
2â€”5times more permeable to Tl+ than to K+ (1 7). The

presence of an intact BBB in surrounding normal tissue
accounts for minimal cerebral uptake (11,12,18). Unlike
CT or MRI contrast enhancement, which are solely de
pendent on breakdown ofthe BBB, 201T1tumor cell uptake
allows for an accurate assessment of intracerebral neoplas
tic events (18). It is superior to [99mTcjpertechnetate (11,
12), 99mTc@glucoheptonate, and 67Ga-citrate (19). Advan
tages are its ability to: image small metastatic lesions (11,
12); detect tumors of mixed histology (18); delineate cen
tral necrosis from viable tissue (19,20); and evaluate tumor
recurrence (21). Recent 201TlSPECT studies suggest that
they can be used to define tumor grade (18) and may be
superior to histologic methods (22).

Although minimal normal cerebral uptake is a consist
ent finding (21 ), there is evidence that 201Tldoes enter the
extracellular fluid (ECF) and CSF compartments. The
hypothyseal region (11,12) and venous sinuses (19) are
hyperactive following intravenous injection of 201Tl. Free
Tl+ may be entering these compartments via circumven
tricular organs which lack a BBB. Highly vascularized
areas such as the subfornical organ, suproptic crest, median
eminence, pineal body, neurohypophysis and area pos
trema (23) may all be serving as 20Tl conduits to the CSF.

Hydrated ionic radius defines ionic movement through
solution, and K+ and Tl+ have almost identical radii (4).
Since K+ moves freely from CSF to ECF compartments
(24), one can speculate that Tl+ will also move into the
ECF. Since 201TlSPECT imaging indices are based on
homologous contralateral normal brain (22), knowledge
of the movement of 20Tl through the CSF and ECF
compartments, and subsequent uptake by normal neuropil
is essential.

The purposes of this study were to determine:

1. If 20Tl readily enters the ECF from the CSF.
2. If 201Tl uptake could be correlated to activity.
3. If there is evidence for neuronal uptake.
4. If there are areas that show consistent uptake.
5. If there is evidence for uptake by white matter.

MATERIALSAND METHODS
A total of2O adult maleSprague-Dawleyrats(250â€”300g)were

used in this study. Animals were anesthetized with a Ketamine
(98%)-Acepromazine (2%) solution, placed in a Kopfstereotaxic

The present report elucidates the movement of 201Tlthrough
the cerebrospinal fluid compartment and its subsequent up
take by normal brain. Autoradiographic studies of rat brain,
after stereotaxic 201T1injection into either the lateral or fourth
ventricle, reveal that 201T1moves freely through the cerebro
spinal and extracellular fluid compartments. Subsequent to
lateral ventricular injection, central thalamic and specific hy
pothalamicnucleiare heavilylabeled.Denselylabeledmes
encephalicnucleiincludethe periaqueductalgreyandoculo
motor nuclear complex. Labeling of giant cells within the
vestibular complex is suggestive of neuronal uptake. Major
fiber tracts are devoid of label confirming that 201TIuptake
does not occur in white matter. Most labeling following fourth
ventricle injection occurs within the caudal medulla and cer
vical spinal grey. Our findings suggest that 201Tluptake by
normal brain from the cerebrospinal fluid occurs as a function
ofthalliumconcentrationandneuronalactivity.

JNucIMed 1993;34:99â€”103

he usefulness of 201Tl as an imaging agent is due, in
part, to the remarkable biochemical and biological simi
larities shared by the thallous (Tl+) and potassium
(K+)ions (1,2,3). Thailous has been shown to readily
substitute for K+ at the Na+-K+ membrane pump ATP
ase activation site (4) and does not leak out of tissue as
rapidly as K+ (5). It is nontoxic in radiopharmaceutical
dosages (6); and has a whole-body clearance half-time of
9.8 days(7). Its potentialusefor tumor detectionwas
realized when lung carcinoma was revealed by myocardial
thallium scans (8). Its usefulness as a tumor imaging
agent was subsequently evaluated and confirmed for neo
plastic lesions ofthe lung (9), thyroid, liver (10) and brain
(11,12).

