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Summary. We studied the occurrence of the environmental radon daughters, 2'°Po
(alpha particles), and *'°Bi (beta particles), in the protein and lipid fractions of cortical
gray and subcortical white matter from the frontal and temporal lobes of human brains
of persons with Alzheimer disease (AD), persons with Parkinson disease (PD), smok-
ers, or persons with no previous evidence of clinical neurologic disease (controls). We
found a 10-fold increase in *'°Po and 2'°Pb radioactivity in the protein fraction from
both the cortical gray and subcortical white matter in AD and smokers, and a similar
.increase in the lipid fraction in PD. The pathognomonic distribution of the radon
daughters to the lipids in PD and to the proteins in AD was inferred to reflect the
increase of local chlorine availability to which radon daughters bound selectively.

Cigarette smoking strongly increases radon daughter retention in the central nervous .

system. Key Words: Environmental fadon daughters—Parkinson disease—Cigarette

smoking—Brain proteins and lipids—Radiochemical injury.

Radon (**’Rn) is a highly lipid-soluble radioactive
noble gas that is ubiquitous in the human environment
(Eichholz, 1987). When inhaled, environmental radon
has a preference to accumulate in lipid tissue throughout
the body with the highest concentration in the brain, bone
marrow, and nervous system (Scully, 1934; Nussbaum
1957). Pohl and Pohl-Ruling (1967) found that one third
of the inhaled radon decay products passed from the
lungs into the bloodstream indicating that radon gas does
not flow quickly in and out of the lungs but lingers in the
body. Indeed, Lykken et al. (1983, 1990) have shown
that inhaled radon was rapidly absorbed from the lung
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into the body, where it accumulates in the cranium re-
sulting in increased bismuth-214 (*'*Bi) gamma ray
emissions and altered electroencephalographic signals.
Radon is chemically inert; however, it is radioactive
and decays through a distinct series of radioactive daugh-
ters before it ends up as a stable lead (**°Pb) (Table 1)
(Hopke, 1987). When decaying, radon and its daughters
release gamma radiation or high-energy alpha and beta
particles strong enough to cause radiation cell injury
(Scott, 1995). At the same time the alpha particle is
emitted from the decaying radon and the radon daughter
is born, a concomitant chemical transmutation also takes
place. Indeed, all the radon daughters, including the bio-
logically most relevant lead-210 (*'°Pb), bismuth-210
(*'9Bi), and polonium (*'°Po), down to the stable lead,
are heavy metals that are highly neurotrophic and neu-
rotoxic (Kostial et al., 1991). In contrast to mother radon,
which is a lipid-soluble gas that can freely move into and



RADON PROGENY REVEAL BRAIN PATHOLOGY 107

. 222 .
TABLE 1. Major decay branches of “““Rn decay series and
their important characieristics

Major radiation emissions (MeV)

Radionuclide Half-life Alpha Bela Gamma

***Rn 3.823 days 5.49

*1pg 3.03 min 6.00

P 26.8 min 0.670 0.295
0.730 0.352
1.02

H4B; 19.7 min 1.0 0.609
1.51 1.12

2Hpg 164 us 7.69

21ph 223 yr 0.015 0.047
0.061

210 5.01 days 1.161

219pq 138.4 days 5.305

206ph Stable

According to Cothern CR. Smith JE Ir. Radioactive decay. In: En-
vironmental radon, New York: Plenum Press, 1987:307-315.

out of the brain despite the blood-brain barrier, none of
the transmuted heavy metal radon daughters are lipid
soluble. Hence, they remain trapped in the brain where
they emit additional gamma radiation and alpha and beta
particles over their lifetime and thus add chemical injury
to the radiation injury of the brain.

The object of this study was to analyze the pattern of
distribution of naturally occurring environmental radon
daughter ?'"Po, a strong alpha particle emitter (5.3
MeV), and moderately strong >'°Bi beta particle emis-
sion (1.2 MeV) in the protein and lipid fractions of the
cortical gray and subcortical white matter from the fron-
tal and temporal lobes of Alzheimer disease (AD) and
Parkinson disease (PD) patients and subjects who
showed no signs of neurologic disease throughout their
life span (controls). Because the concentration of radon
daughters is high in cigarette smoke (Martell, 1987), we
assigned the brains of cigarette smokers without a neu-
rologic disease o a separate category.

