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HISTORY

The `Auger effect’ is named in honor of the French

physicist Pierre Auger, who discovered this process in 1925

(1). Auger was investigating the pattern of electron tracks

produced by low-energy x-rays in a cloud chamber and

noted that in many cases multiple electron tracks em-

anated from point sources in the chamber. He concluded

that this phenomenon was caused by electron transitions

that are initiated when low-energy x-ray photons impinge

on target atoms and eject inner shell electrons. The result-

ing vacancy cascade leads to the emission of characteristic

x-rays and low-energy Auger electrons by Auger, Coster-

Kronig, and super Coster-Kronig transitions. It was later

discovered that the Auger effect also occurs in radionu-

clides that decay by electron capture or internal conversion

(2).

The biological signi® cance of Auger electrons was not

appreciated for many years, because the energy carried by

Auger electrons is usually negligible compared to the total

energy released from the decaying radionuclide. In 1964,

Carlson & White (3) showed that the decay of the Auger

emitter 125I in methyl or ethyl iodide leads to molecular

fragmentation. A few years later, Hofer et al. (4, 5) and

Feinendegen et al. (6, 7) reported that 125I incorporated

into DNA in the form of 125I-iododeoxyuridine (125IUdR)

was strikingly toxic to mammalian cells. Cell lethality from
125I decays in DNA resembled the pattern of cell death

observed after exposure to a particles or other high LET

radiations. These ® ndings were soon con® rmed by other

investigators (8 ± 11). Nevertheless, research on the biologi-

cal effects of Auger emitters attracted little attention until

Feinendegen organized a conference on `Radionuclides in

Biology and Medicine’, held in JuÈ lich in 1975. This meet-

ing brought together physicists, chemists, and biologists

working on Auger emitters, and recruited scores of new

scientists to the ® eld.

By the early 1980s certain ® rm conclusions about the

Auger effect had emerged. We were aware from the start

that this type of decay entails copious emission of low-en-

ergy electrons. This, in turn, results in a highly charged

daughter atom and a high density of electron irradiation in

the immediate vicinity of the decay site. Microdosimetry

calculations from several laboratories con® rmed this con-

clusion (12, 13) and provided an explanation for the

observation that the biological action of Auger emitters

depended critically on the cellular location of the radionu-

clides. Auger emitters located outside the cell nucleus were

found to be relatively non-toxic to cells (14 ± 16), but

intranuclear decays at the DNA caused pronounced high-

LET-type cellular damage ranging from DNA strand

breaks (10, 11, 17), mutations (18, 19), chromosome aber-

rations (20, 21), malignant transformations (19), division

delay (22, 23), to cell death (4 ± 7).

So the early work with Auger emitters clearly demon-

strated that radiation death in mammalian cells results

from damage to the cell nucleus. By implication, these

® ndings refuted the enzyme release hypothesis and other

hypotheses that explained radiation death in terms of

cytoplasmic or membrane effects rather than nuclear dam-

age (14, 15). The results also had important rami® cations

for nuclear medicine. It was obvious that for diagnostic

applications, where it is desired to keep cellular damage as

low as possible, Auger emitters should remain outside the

cell, or at least outside the cell nucleus. Conversely, thera-

peutic applications (e.g., radionuclide therapy of cancers)

require radiochemicals that target Auger emitters to the

DNA within the cell nucleus.
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After this brief excursion into history I will now turn to

my main assignment, a review of recent literature reports

dealing with physical, molecular, and cellular aspects of

Auger processes and the implications of these studies for

potential clinical application.

MOLECULAR EFFECTS OF AUGER EMITTERS

Molecular damage induced by Auger emitters has fasci-

nated investigators ever since Krisch et al. (10, 11) and

Painter et al. (17) ® rst demonstrated that 125I decays in

DNA induce double-strand breaks (DSB) with nearly

100% ef® ciency. Martin and Haseltine (24) extended this

work to oligodeoxynucleotidesand showed that 125I decays

are highly ef® cient in producing DNA strand breaks

within 10 bases of the decay site in both the labeled and

unlabeled DNA strands. However, the actual mechanism

of DNA damage by Auger emitters is not yet fully

understood.