Brain tumor uptake is a combined function of blood
brain barrier (BBB) permeability (11,12), and cell viability
in terms of increased cell growth and concomitant en
hancement of Na+-K+ ATPase activity (13-16). Human
glioma cells have inward rectifying K+ channels that are
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instrument, and prepared for injection using aseptic techniques.
Fluid balance and normal body temperature were maintained by
subcutaneous injections oflactated Ringers (3.0 ml) and use of a
heating pad.

Thallium-20l (50 @zl,50â€”150zCi) was injected either into the
lateral or fourth ventricle at a rate of5 @levery 5 mm to minimize
any drasticincreasesin CSFpressure.Lateralventricleinjections
(n = 10)weredone stereotaxicallywith a 22-gaugeblunt needle
affixedto a 100@ Hamilton syringe.The needlewasallowedto
remain in place 1 hr postinjection. The needle was slowly with
drawn (5 mm every 5 mm) to minimize suction along the needle
tract during extraction. Fourth ventricle injections (n = 10) were
done by placinga small guide hole with a 26-gaugeneedle into
the atlantooccipital membrane. A blunt 22-gauge needle was then
placed into this hole with the aid of an operating microscope.
Thisneedlewasstereotaxicallyloweredto a point 1.5mm beneath
the atlantooccipitalmembrane, then slowlywithdrawn0.5 mm.
This procedureprovidesfor a tight junction betweenthe needle
and the membrane and eliminates the possibility of seepage
during injection.

Unconscious animals were exsanguinated 1 to 5 hr postinjec
tion (n = 4 for each hour) via trans-aortic cannulation with a
buffered(pH 7.3)salinesolution,and immediatelyperfusedwith
a 4.0% formaldehyde 0.1 M phosphate buffer solution (pH 7.4).
Brains and spinal cords were cut in 40 @mtransverse frozen
sections, taken every 250 @imand mounted on acid-cleaned, gel
subbed slides. Mounted sections were allowed to air dry overnight
or were placed on a slide warmer for severalhours. Dry slides
wereapposedto LKB Ultrofilm(Broman, Sweden)in standard
x-ray cassettes. Radioactive standards(5 mm diameter filter paper
discs) were spotted with a known dpm ofradioactivity, placed on
slides, and developed with the tissue sections for visual compari
son with labeled areas. Exposure times ranged from 5 to 7 days.
Ultrofilm was developed in Kodak D-19 developer and standard
fixation procedures were followed. Tissue sections were stained
with Neutral Red for direct histologicalcomparisonwith corre
sponding autoradiograms (ARGs).

RESULTS

Regardless ofpostinjection time intervals, movement of
20â€•floccurred throughout the ventricular system subse
quent to lateral ventricle injection. The tracer passed
through the interventricular foramen of Monroe, the third
ventricle (3, Fig. lA,B), the cerebral aqueduct (ca.) (Fig.
1C,D) and the rostral one-half of the fourth ventricle (4,
Fig. 2). The caudal one-halfofthe fourth ventricle and the
cervical spinal cord are only labeled by 201Tl following
fourth ventricle injection (Fig. 3).

Subsequent to 201Tllateral ventricle injection, the cere
bral cortex (CC) is virtually devoid of Tl+, while the
hippocampal formation (HF) shows marked uptake (Fig.
1B). Certain nuclear groups within the diencephalon are
more heavily labeled than others (Fig. 1B). The lateral
dorsal (id), the medial habenular (mhb), paraventricular
(pv), centromedial (cm), rhomboid (rh) and reuniens (re)
thalamic nuclei are densely labeled. In contrast, the yen
troposterolateral (vpl) nucleus shows negligible uptake.
The arcuate (arc), dorsal (dh) and ventromedial (vmh)
hypothalamic nuclei are consistently labeled, as are the
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FIGURE1. Transverse,neutralredstainedsectionsandcor
respondingautoradiographsat levelsof the caudaldiencephalon
(A,B)and mesencephalon(C,D)representingdistributionof @Â°1Tl
following lateral ventricle injection. Abbreviations for specific
brainstemnuclei are: arc = arcuate, cm = centromedian,cp =
caudoputamen,dh= dorsalhypothalamic,ip = interpeduncular,
Id = lateral dorsal, mhb = medial habenular, III = oculomotor
complex,pv = paraventricular,re = reuniens,rn = red nucleus,
di = rhomboid,and vpl = ventroposterolateral.Other structures
indicated are: CC = cerebral cortex, ca = cerebral aqueduct,
F = fomix, LV = lateralventricle,HF = hippocampalformation,
mt= mammillothalamictract,pag= penaqueductalgray,sn=
substantia nigra, zi = zona incerta and 3 = third ventricle. All
scalelines= 1.0 mm.