METHODS

Brain Samples

Brain samples from human subjects with clinical and
pathologic diagnosis of AD or PD, from smokers, and
trom nonsmoking control subjects with no known neu-
rologic disease were kindly provided by the Alzheimer’s
Research and Treatment Center, St. Paul, MN, U.S.A.
All the subjects with AD and PD were nonsmokers. The
pathologic diagnosis of AD was based on the presence of
an age-adjusted moderate to severe number of plaques in
the neurocortex (Mirra et al.. 1991). We received
samples from the frontal and temporal lobes from the
brains from 29 subjects—!1 with AD, 6 with PD, 4

smokers, and 8 controls. Age and gender distributions
were similar between the groups except for the smokers,
who appear to be slightly younger (Table 2). In total, we
analyzed 45 brain lobe samples, 25 from the frontal lobe
and 20 from the temporal lobe, from these 29 subjects. In
each group there were 4 subjects from whom we had
both frontal and temporal lobe available for the analysis
(see Table 2). The brain slices, which weighed approxi-
mately 80 g, had been trozen in liquid nitrogen and
stored in the frozen state.

We separated cortical gray and subcortical white mat-
ter from each frontal and temporal lobe. One gram of
each sample was fractionated into protein and lipid con-
tent before we assessed *'“Bi and >'"Po activity. Subcor-
tical white matter was sampled 0.5 cm orthogonally be-
low the sampled cortical gray matter area. Three repli-

TABLE 2. Protein content of the brain tissue

Brain lobe protein (mg/g brain tissue)

Tcmpﬁfal Frontal

# A/G Gray Whie W/G Gray White WG
Control

I S2M 1483 707 477 1596 937 587
2 053M 15060 723 LAB0) V1814 744110
3 6M 1053 973 924

A WE . 1497 713 476 1905 B9B 537
5 70M 1509 698 462

76F 1521 714 409 138.5 265 624
7M. 2174 T4 328
8 88M 2338 1232 527
Alzheimer disease
9 62F 126.8 427 337
10 oM 128.1 63.2 493
11 71F 189.7 68.8 363 172.1 94.4 545
12 TiM 2060 54.4 264
13 BOF 213.5 484 227
14 82M 1588 70.1 Ad1
15 82F 1604 78.4 480 191.7 49.0 256
16 H4F 59.9 44.7 497 126.2 598 A74
1:7 85M 2338 1022 437
18 86F 100.4 517 510 108.4 534 493
19 93F 12016 59.1 490
Parkinson disease
20 HAM 148.4 107.8 726 158.7 73.5 A63
21 TIM 1996 s6.6 283 2240 609 272
22 T3F 181.4 81.4 449
23 TTE 147.8 50 312
24 ROM 3666 138.9 379 2240 155.4 695
25 BIF 204.0 107.6 527 165.2 56.4 341
Clgaretle smolkers
26 47F 171.7 687 400 1719 819 476
27 HEM 101.3 49.3 487 131.6 688 524
28 T2F 102.6 544 530 141.3 T72.4 512
29 TIM 99.5 437 439 1237 64.7 523

~3 &n

Subjects are arranged according to their age at death.

AJG, age and gender: M, male; F, female; G, cortical gray brain
matter; W, subcortical white brain matter: W/G, ratio between the
white and gray matter protein fractions.
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cates of each lipid and protein fraction were prepared
from gray and white matter from every brain lobe. All
the chemicals used in this study were reagent grade and
supplied by Fisher Scientific, Ithaca, IL, U.S.A., if not
specified. All water used was distilled.

Trichloracetic Acid-Soluble Fraction

Gray and white cortical matter were separated (A. L.
Politoff, personal communication). One gram of either
gray or white matter was homogenized at 4°C in a Potter-
Elvehjem glass-Teflon tissue homogenizer with 6 mL of
distilled water and 0.5 mL of 100% trichloracetic acid.
After centrifugation at 5000 rpm (CRU-5000 Centrifuge,
Hamden Heights, MA, U.S.A.) for 10 minutes, the su-
pernatant was poured off and saved in a 20-mL plastic
tube. After vigorous mixing of the precipitate in 2 mL of
water, the extraction procedure was repeated. The super-
natant fluids were pooled and labeled as trichloracetic
acid—soluble fraction. This fraction contains primarily
nucleotide and other low-molecular-weight compounds.
They were found to be essentially free of all radon
daughters.

