences between early images of the normal and
ischemic areas appear to be related to differences in
flow. However, at later time points, late images show
comparable concentrations in normal and ischemic
regions, suggesting eventual “filling in” of the lower
flow regions (ischemic regions). Computer simulation
suggests that the “filling in” effect in the ischemic area
is more related to residual flow (F) than changes of
partition coefficient (A). The initial high lung uptake of
IMP may serve as a reservoir for “redistribution.” In
conclusion, the IMP redistribution is a “physical” phe-
nomenon (only flow related) rather than a “biologic”
one.
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