In recent studies, Adelstein & Kassis (25), Kassis et al.

(26), and Sahu et al. (27) demonstrated that the magnitude

of DNA damage depends critically on the position of

Auger emitters relative to DNA. These investigators exam-

ined single-strand breaks (SSB) and double-strand breaks

(DSB) induced in plasmid DNA by 125I decays close to

DNA or at a distance from DNA. Plasmid DNA was

exposed to 125I-labeled compounds such as 125I-iodo-

Hoechst 33342 which bind to the minor groove of DNA,

or to 125I-iodoantipyrene, which remains free in solution.

The results indicated that 125I decays in solution and in the

minor groove of DNA are equally effective in producing

SSB, but for DSB groove-bound 125I is º7 times more

ef® cient than 125I in solution. Kassis et al. (28) also evalu-

ated the contribution of direct and indirect effects to
125I-induced DNA breaks by comparing DNA break yields

from 125I decays accumulated in the presence and absence

of the radical scavenger dimethyl sulfoxide (DMSO).

DMSO proved very effective in protecting DNA from 125I

decays in solution (dose-modifying factor º60), but less

effective for decays occurring in the minor groove (dose-

modifying factor º4). The authors attribute this differ-

ence to the inability of DMSO to protect DNA from local

DSB produced by groove-bound 125I and conclude that

local DNA lesions formed by decays directly at the DNA

differ in nature from lesions caused by decays in solution.

The results obtained with plasmids stand in contrast to

® ndings by Walicka et al. (29), who reported that in

mammalian cells DMSO can reduce the number of 125I-in-

duced DSB. Walicka and co-workers suggest that these

differences can be explained by the fact that, unlike naked

DNA in plasmids, DNA in mammalian cells exists in the

form of tightly packaged nucleoprotein. Such compaction

should enable clusters of OH radicals from 125I decays to

attack both a local DNA site at the decay, and sites that in

terms of linear distance are hundreds or thousands of base

pairs away from the site of decay. This implies that a

single 125I decay in nuclear DNA can produce more than

one DSB and that DMSO scavenges a fraction of the OH

radicals responsible for the distant DSB, but does not offer

signi® cant protection against local DSB in either plasmid

or mammalian DNA.

A different approach to the investigation of site-speci® c

action of 125I was taken by Panyutin & Neumann (30, 31),

who examined DNA damage induced by triplex-forming

oligonucleotides. The authors examined the spatial distri-

bution of DNA breaks induced by 125I decays in the C5

position of a cytosine residue on an oligonucleotide that

formed a triple helix with a DNA double helix. More than

90% of all breaks in the target duplex were located within

10 bp around the decay site. However, the frequency of the

breaks in the two strands of the double helix differed by a

factor of 2. The asymmetry in break yield corresponded

closely to the geometry of the triple helix, that is, the

larger number of breaks was seen in that strand of the

double helix that was located closer to the labeled oligonu-

cleotide. Addition of DMSO did not signi® cantly change

the yield or distribution of breaks, suggesting that these

local breaks are produced primarily by direct radiation

action. These studies and similar work by Karmychev et

al. (32) show that 125I can induce SSB and DSB even under

conditions where the radionuclide is located on a separate

DNA strand attached to a double helix in the form of a

triple helix.

Another interesting example of DNA damage by Auger

emitters is the work of DeSombre et al. (33), Schwartz et

al. (34) and Yasui et al. (35), who studied SSB and DSB

induced in mammalian DNA by Auger emitters covalently

bound to estrogen. Yasui et al. (35) exposed estrogen

receptor-positive CHO cells to 125I in the form of 125IUdR

or 125I-labeled estrogen and found that 125I-estrogen was

4 ± 8 times more ef® cient in inducing DNA DSB than 125I

administered as 125IUdR. More recent data by the same

authors suggest a differential closer to 10 (personal com-

munication). Yasui proposes that this surprising effect is

caused by non-random placement of 125I estrogen at the

base of DNA loop domains, where individual 125I decays

may cause multiple DSB.