Extraction of Lipids

Lipids were extracted from the trichloracetic acid pre-
cipitate according to the method of Folch et al. (1957) by
using chloroform:methanol (2:1 vol/vol). The precipitate
was mixed with 3 mL methanol for 1 minute and allowed
to stand 10 minutes, them 6 mL chloroform was added.
After centrifugation as discussed above, the supernatant
was filtered through sintered glass (medium porosity).
The precipitate was rinsed with 4 mL of Folch reagent
and the filtrates combined. Biphasic separation was
achieved with the addition of 1 mL potassium acetate.
The upper aqueous layer was removed and discarded.
The organic phase was taken to dryness under a stream of
nitrogen at room temperature. The total lipids were dis-
solved in 1 mL chloroform. Any residual proteins were
removed by filtration through glass wool and the lipid
fraction divided into two equal portions, one for alpha
spectroscopy and other for beta scintillation spectrom-
etry. All calculations were based on amount of total lipid
extracted from 1 gram of tissue.

Protein Fraction

The protein precipitate that remained on the sintered
glass was dissolved in 1 mL 0.1 M NaOH at 75°C over-
night (Bradford, 1976). The protein fraction was divided
into three equal portions, one to assess the amount of
protein and one each for alpha and beta activity analyzes.
The amount of protein was quantitatively assessed using
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Bradford’s reagent (Bio-Rad Laboratories, Hercules,
CA, U.S.A)). After addition of reagent, absorbency was
measured employing a Beckman spectrophotometer at
760 nm (Beckman Instruments Co., Fullerton, CA,
U.S.A.). Bovine albumin (Bio-Rad Laboratories) served
as a standard.

Low-Level Alpha Particle Counting

Alpha particle measurements were performed with an
Alpha Spectrometer System (EG&G ORTEC, Oak
Ridge, TN, U.S.A.) with a radionuclide library software
package from the same manufacturer. This computer-
controlled system consists of five separate surface barrier
alpha spectrometers with alpha resolution of 6 keV,
which allows for accurate discrimination of 2*®Po, 2*°Po,
and *'°Po isotopes. Every week a 48-hour naturally oc-
curring background was measured at the photo peak
value for every detector and isotope—2*Po (5.115
MeV), ?®Po (4.880 MeV), and *'°Po (5.305 MeV)
(Weast and Astle, 1981-1982).

Silver Disk Sample Spiking and Plating

We essentially followed the method of P. O. Jackson,
which was developed at Battelle Pacific Northwest
Laboratories (Laul et al., 1985). Polonium has a high
selective affinity for silver. Hence, 1-inch silver disks
(HH Lucas-Milhaupt, Inc, Cudahy, WI, U.S.A.) were
painted on one side with black Krylon spray paint (Home
of Economy, Grand Forks, ND, U.S.A.); the other sidg
was polished, rinsed, and placed in the plating apparatus
described below.

To determine recovery (percentage) the samples were
“spiked” with a standard stock solution of 2°®Po of
known activity (0.0434 wCi/ml; Isotope Products Labo-
ratories, Burbank, CA, U.S.A.). The standard stock so-
lution was diluted with 0.4 N HCI so that each sample
was spiked with 2*®Po, yielding one disintegration per
minute (dpm) per 10 pL. The error of pipetting was
+2%. The background for each polonium peak of any of
the silver disks did not exceed two counts per 48 hour-
period. -

To destroy organic matter, the spiked samples were
placed in a 250-mL beaker and digested in 10 mL of
concentrated nitric acid (HNO;). After heating at 85°C
for 30 minutes, 10 mL of 30% hydrogen peroxide (H,0,)
and 3 mL of concentrated HNO; were added and the
solution heated to dryness (30 minutes). The procedure
was repeated three times before 5 mL of 12 M HCI and
5 mL of distilled H,O were added to the dry sample to
form polonium chloride. The solution was heated at 85°C
until dry and dissolved in 120 mL of distilled water
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containing 10 mg of ascorbic acid. To enhance plating of
the polonium on the silver discs, the pH was less than 2.

To “plate,” the silver disk was placed in a Teflon
holder, which was immersed into the solution of the
spiked sample from either gray or white brain matter.
The beaker was placed on a stirring hot plate at 85°C and
the solution stirred at 2.5 Hz. The **®Po and **°Po from
the spike and unknown 2'°Po from the sample were al-
lowed to plate out over a 6- to 8-hour period, after which
time the disk was removed, rinsed with distilled water
and counted for alpha activity for 48 hours.