zona incerta (zi) and caudoputamen (cp). The mammil
lothalamic tract (mt) is conspicuous in its absence of 201Tl.

Topographically distinguishable nuclear groups with an
affinity for 20Tl are also found in the mesencephalon,
cerebellum, pons and rostral medulla following lateral
ventricle injection. Densely labeled nuclei in the mesen

cephalon (Fig. 1D) include the periaqueductal gray (pag)
and the oculomotor nuclear complex (III). The interpe
duncular nucleus (ip), red nuclei (rn), and substantia nigra
(sn) show more modest uptake. Regions of marked 201T1
uptake in the cerebellum are the cerebellar vermis (CV,
Fig. 2B), the dorsal lateral hump (dlh) of the ni (Fig. 2D)
and the medial (nm), interposed (ni), and lateral (nl)
cerebellar nuclei (Fig. 2Aâ€”D).The dorsal cochlear nuclei
(dc) and the lateral (lv), medial (my), and spinal (spy)
vestibular nuclei are the most densely labeled structures in
the pons and rostral medulla. The resolution obtained by
the methodology applied allowed for imaging of the giant
neurons (Fig. 2A and 2B, arrow heads) characteristically
found in the lv (25). The restiform body (rb) and spinal
trigeminal tract (stV) are clearly delineated by their lack
of201Tlabsorption (Fig. 2B, 2D). Myelinated fiber bundles
such as the genu (g7) and root of the facial nerve (r7) did
not exhibit uptake (Fig. 2B).

Thallium-201 uptake and distribution following fourth
ventricle injection are shown in Figures 3B and 3D. Most

cp
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In the caudal medulla, the spinal trigeminal (spV), gracile
n, (gr), cuneate (cu), hypoglossal (XII), and lateral reticular

, nuclei (lr) are well defined. Increased labeling density on

the left side of the medulla is due to the proximity of the
201Tlinjection. Correlation of tracer proximity and con
centration of labeling is emphasized by uptake within the
lateral reticular nuclei (lr) (Fig. 3B). The left lr is densely
labeled, while the right shows moderate uptake. The cer
vical spinal gray is clearly defined with dense labeling in
the dorsal (dh) and ventral horns (vh). This labeling pattern
existed to the level of the fourth cervical segment (Fig.
3D), where spinal grey matter is easily demarcated from
adjacent fasciculi. The cerebellar vermis (CV, Fig. 3B) is
densely labeled following fourth ventricle injection.

DISCUSSION

Our data show that once 201T1enters the CSF compart
ment, it is distributed in accordance with CSF flow dynam
ics (23). After injected into the lateral ventricle, 20Tl is
swept downstream through the foramina of Monroe to the
third ventricle, and then to the rostral half of the fourth
ventricle via the cerebral aqueduct. Injection pressure did
not disrupt normal CSF flow, since there is no appreciable
upstream labeling following fourth ventricle injection.
Labeling of various basal ganglia, brainstem and cerebellar
nuclei illustrates the ease with which 201Tlenters the ECF
compartment. This observation corroborates the assump
tion that there is no significant barrier at the pial or
ependymal surface (26â€”28).

