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Abstract This presentation summarizes several of the ro-
dent and non-human studies that we have conducted to
help inform the efficacy and clinical utility of succimer
(meso-2,3-dimercaptosuccincinic acid) chelation treat-
ment. We address the following questions: (1) What is
the extent of body lead, and in particular brain lead reduc-
tion with chelation, and do reductions in blood lead accu-
rately reflect reductions in brain lead? (2) Can succimer
treatment alleviate the neurobehavioral impacts of lead
poisoning? And (3) does succimer treatment, in the ab-
sence of lead poisoning, produce neurobehavioral deficits?
Results from our studies in juvenile primates show that
succimer treatment is effective at accelerating the elimina-
tion of lead from the body, but chelation was only margin-
ally better than the complete cessation of lead exposure
alone. Studies in lead-exposed adult primates treated with a
single 19-day course of succimer showed that chelation did
not measurably reduce brain lead levels compared to
vehicle-treated controls. A follow-up study in rodents that
underwent one or two 21-day courses of succimer treat-
ment showed that chelation significantly reduced brain
lead levels, and that two courses of succimer were

significantly more efficacious at reducing brain lead levels
than one. In both the primate and rodent studies, reductions
in blood lead levels were a relatively poor predictor of
reductions in brain lead levels. Our studies in rodents
demonstrated that it is possible for succimer chelation
therapy to alleviate certain types of lead-induced
behavioral/cognitive dysfunction, suggesting that if a
succimer treatment protocol that produced a substantial
reduction of brain lead levels could be identified for
humans, a functional benefit might be derived. Finally,
we also found that succimer treatment produced lasting
adverse neurobehavioral effects when administered to
non-lead-exposed rodents, highlighting the potential risks
of administering succimer or other metal-chelating agents
to children who do not have elevated tissue lead levels. It is
of significant concern that this type of therapy has been
advocated for treating autism.

Keywords Succimer chelation treatment . Neurobehavioral
deficits . Lead poisoning . Brain lead . Autism

Introduction

This paper summarizes some of the animal studies completed
in our laboratory over the past decade or so that help inform
the efficacy and clinical utility of chelation treatment as com-
monly practiced. As a brief overview of its mechanistic basis,
chelation treatment can be simply described as the process of
the chelate ligand forming a selective and stable coordination
complex with the metal of interest, yielding a complex that is
more readily excreted in urine or feces than the metal alone (or
the metal complexed with other inherent biological ligands).
The efficiency of forming the metal–chelate complex can be
described in the simplest terms as the ratio of the chelate
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versus the unbound metal (depicted as E in Eq. 1), and can be
expressed as a stability constant (β ) as depicted in Eq. 2:

E ¼ ML½ �
M½ � ð1Þ

β ¼ MLi½ �
M½ � þ Li½ � ð2Þ

Such a relationship can even incorporate the concentrations
or ‘activities’ of other endogenous elements in the body that
may influence formation of the metal–chelate complex, such
as shown here with calcium (Eq. 3):

E ¼ βML

βCaL
� Li½ �

Ca2þ
� � ð3Þ

In reality, of course, these simple expressions do not tell us
all that we need to know about how a chelating agent may be
acting within the body. For example, it does not tell us about
the presence and effect of competing ligands or other metals
within the body, the kinetics of metal exchange with the
ligand, the extent to which the chelating agent (i.e., the drug)
may be metabolized and transported throughout the body, or
how the chelating agent may be compartmentalized within the
body.

We also know that in vitro studies may not provide suffi-
ciently predictive information about how these important pro-
cesses occur in vivo. As a result, animal or clinically based
studies are needed. Given this, the objective of this presenta-
tion is to address important questions on chelation efficacy,
using research animal model-based investigations that we
have conducted with succimer over the past decade or so.

As background, it is important to first recognize that there
has been quite a bit of research over the past several decades
by Drs. Graziano, Aposhian, Dart, Maiorino, and colleagues,
among others, that has provided the foundation for much of
what we now understand about chelation treatment with
succimer and other chelating agents [1–10]. Those studies
characterized the metabolism of succimer (meso-2,3-
dimercaptosuccinic acid, or DMSA) in human subjects after
it first started gaining attention as a lead-chelating agent. They
determined that following a therapeutic dose essentially all the
DMSA in the human body is excreted as mixed disulfide
compounds, with a majority of the compound within the
circulation being mixed disulfides with plasma proteins, pri-
marily albumin. The majority of the excretable DMSA in
urine also appears as mixed disulfide compounds [7, 8].
Studies also showed that DMSA undergoes enterohepatic
circulation [10]. Notably, it was shown that only a relatively
small amount of the DMSA administered to humans is excret-
ed within the first 2 to 4 h following dosing, while a substan-
tial amount of it is still retained in the body after that period of
time. Studies also provided some evidence that a patient’s lead

poisoning status may alter how s/he metabolizes DMSA, with
reduced renal clearance of DMSA and the DMSA-lead chelate
in more severely lead-poisoned subjects [9, 10].