Separation of 2'°Po from 2'°Bi and ?'°Po. We essen-
tially followed the method of Orlandini et al., which was
developed at the Argonne National Laboratory (Ecker-
man and Rundo, 1973; Gaffney et al., 1994). The lipid or
protein fractions were passed through a polymembrane
under a negative pressure gradient (6 mL/min). These
membranes are a special system for absorption of 2!°Bi
and *'°Po, consisting of two negatively charged ion ex-
change membranes (Gelman Sciences, Ann Arbor, MI,
U.S.A.). ?'%Bi and *'°Po readily form oxichlorides,
which bind to the membrane, whereas 2'°Pb is selec-
tively filtered. The membranes were dried prior to alpha
particle analysis or rinsed with 0.4N HC] and placed in a
20-mL vial for the assessment of beta emission.

Alpha Radioactivity

The standard **Po and sample '°Po counts under the
peaks were summed separately. The background counts
were subtracted from the sample counts to obtain the net
counts for each isotope. 2'°Po and 2*®Po net counts were
corrected for decay, and 2'°Po counts were extrapolated
to the time of the patient’s death. The final activity was
expressed as 2'°Po dpm per gram of brain tissue. Two
replicates of each brain sample were prepared for alpha
counting.

Correction for 2'°Pb and 2'°Bi Contribution
to 2'Po

219pb decays to 2'°Bi, which in turn decays to 2'°Po;
each decays at a different rate (see Table 1). After 600
days a “secular equilibrium” is reached, meaning that the
activities of the 2'°Bi and the *'°Po in the sample are
equal to the ?'°Pb activity. Therefore, from the time of
brain sampling after death to the time of 2'°Po plating on
Ag disks, '°Po formed in the brain from 2'°Bi directly
and from 2'°Pb indirectly via 2'°Bi. The standard Bate-
man differential equation of growth and decay of radio-
nuclides in a decay chain was used to correct for this
contribution (Bateman, 1910; Cothern and Smith, 1987).

Blanks and Recovery

Blanks were prepared separately by spiking silver
disks with 10 pL of ***Po and measuring them in the
same way as brain samples. The 2"®Po recovery after
plating was 85 + 3%. The dpm for all the brain samples
fell within +2 SD.

Low-Level Beta Liquid Scintillation Counting

Ten milliliters of liquid scintillation cocktail solution
was added to the sample and the activity measured in a
Beckman scintillation spectrometer. As previously out-
lined, (vide supra) >'°Bi beta activity in the sample is an
excellent measure of the 2'°Pb activity, since by several
years after the deaths of the subjects, the 2'°Pb, 2'’Bi,
and %'°Po in each brain were in secular radioactive equi-
librium. Therefore, the calculations for a three-
component chain decay were done in the same way as for
the alpha particle counting.

Blanks and Recovery

The efficiency of binding of 2'°Po and 2'°Bi to the
membrane was assessed with a 2'°Pb standard (Battelle
Pacific Northwest Laboratories, Richland, WA, U.S.A))
and was found to be 68% and 99%, respectively. The
technique is similar to that of measuring the activity of
cesium in sea water (Mann and Casso, 1984) and gave
the same values as those reported by Argonne National
Laboratory (Gaffney et al., 1994).

Statistical Analysis

Measurements of alpha and beta activities were ex-
pressed as the dpm per gram of brain tissue. This allows
for direct comparison of instruments with different
counting efficiency and hence for direct comparison of
two different methods of analysis—alpha and beta count-
ing. In other words, beta (*'°Bi) and alpha (*'°Po) dpm
served as standards for each other. All samples were
counted until the number of counts above background
exceeded 400. This satisfies the accuracy criterion that
the standard error (the square root of the number of
counts in this situation) not exceed 5% of the measure-
ment (Lykken, 1983). All data samples met the appro-
priate assumptions of equal variance and normal popu-
lation distribution; therefore, parametric statistical analy-
sis were undertaken.

Statistical analysis searched for possible dependence
of radioactivity level on method of measurement (alpha
or beta radiation), brain fraction (lipid or protein), brain
lobe (frontal or temporal), brain matter (gray or white),
and subject type (AD, PD, cigarette smokers, or control),
as well as interactions of these effects. We used multi-
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variate analysis of variance (MANOVA) with subject
type as a between-subjects effect (factor) and all other
effects as within-subject effects (contrasts of the re-
sponse variables). Radioactivity level was log-
transformed to approximate normality. Figures show un-
transformed data for better visual clarity. Pairwise com-
parisons were made using Fisher’s protected t procedure
with the significance set at p < 0.05 (Snedecor and Co-
chran, 1980). All analyses were run on SAS, version 6.11
(SAS Institute Inc., Cary, NC, U.S.A)).