These data pose a challenge to theorists. In recent years,

several investigators have developed sophisticated models

for simulating DNA damage by Auger emitters. The ® rst

model, developed by Charlton & Humm (36), simpli® ed

the molecular structure of DNA to geometric volumes

representing the bases and the sugar-phosphate moieties of

the two strands. More detailed models developed by Pom-

plun (37), Terrissol (38) and Nikjoo et al. (39) account for

each individual atom in DNA, including water molecules

associated with DNA. To approximate the complex orga-

nization of DNA in mammalian cells, Terrissol (40) and

Pomplun et al. (41, 42) developed a model for simulating

DNA damage in nucleosomes. In this model the nu-
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cleosome was represented as a DNA double helix with 146

basepairs and 9056 atoms surrounding the histones.

Regardless of the model used, computer simulations

generally indicate that 125I decays in DNA cause about

0.6 ± 1.0 DSB:decay. This is in good agreement with exper-

imental results obtained for naked DNA (e.g., plasmids),

but does not account for reports of multiple DSB per

decay for mammalian cells. Walicka et al. (29) found that
125I in mammalian cell DNA causes more than one DSB:
decay. If we interpret `more than one’ as indicating 2

DSB:decay and consider Yasui’s ® nding that 125I-estrogen

is 10 times more effective than 125IUdR in producing DSB

(35), then combining these data implies that under appro-

priate conditions 125I can produce as many as 20 DSB:de-

cays in mammalian DNA. If correct, this would suggest

that existing physical models do not adequately represent

the situation in mammalian systems. Alternatively, it is

possible that no conceivable physical arrangement can

account for these ® ndings and that multiple DSB in mam-

malian DNA arise as a result of biological damage

magni® cation.

CELLULAR EFFECTS OF AUGER EMITTERS

It is well established that Auger emitters incorporated into

DNA are extremely toxic to mammalian cells, but identical

decay events in the cytoplasm, at the plasma membrane, or

outside of the cells are relatively non-toxic. For example,

Warters et al. (15) subjected CHO cells to 125I decays in

the DNA versus the plasma membrane by labeling the cells

with either 125IUdR or 125I-labeled concanavalin A. For

DNA-bound 125I, 60 decays:cell were suf® cient to cause

50% cell death, but when 125I was attached to the plasma

membrane, º20000 decays:cell were required to produce

the same effect. Other investigators obtained similar results

and con® rmed that Auger emitters located at extranuclear

sites act as low-LET radiation sources with an RBE of º1

(14 ± 16, 43 ± 45).

Based on these ® ndings, it was initially assumed that

Auger emitters decaying inside the cell nucleus are always

highly cytotoxic because such decays damage the DNA,

the presumed primary radiosensitive target within the cell.

However, Yasui et al. (46) showed that toxic effects from

DNA-bound 125I are non-uniform and depend on the

region of the DNA in which the radionuclide is incorpo-

rated. Kassis et al. (47) con® rmed that the magnitude of

the damage induced by intranuclear Auger emitters is not

always directly correlated with intranuclear energy deposi-

tion. For example, 125I attached to DNA via a DNA

intercalator yields an RBE of º4 ± 5 as compared to an

RBE of º7 ± 9 for covalently bound 125I (47 ± 49).