The movement of ions through solutions and cell mem
branes is a function of their hydrated and crystalline ionic
radii, (3,4). Since the hydrated and crystalline radii of K+
and Tl+ are almost identical, there is a great similarity in
their ionic movements (2). However, important differ
ences do exist between Tl+ and K+ concerning Na+-K+
ATPase pump activation site affinity and influx/efflux
activity. Thallous ion is more membrane permeable (17)
because it has a tenfold greater affinity for the Na+-K+
activation site than K+ (4). Although K+ easily passes in
and out of cells with change in membrane potential (24,
29), Tl+ remains within the cell longer after influx occurs
(5). This may be due to its greater affinity for nuclear,
mitochondrial, and microsomal sites (2,30). Our experi
mental paradigm substantiates that intracellular binding
of Tl+ does occur. Since Tl+ is flushed out of the ECF
during perfusion, the image observed in our ARGs is due
to intracellularly bound 201Tl.

Left fourth ventricle injections result in a preponderance
of ipsilateral label supporting the postulate that inward
ionic flow is dependent on ECF ionic concentration (17,
31). However, concentration gradient is not the only vari
able dictating Tl+ uptake (16).

Since Tl+ behaves like K+ during electrical stimulation
(3), its uptake may be attributed to neuronal activity.
Following right ventricular injection of 201Tl,the right HF
is densely labeled, as are the midline thalamic and hy
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FIGURE2. Transverse,neutralredstainedsectionsandcor
responding autoradiographsat levels of the caudal pons and
cerebellum(A,B) and rostral medullaand cerebellum(C,D) rep
resentingdistributionof 201T1following lateral ventricle injection.
Abbreviationsfor brainstemandcerebellarnucleiare:dc = dorsal
cochlear,dlh = dorsal lateralhump, lv = lateralvestibular,my =
medialvestibular,ni = nucleusinterpositus,nI= nucleuslateralis,
nm = nucleusmedialis,and spy = spinal vestibular.Other mdi
cated structures are: CV = cerebellar vermis, rb = restiform
body,stV = spinaltract of the trigemmnalnerve,g7 and r7 = genu
and root of the facial nerve, and 4 = fourth ventricle.All scale
lines= 1.0 mm.

labeling occurs within the caudal medulla and cervical
spinal cord. There is no evidence of uptake rostral to the
caudal one-half of the fourth ventricle. In the case shown
(Fig. 3), the injection was made to the left of the midline.
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FIGURE3. Transverse,neutralredstainedsectionsandcor
respondingautoradiographs(ARGS)at levelsof the caudal me
dulla(A,B)and spinalcord (C,D)representingdistributionof 201Tl
following fourth ventricle injection. Abbreviations for specific
brainstem nuclei are: cu = cuneate, gr = gracile, Ir = lateral
reticular,spV = spinalnucleusof the trigeminalnerve,and XII =
hypoglossalnuclei. Structures labeledin the spinal gray matter
are: dh = dorsal horn and vh = ventral horn. All scale lines = 1.0
mm.
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pothalamic nuclei. The vpl, although surrounded on three
sides by heavily labeled nuclei, has almost no label. Since
the vpl is located right next to the injection site and is
cytoarchitecturally similar to adjacent labeled nuclei (23),
the lack oflabel in the vpl cannot be explained by concen
tration gradient or neuronal composition. The midline
thalamic and hypothalamic nuclei are associated with
autonomic function and are active during the anesthetized
state, while the vpl relay sensory impulses to the conscious
level and accordingly are inactivated (23). The difference
in labeling patterns between autonomic and somesthetic
nuclei suggests that Tl+ uptake is related to nuclear activ
ity. Carbon-l4-deoxyglucose metabolic studies done in
both unconscious and conscious animals corroborate this
hypothesis. The â€˜4Cdeoxyglucose AROS in anesthetized
animals are identical to those ofthe present report. Heavily
labeled autonomic nuclei are adjacent to a lightly labeled
vpl (32). The vpl, on the other hand, is heavily labeled in
the awake group (33).