RESULTS

The amount of protein in the frontal and temporal
brain lobe ranged from 75.7 to 366.6 mg/g gray matter
tissue and 42.7 to 155.8 mg/g white matter tissue. Thus,
the amount of protein in the brain gray matter was ap-
proximately twice that in the white matter. The average
ratio of white to gray matter protein for the 45 analyzed
brain samples was (mean + SD) 0.470 + 0.126 and the
coefficient of variation was approximately 25%, a rea-
sonable value considering the biologic variability of the
subjects and the limits of the analytical methodology
involved.

Two different radioanalytical techniques showed no
difference between alpha (>'°Po) and beta (*'°Bi) activ-
ity. Neither the alpha-beta main effect nor any interac-
tions involving this factor were significant at the p < 0.05
level (Table 3), so alpha and beta measurements were
averaged and a second MANOVA was performed on the
remaining factors. In this analysis, the subject type-
lobe—gray/white and subject type—gray/white—
protein/lipid interactions were significant, indicating
nonadditivity of effects on a log scale (Table 4). There-
fore, the eight measurements——defined by combinations
of lobe, gray or white matter, and protein or lipid—were
examined separately as response variables in one-way
analysis of variance with subject type as the independent
variable. Differences among subject types were highly
significant in all eight cases (p = 0.001 to 0.006). The
analysis of these averaged measurements revealed some
three-way interactions (see Table 4). Nevertheless, the
relationships between subject type, brain fraction, and
gray/white matter appear almost identical in the frontal
(Fig. 1) and the temporal (Fig. 2) lobes (Table 5). One-
way ANOVA revealed that the deposition of *'°Bi and
210pg, in the brain has a distinct, pathology-based distri-
bution in the protein (Fig. 3) and lipid (Fig. 4) fractions.
Figures show untransformed data to allow for visual clar-
ity.

The retention of the radionuclides was the lowest in
the control brains. In AD brains, in contrast, radioactivity
of both radon daughters was about 10 times higher in the

’
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TABLE 3. MANOVA comparison between alpha *'°Po and
beta *!°Bi specific activities (AB) in the proteins and lipids
(PL) from the cortical gray and subcortical white (GW)
matter from frontal and temporal brain lobe (FT) in subjects
with Alzheimer disease, Parkinson disease, smokers, and

controls (CAPS)
Degrees ¢

Effect freedom p
AB NS
AB*FT . NS
AB*GW NS
AB*PL NS
AB*CAPS NS
AB*FT*GW NS
AB*FT*PL NS
AB*FT*CAPS NS
AB*GW*PL NS
AB*GW*CAPS NS
AB*PL*CAPS NS
AB*FT*GW*PL NS
AB*FT*LP*CAPS NS
AB*GW*PL*CAPS NS
AB*FT*GW*PL*CAPS NS
FT NS
FT*GW <0.0001
FT*PL <0.0002
FT*CAPS NS
FT*GW*PL NS
FT*GW*CAPS 3 <0.0001
FT*PL*CAPS 3 <0.005
FT*GW*PL*CAPS 3 NS
GW 1 <0.0017
GW*PL 1 NS
GW*CAPS 3 NS
GW*PL*CAPS 3 <0.0456
PL <0.0001
PL*CAPS <0.0001
CAPS <0.0001

NS, nonsignificant.

protein fraction of both gray and white matter than it was
in the control brains. Some of the AD brains also had
somewhat increased radioactivity in the lipid fraction,
but the increases were much smaller and statistically sig-
nificant only for the frontal gray and temporal white
matter (p < 0.05). However, in PD, the radioactivity in
the lipid fraction of the cortical gray and subcortical
white matter of both the frontal and temporal lobes were
approximately an order of magnitude higher than that of
controls, whereas increases in radioactivity in the protein
fraction were much smaller and significant only for the
white matter of the temporal lobe. As in AD, the radio-
activity was greatly increased in the protein fraction and
somewhat in the lipid fraction of cigarette smokers’
brains. Unlike AD, however, cigarette smokers do not
show any increase of the activity in the lipid fraction of
the brain gray matter (see Table 5).