These differences pale by comparison with toxicity data

obtained by Sedelnikova et al. (50), who examined the

cytotoxicity of 125I-labeled oligodeoxyribonucleotides in

HT-1080 ® brosarcoma cells. The labeled oligodeoxyri-

bonucleotides were introduced into cells by liposomes and

the 125I activity accumulated within the cell nucleus. How-

ever, there was no signi® cant triplex formation with cellu-

lar DNA because the base sequence chosen was such that

it could form a triplex with only one single target DNA

sequence in the genome. Therefore, the radionuclide was

localized within the cell nucleus, but was not in direct

contact with nuclear DNA. When the authors evaluated

the radiotoxic effects, they found that 125I administered in

this fashion was almost three orders of magnitude less

toxic than 125I incorporated into DNA via 125IUdR. In

other words, the toxicity differential was almost as large as

that observed with DNA-bound versus membrane-bound
125I. These results demonstrate that nuclear localization of
125I by itself does not ensure high radiotoxicity. The ® nd-

ings also improve the prospects for selective gene therapy

where speci® c gene sequences in the genome must be

inactivated without causing excessive radiation damage to

cells.

The notion that intranuclear decay of Auger emitters

invariably produces high-LET-type radiation effects is also

challenged by reports which show that the toxic effects of
125I can be mitigated by chemical radioprotectors. For

example, Rao et al. (51), Narra et al. (52, 53) and Hara-

panhalli et al. (54) found that treatment with radioprotec-

tors (MEA, AET, vitamin C, vitamin A) offers remarkable

protection against 125I damage in mouse spermatogonia.

More recently, Walicka et al. (55) and Bishayee et al. (56)

demonstrated equally pronounced radioprotective effects

on mammalian cells in tissue culture using DMSO as a

radical scavenger. In contrast, no protection was noted in

cells exposed to a particles from 210Po (56). These ® ndings

indicate that damage from DNA-associated Auger emitters

is caused mainly by indirect radiation action. However,

this does not automatically prove that 125I is not a high-

LET radiation source. As pointed out by Chapman (57),

indirect effects play a role in cell inactivation for all types

of ionizing radiations, and suf® ciently high concentrations

of DMSO can modify radiation damage even in cells

exposed to high-LET radiations such as charged particle

beams.

Part of the difference between 125I and a particles may

be due to biological factors that modify the action of point

sources, but do not affect the action of linear radiation

sources. One such phenomenon is the `chase effect’, de-

scribed by Hofer et al. (58 ± 60). When CHO cells are

pulse-labeled with 125IUdR and then frozen at different

times after labeling to accumulate 125I decays, the biologi-

cal effects show a marked shift in the pattern of cell death.

Cells harvested within 1 h after labeling yield a typical

low-LET radiation-survival curve (pronounced shoulder,

D0 135 decays:cell) but identically labeled cells harvested 5

h after labeling show a response characteristic of high-LET

radiation (no shoulder, D0 42 decays:cell). A similar shift

in 125I action can be observed for micronucleus induction
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(60), but not for the induction or rejoining of DNA DSB

(61). To account for this discrepancy, the authors postu-

late that DNA DSB may not be the sole cause of cell

killing, and that damage to higher-order structures in the

cell genome may contribute to radiation-induced cell

death.

This interpretation in strengthened by data from Schnei-

derman et al. (personal communication), who performed

chase experiments on repair-de® cient CHO irs-20 cells that

are highly sensitive to external and internal irradiation.

However, a very unusual response was observed when

CHO K1 cells and CHO irs-20 cells were pulse-labeled

with 125IUdR and frozen 60 min later for decay accumula-

tion. At low dose levels (up to 120 decays:cell) both cell

lines exhibited identical patterns of cell killing. At higher

doses the survival of CHO K1 cells showed a continued

exponential decline, but irs-20 cells exhibited a plateau at

the 30% survival level. No additional cell death was ob-

served at doses as high as 1280 decays:cell. Examination of

cell samples by autoradiography and by the comet assay

revealed that the cells were uniformly labeled and that the

DNA was heavily damaged in all cells. It must therefore be

concluded that, under appropriate experimental condi-

tions, even massive DNA damage from DNA-bound 125I

fails to induce cell death. To explain these unusual results,

the authors postulate the existence of a second critical

target in the genome. According to this hypothesis, the

enormous 125I-resistance of irs-20 cells can be explained by

assuming that in these cells newly replicated DNA seg-

ments are not yet attached to the second target 60 min

after labeling. If the second target (assumed to be the cell

structure that is responsible for radiation repair) is not

damaged, the cells would retain the ability to repair DNA

damage induced by 125I decays. After longer chase periods,

the newly labeled DNA segments become associated with

the second target and 125I decays induce high-LET effects

in all cells, because at that point the decays can damage

both the DNA and the second target.