Histological comparisons with ARGs suggest active Tl+
uptake by neuronal cell bodies. During neuronal activity
there is an influx of Na+ and an efflux of K+ (23). The
excess Na+ serves as a stimulus for Na+-K+ ATPase
activation, suggesting that most of the released K+ is
pumped right back into the neuron after discharge (28).
The assumption that neurons selectively absorb and retain
Tl+ after discharge is supported by thallium's greater
membrane permeability (17), higher affinity for Na+-K+
ATPase activation sites (4), and protein binding properties
(30). Imaging neurons is a consequence of ion transport,
size and composition ofadjacent tissue. The giant cells are
typically surrounded by fiber bundles and astroglial proc

esses (25). Although determination of glial uptake is be
yond the resolution ofthis study, the possibility that uptake
occurs is highly likely. Glia undergo slow depolarizing
potentials during times of neuronal activity (28), and are
responsible for K+ regulation in the ECF compartment
(24), by intracellularly transporting K+ from areas of high
to low concentration (26). The distinction between grey
and white matter was clear at all brainstem levels studied.
Similar results are obtained when Tl+ is conjugated to
highly lipophilic compounds (34), which allow 11+ to
cross the BBB. The lack of uptake by white matter is
explained by the location of influx sites. These sites are
located on the entire surface of dendrites, cell bodies, and
unmyelinated fibers. Myelinated fibers only show ionic
activity at the nodes of Ranvier, with little, if any, K+
influx through the myelin itself (23) explaining the con
sequent lack of 201Tl uptake in white matter observed in
the present study.

These data have important clinical implications. Once
201T1enters the CSF compartment, it gains easy accessto
the ECF compartment and is readily taken up by normal
brain. This uptake may be a function of neuronal activity.
The consistent finding ofâ€•hyperactiveâ€•normal brain areas
in clinical imaging studies indicates that normal brain

uptake does occur as early as five minutes after intravenous
injection (11,12,19). Little or no uptake by normal brain
surrounding cerebral tumors is usually attributed to the
presence of an intact BBB (11,12) and to the greater
affinity of tumor cells for 201Tl(1 7). Our studies, and
others (35), reveal that cortex typically has a low affinity
for T1+, and that white matter exhibits little or no Tl+
uptake. Hence, low 201Tl affinity of surrounding normal
tissue is a major factor contributing to high cerebral tumor
to background ratios. Tumors located in brain areas of
high Tl+ affinity would not show nearly as great tumor to
normal brain ratios. Evaluation of201Tl indices (22) must
address normal brain areas with high 201Tlaffinity.

Our data suggest that cellular uptake is influenced by
201T1ECF concentration. This concentration is directly
dependent on capillary flow (31). Tumor capillaries often
exhibit intermittent flow characteristics, with transient
episodes lasting for periods up to 20 minutes (36). Thal
lium-201 ECF concentration in affected areas would pre
sumably be low to nonexistent. Imaging studies performed
within 5 mm after 201T1administration (11,12,18,22,37)
may not allow for an accurate differentiation between
chronic and acutely hypoxic areas. This study, and others
(21,38,39,40), show that Tl+ remains bound within cells
for at least one hour after injection. Imaging after this time
would allow for visualization of uptake in areas of inter
mittent flow. Hence, more time between injection and
image acquisition would give a more valid indication of
tumor viability.

SUMMARY AND CONCLUSIONS

Our data indicate:

1. Once 201Tlgains access to the CSF compartment, it
distributes according to CSF flow dynamics, and
easily enters the ECF compartment.

2. Thallium-201 uptake appears to be related to neu
ronal activity.

3. A comparison ofARGs with stained sections suggests
that neuronal uptake does occur.

4. There is little or no Tl+ uptake by white matter.
5. Specific neuronal groups show consistent uptake fol

lowing lateral or fourth ventricle injection.

Our report indicates that the CSF can serve as a potent
vehicle for distributing 2oVfl throughout the CSF and
adjacent ECF compartments. Preliminary studies in our
laboratory reveal intense tumor uptake of 201Tlfrom the
CSF compartment (41) suggesting a possible regimen for
imaging tumors adjacent to, or disseminated within, the
ventricular compartment.
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