RADON PROGENY REVEAL BRAIN PATHOLOGY 111

TABLE 4. MANOVA for combined ?'°Po and *'°Bi data

Degrees of
Effect freedom 14
FT NS
FT*GW <0.0001
FT*PL <0.0005
FT*CAPS NS
FT*GW*PL NS
FT*GW*CAPS 3 <0.025
FT*PL*CAPS 3 NS
FT*GW*PL*CAPS 3 NS
GW 1 <0.005
GW*PL 1 NS
GW*CAPS 1. NS
GW*PL*CAPS 3 <0.01
PL 1 <0.0001
PL*CAPS <0.0001
CAPS <0.0001

NS, nonsignificant; FT, frontal and temporal cerebral lobe; GW, gray
and white brain matter; PL, proteins and lipids; CAPS, control subjects,
subjects with Alzheimer disease or Parkinson disease, and cigarette
smokers.

DISCUSSION

The results of our study show that, indeed: (1) there is
measurable radioactivity of radon daughters in the brain;
(2) radon daughters accumulate 10 times more in the
diseased AD and PD brains and even more in those of
smokers than in the control brains; (3) this accumulation
is not uniform but shows selective, disease-dependent
distribution to the protein fraction of the cortical gray
and subcortical white brain matter in AD and smokers

.1Bl

Fig. 1. Box and whisker plots of 2'°Po and
2198 in the protein (P) and lipid (L) fractions 15
from the cortical gray (G) and subcortical 1
white (W) matter from the frontal (F) brain
lobe in subjects with Alzheimer disease, sub-
jects with Parkinson disease, smokers, and
controls. The horizontal line inside the box
represents the median. The lower boundary
of the box is the 25th percentile, and the
upper boundary is the 75th percentile. The
vertical lines (whiskers) show the largest and
the smallest observed values that are not out-
liers. Cases with values that are more than 3
box lengths from the upper or lower edge of
the box are extreme values (*). Cases with
values that are between 1.5 and 3 box lengths
from the upper or lower edge of the box are
outliers (0). (SPSS for Windows, SPSS Inc.,
Chicago, IL, U.S.A,, 1993))
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.03
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and to the lipid fraction in PD; and (4) the same results
were obtained by two different radioanalytical tech-
niques, one for alpha particles (*'°Po) and the other for
beta particles (*'°Bi).

The reliability of the data and the strength of the sta-
tistical analysis are greatly enhanced because each
sample was analyzed in multiple replicates and above all
with the two different radioanalytical methods involving
alpha and beta particles, respectively (Kateman and Pij-
pers, 1981). Indeed, both analytical methods yielded the
same selective pattern of radon daughter distribution in
the proteins and lipids of cortical gray and subcortical
white brain matter within the groups of subjects who
suffered from AD or PD, subjects who smoked, and con-
trols. The radioactivity in the lipids was approximately
the same for the cortical gray and subcortical white brain
matter despite their presumably different fatty acid com-
position (Wilson and Bell, 1993). The congruency of the
radioanalytical results further meant that, indeed, the
samples were in secular equilibrium—yet another check
of the accuracy of the radioanalytical work. Thus, envi-
ronmental radon provided a naturally occurring clue that
enabled us to differentiate between the biochemical
changes that underlie these two neuropathologic condi-
tions, AD and PD.

Our study demonstrated that radon has the capacity to
irreversibly infest the brain with a poisonous progeny of
radioactive heavy metals. Indeed, taking into account the
data on environmental radon exposure that reaches the
brain over the course of an average human 70-year life
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span, and the number and size of the cells in a 1.5-kg
brain, it can be estimated (Rossi, 1959) that there are
enough high-energy alpha particles to hit and destroy
every single cell of the brain more than once in a life-
time. This adds to the tremendous potential for radiation-
induced microinjury, punctuate mutations, and deletions
in gene expression (Bradley et al., 1995; Abrahamson,
1996). The high-energy alpha and beta particles exhibit
deleterious biologic effects along their pathway and in
direct proportion to their initial energy (Becker and
Rosenberg, 1990; Rao et al., 1991). Along such an alpha
and beta particle “death track,” intensive ionization also
generates a large number of free radicals (Berry, 1987),
as do the heavy metals generated from transmuted radon