AUGER EMITTERS IN CANCER THERAPY

As pointed out by Feinendegen (62), `molecular surgery’

by Auger emitters may one day provide the means of

realizing Paul Ehrlich’s dream of a `magic bullet’ in cancer

therapy. Conventional radiation therapy invariably in-

volves massive exposure of normal tissues. In contrast,

with Auger emitters, overlap irradiation is minor, even

from one cell compartment to the next (15), and overlap

exposure from labeled cancer cell to adjoining normal cells

is virtually nil. Moreover, DNA-bound Auger emitters

exhibit a high RBE and a correspondingly low oxygen

enhancement ratio (63). Thus, Auger emitters could be

extremely effective in cancer therapy if suitable carrier

agents are developed that selectively, or at least preferen-

tially, target radionuclides to the genome of cancer cells.

With current targeting agents, the most serious obstacles

are tumor heterogeneity and incorporation of radionu-

clides into normal body tissues. As pointed out by Strand

et al. (64) and Humm et al. (65), evaluation of radionu-

clide carriers for cancer therapy requires data on both

subcellular radionuclide distribution and on the hetero-

geneity in cellular activity within tumors. This was con® -

rmed experimentally by Humm et al. (66), who injected

radiolabeled antibodies into tumor-bearing mice and then

studied the microdistribution of radioactivity in the tumor,

spleen, liver, and kidneys. The results showed that inho-

mogeneity in dose distribution is a serious problem for

low-energy electron emitters. This has important implica-

tions for the choice of radionuclides for therapy. Dosime-

try calculations by Howell et al. (67) show that Auger

emitters should be highly effective in treating micrometas-

tases, but large tumors would respond better to high-en-

ergy b emitters.

Despite these obstacles, many researchers are investigat-

ing a wide variety of potential carrier agents for Auger

emitters. These include the thymidine analogue iodo-

deoxyuridine, radiolabeled hormones or anti-hormone

drugs such as estrogen or tamoxifen, tumor-speci® c anti-

bodies, epidermal growth factors, bleomycin and other

anti-cancer drugs, and oligonucleotides targeted against

speci® c nucleotide sequences in the genome of cancer cells

(for a review see Ref. 68).

Unfortunately, many of these agents have proven prob-

lematical. For example, tumor-speci® c antibodies would

seem to be ideal carrier agents for radionuclide therapy,

but so far most trials with radiolabeled antibodies have

yielded disappointing results. Problems include the failure

to ® nd cell surface groups (epitopes) that are truly unique

to cancers, heterogeneity in epitome expression within

cancers, limited penetration of antibodies into solid tu-

mors, and low levels of antibody attachment to tumor cells

(69). Nevertheless, promising results were reported by Behr

et al. (70), who evaluated the therapeutic ef® cacy of 125I

and 131I attached to internalizing antibodies in a human

colorectal cancer model and concluded that 125I linked to

internalizing antibodies provides therapeutic bene® ts that

are clearly superior to those obtained with 131I.

Another interesting approach to radionuclide therapy of

cancers is the use of estrogen labeled with Auger emitters.

Studies by McLaughlin et al. (71) and DeSombre et al.