With this background, we would like to specifically focus
the remainder of the presentation on the following questions:

1. What is the extent of body lead reduction with chelation,
and specifically is brain lead reduced with chelation, and
do reductions in blood lead accurately reflect reductions
in brain lead?

2. Can succimer treatment alleviate the neurobehavioral im-
pacts of lead poisoning?

3. Does succimer treatment, in the absence of lead poisoning,
produce negative effects on neurobehavioral measures?

What is the extent of body lead reduction and elimination
with succimer chelation versus the cessation of lead
exposure alone?

To address the first series of questions we will present results
from a non-human primate study conducted several years ago
[11]. This study utilized a 2×3 factorial design with two levels
of succimer treatment (presence or absence) and three levels
of lead exposure (no lead, daily lead exposure over the first
year of life, lead exposure over the first 2 years of life). The
animals were dosed orally with lead to achieve a target blood
lead level of ∼40 to 45 mcg/dL. Animals were treated with a
full chelation regimen (or vehicle) starting at 1 year of age
(∼53 weeks) and again at age ∼65 weeks. The chelation
regimen was comparable to that used clinically in lead-
poisoned children; 30 mg succimer/kg/day divided into three
daily doses for 5 days followed by a maintenance dose of
20 mg/kg/day divided into two daily doses for 2 weeks.

In addition, we utilized a stable lead isotope tracer
methodology, in which animals were administered small
amounts of stable 204Pb and/or 206Pb tracer prior to the
start of chelation, in order to more precisely evaluate the
movement and elimination of lead from the body with
chelation. Animals were assessed with a battery of neuro-
behavioral tests spanning several years of testing. The
general study design showing the timing and duration of
lead exposure, chelation treatment, and neurobehavioral
testing is shown in Fig. 1.

In Fig. 2 we show the blood lead profiles of animals
administered oral lead for the first year of life. We want to
point out that over the peri-weaning period blood lead levels
dropped dramatically due to dietary changes (i.e., breast milk
to solid food), similar to that which occurs in human infants.
With this drop in blood lead levels, animals were administered
higher doses of lead to bring their blood lead levels back to the
target level of ∼40 to 45 mcg/dL. At 1 year of age, animals
underwent their first chelation regimen—lead exposure
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ceased during chelation. After the first chelation regimen,
animals remained off lead exposure (1 year lead-exposed
groups) or were put back on lead exposure (2 years lead
exposure groups) for their second year of life. A second
chelation regimen was administered at age 65 weeks (Fig. 2).

Figure 3 shows the relative reduction in blood lead levels
over the first course of chelation, with blood lead levels
normalized to the starting (chelation day 0) blood leads of
∼43 to 50 mcg/dL in the two treatment groups. The data
clearly demonstrate a reduction in blood lead levels with
chelation, though notably the reduction is most dramatic over
the first several days of treatment.

It should be noted that while there is a dramatic drop in
blood lead levels in the succimer-treated group with treatment,
there is also a dramatic drop in the placebo-vehicle group,
reflecting the efficacy of the cessation of lead exposure alone.
However, when one looks at the integrated blood lead level
over the treatment period, which is the area under the curve
shown in Fig. 3, there is an overall substantial and significant
reduction in blood lead in the succimer versus vehicle group,
as expected. It is noteworthy, however, that there is a

substantial rebound in blood lead levels in the succimer-
treated group at the cessation of treatment, such that if one
assessed chelation efficacy a few days after treatment ended,
the data would indicate no measurable difference between the
succimer and vehicle groups (Fig. 3). This raises the issue that
assessment of chelation efficacy based on blood lead reduc-
tion may depend in part on when exactly blood lead levels are
evaluated relative to chelation.