TABLE 5. Pairwise comparisons of radon daughter
concentrations in proteins (P) and lipids (L) in the cortical
gray (G) and subcortical white (W) brain matter from frontal
(F) and temporal (T) brain lobe in Alzheimer disease (AD),
Parkinson disease (PD), cigarette smokers (S) and
controls (C)

FG FW TG TW FG FW TG TW
C v§ AD T * * * Tk *
C vs PD * * *
C v$ S * * * *
AD vs PD * * * *
AD vs S *
PDvs S * *

*p < 0.05, Fisher’s protected 7 test.
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Fig. 2. Box and whisker plots of >'°Po and
2198 in the protein (P) and lipid (L) fractions
from the cortical gray (G) and subcortical
white (W) matter from the temporal (T) brain
lobe in subjects with Alzheimer disease, sub-
jects with Parkinson disease, cigarette smok-
ers, and controls (see Fig. 1 legend for ex-
planation of symbols).
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and radon daughters. Free radicals additionally harm
the molecular biologic structures by means of protein
oxidation, lipid peroxidation, and DNA intercalation and,
at the cellular level, impair signal transduction, cell
membrane function, and gene expression (Ohba et al.,
1994; Stohs and Bagchi, 1994; Gille and Sigler, 1995;
Kasprzak, 1996; Reddy and Yao, 1996).

The most likely candidate for radiation injury appears
to be the glia, notably astrocytes, which are highly ra-
diosensitive in contrast to the more radioresistant neu-
rons, which do not divide (Campbell and Novick, 1949;
Hollander, 1954). More recently, there is evidence that
astrocytes may be involved in AD. Apolipoprotein E, the
major apolipoprotein in the nervous system and one that
is essential for neuron function, is expressed in astro-
cytes, and its “bad” E4 variant may interact abnormally
with neuronal cytoskeletal proteins that favor microtu-
bule degradation and the formation of neurofibrillatory
tangles, which occur in the brains of people with AD
(Roses, 1995). Thus, the amyloid deposits and tangling
observed in AD may well reflect the response to injury of
the astrocyte (Selkoe, 1991). Sufficient radioactivity and
free radicals accompany the presence of radon and radon
daughters in the brain to act as an apogen to induce such
a cascade (Corcoran et al., 1994; Selkoe, 1995).

Our finding of selective, disease-specific, patterns of
radon daughter accumulation in AD proteins and PD
lipids was unexpected. Metal-binding affinity of neurons
has long being used for their histologic visualization
(Barr and Kiernan, 1993). Now it appears that different
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biochemical compartments of the brain are marked with
environmental radon daughters (i.e., proteins and lipids
of AD and PD, respectively). Other radiochemical affin-
ity studies (Coleman, 1965; Martell and Smith, 1997)
have shown that both polonium and bismuth have prac-
tically exclusive affinity for the chloride ions to form
highly reactive oxichlorides over the pH 1 to 10 range.
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Hence, we concluded that the increased concentration of
chloride ions in the proteins and lipids in AD and PD,
respectively, would result in increased trapping of the
radon daughters.

However, if transmembrane chlorine leakage indeed
occurs, how does it happen that it occurs in the proteins
of AD and in the lipids of PD? We inferred, in accord
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Fig. 4. Box and whisker plots of 2'°Po and
219Bi in the lipid fraction (L) from the cor-
tical gray (G) and subcortical white (W) mat-
ter from the frontal (F) and temporal (T)
brain lobe in subjects with Alzheimer dis-
ease, subjects with Parkinson disease, ciga-
rette smokers, and controls (see Fig. 1degend
for explanation of symbols).
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with the fluid mosaic model of the structure of cell mem-
brane (Singer and Nicolson, 1972), that the pathogno-
monic distribution of the radon daughters to the lipids in
PD and to the proteins in AD may reflect the disease-
related changes of the brain cell membrane protein-built
pores, channels, and gates in AD and that of lipid bilayer
in PD, followed by the increased ionic leakage and hence
the impaired membrane potential discharge and excit-
ability.

In contrast to the peripheral nervous system (Minne-
man, 1994; O’Neil and Doukas, 1994), little is known
about the supposedly cholinomimetic effects of nicotine
on the central nervous system (Graham-Smith and Aron-
son, 1984). In our study, cigarette smokers had the high-
est activity of 2'°Po and 2'°Bi in the protein fraction of
the brain gray and white matter, indicating that nicotine
from cigarette smoke (Williams and Weisburger, 1991)
has direct access to the cortical gray and subcortical
white brain matter.
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