(72) had shown that such agents can kill estrogen receptor-

positive cells while sparing ER-negative cells. A potential

problem with this system is that ER-positive tumor cells

have only about 10000 ± 30000 receptor sites per cell, and

under in vivo conditions it is nearly impossible to saturate

all these sites. Moreover, the residence time of iodoestro-

gen in cells is relatively short. To overcome these obstacles,

DeSombre et al. (72) proposed to use 123I-labeled estrogens

with high speci® c activity. Recently, Kearney et al. (73)

tested this approach by subjecting spheroids of ER-rich
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MCF-7 breast cancer cells to 123I-labeled estrogen. The 123I

treatment resulted in a signi® cant reduction in cell growth,

with nearly half the treated spheroids showing pronounced

necrosis within 18 days. Survival studies on cell suspen-

sions prepared after treatment showed cell killing with a

D0 of about 700 decays:cell. The authors believe that this

approach has merit for future clinical application, espe-

cially in ovarian cancers where steroid receptor-rich

micrometastases can be directly targeted.

Nevertheless, for most investigators the carrier com-

pound of choice remains IUdR. Like other targeting

agents, IUdR is subject to serious limitations. Rapid de-

halogenation makes it dif® cult to achieve therapeutic ra-

dionuclide levels in cancers (74). In addition, the presence

of non-proliferating cells in solid tumors necessitates re-

peated injections or continuous infusions of IUdR to

destroy the dividing cells and recruit non-dividing cells

into active proliferation. Another complication arises from

the fact that IUdR is incorporated into normal and neo-

plastic cells. As a result, prolonged treatment with high

doses of IUdR could cause severe toxic side effects to host

organs that undergo continuous cell renewal (e.g., intes-

tine, bone marrow). To overcome this obstacle, investiga-

tors are developing strategies that introduce IUdR into

tumors, either by direct infusion or by injection into an

arterial blood supply that precedes the tumor. This ap-

proach is most successful with ovarian cancers that can be

treated by intraperitoneal injection, bladder cancers that

respond to intravesical administration, hepatic cancers that

can be labeled by intra-arterial infusion, and cancers in the

central nervous system, breast, and prostate that are acces-

sible by direct infusion into the tumor.

Kassis et al. (75) demonstrated that 125IUdR infused

intracerebrally is effective in prolonging the survival and

producing some cures in rats bearing brain tumors. Van

den Abbeele et al. (76) subjected rats with bladder cancer

to intravesical infusion of 125IUdR or 131IUdR and found

that the radionuclides were incorporated into the hyper-

plastic and carcinomatous urothelium, but not in the

normal urothelium. IUdR penetrated deeply into the blad-

der wall, but other normal body tissues such as intestine or

bone marrow remained free of radioactivity. Sahu et al.

(77) achieved equally promising effects with intrathecal

injection of 125IUdR in rats with leptomeningeal tumor

metastases. Mariani et al. (78) and Kassis et al. (79)

extended this approach to humans and demonstrated ef® -

cient radionuclide uptake in patients with brain cancer and

colorectal cancer.

A very different application of Auger emitters in cancer

therapy was proposed by Schneiderman et al. (80), who

used 125IUdR for selective purging of cancer cells from

bone marrow. This rationale is that cancer therapy often

involves exposure of patients to supralethal chemotherapy.

In such cases, bone marrow is harvested from the patient,

stored in liquid nitrogen for the duration of the treatment,

and then transplanted back into the patient to rescue the

hematopoietic system. However, stem cell harvests from

cancer patients are often contaminated with metastatic

cancer, so the use of autologous bone marrow transplants

may lead to relapse of the cancer by reinfusing tumor cells.

To eradicate the tumor cells, stem cell harvests are purged

with cytotoxic drugs, but these drugs also destroy up to

99% of stem cell population. Schneiderman’s cell cycle-

based purging technique employs 125IUdR to eliminate

tumor cells from bone marrow harvests, with little or no

damage to normal stem cells. This technique was tested on

bone marrow harvested from mice bearing RAW117

lymphoma cells. When untreated bone marrow from such

mice was injected into new recipient mice, 90% of the

recipient mice died, but when the bone marrow was treated

in vitro with 125IUdR, only 10% of the mice died. Equally

important, the 125I treatment regimen used to destroy the

contaminating tumor cells did not have any detectable

effect on the viability of normal stem cells. If similar

selectivity can be demonstrated in purging of cancers from

human bone marrow, this technique may have consider-

able promise for future clinical application.
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