The urinary and fecal elimination of lead was also evalu-
ated with complete daily urine and feces collections from
monkeys placed in metabolic cages over the first 5 days of
succimer treatment. Results show a dramatic increase in the
daily urinary lead elimination with succimer treatment as
expected, though notably there is a dramatic reduction in lead
diuresis over the first 5 days of treatment, even though animals
continued to receive the same daily dose of succimer over that
period (Fig. 4). Moreover, by the end of the 19-day treatment
period, there was no measurable difference in the urinary lead
elimination between succimer- versus vehicle-treated groups.
This indicates that the majority of lead diuresis occurred
within the first 5 days of treatment, with little additional

Fig. 1 Study design and timing of testing in the primate lead chelation study (Smith et al. [11]). [Reprinted from Toxicology and Applied Pharmacology
with permission from Elsevier]

Fig. 2 Blood lead levels in the
four groups of non-human
primates receiving oral lead
exposure for either the first 1 or
2 years of life. Each lead exposure
group was divided into succimer
or vehicle placebo groups, as
indicated (n =10–12/group). Inset
panel shows expanded timeline
over the first chelation regimen.
(Smith et al. [11]). [Reprinted
from Toxicology and Applied
Pharmacology with permission
from Elsevier]

328 J. Med. Toxicol. (2013) 9:326–338



urinary lead elimination after that. Overall, however, measures
of the cumulative 5-day total urinary lead elimination show
that there was a significant increase in lead diuresis with
succimer treatment (Fig. 4, inset).

Interestingly, however, when one assesses the inter-animal
differences in the urinary elimination of lead with succimer
treatment, it is evident that there were substantial differences
between animals in how they responded to chelation (Fig. 5).
Based on differences in lead diuresis, some animals may be
characterized as ‘hyper’ responders to chelation, while others
may be ‘hypo’ responders. The underlying reason(s) for these
inter-animal differences are not known, but may reflect
genetic/metabolic differences, since animals were adminis-
tered the same body-weight-normalized regimen of succimer,
and they started chelation treatment with approximately the
same blood lead level and lead exposure history.

We also evaluated fecal lead elimination with chelation,
using complete 24-h fecal samples collected over the first
5 days of treatment [12]. These data are summarized in
Fig. 6 along with the urinary lead elimination data. Together
these data show that the vast majority of body lead elimination
with succimer chelation occurs via urine, with comparatively
little eliminated via the fecal route. As noted earlier, we also
administered several different stable lead isotope tracers to
these monkeys prior to starting chelation, with stable 204Pb
tracer administered via i.v. injection and stable 206Pb tracer
administered orally. Use of these isotope tracers allowed us to
more accurately evaluate elimination of endogenous lead via
urinary versus fecal routes, as well as the GI absorption and
subsequent elimination of lead present in the GI tract during
chelation. Results from these studies substantiate the predom-
inance of urinary lead elimination with succimer treatment,
with urinary lead elimination increasing for both the i.v.
administered lead tracer (204Pb) and the orally administered

Fig. 3 Mean ± SE blood total lead levels (as % of day 0 pretreatment
values) in succimer and placebo-vehicle-treated 1-year lead-exposed
monkeys over the course of the first chelation treatment (days 0–20)
and beyond. Placebo and succimer group n =21–23/group for days 24
to 20, and n =11/group for days 24 to 60. (Inset ) The mean ± SE
integrated area under the curve (AUC; days 0 to 20) for the placebo
vehicle and succimer groups. ***Statistically different (p <0.001) from
placebo group (comparisons performed only on treatment day 20 and on
AUC data). For reference, blood lead levels on day 0were 43 and 50mcg/
dL for the placebo and succimer groups, respectively (p=0.08). Data
from Smith et al. [11]. [Reprinted from Toxicology and Applied Pharma-
cology with permission from Elsevier]

Fig. 4 a , b Mean ± SE urinary excretion of total lead over the first
chelation treatment regimen in 1-year lead-exposed monkeys. Left panel
shows daily 24-h total urinary lead elimination, while inset panel shows
mean 5-day cumulative total lead in placebo-vehicle- and succimer-
treated groups. Placebo and succimer group n =24/group over days 0 to
5, and n =8/group for days 10 and 20. ***Statistically different (p <
0.001) from placebo group (comparisons performed only on data in b).
Data from Smith et al. [11]. [Reprinted from Toxicology and Applied
Pharmacology with permission from Elsevier]

Fig. 5 Five-day cumulative urinary total lead excretion by individual
succimer- and placebo-treated 1-year lead-exposedmonkeys over the first
chelation regimen. Each bar represents an individual animal. Symbols
above the bar in the succimer group, when present, identify apparent
hyper (@) or hypo (#) responders to succimer treatment. Data from Smith
et al. [11]. [Reprinted from Toxicology and Applied Pharmacology with
permission from Elsevier]
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tracer (206Pb)—the latter reflecting elimination of oral 206Pb
tracer absorbed into the body and subsequently eliminated.
Notably, however, the i.v. 204Pb tracer data revealed that the
increase in urinary lead elimination with succimer treatment
came somewhat at the expense of a decrease in fecal lead
elimination, evidenced by a significant reduction in fecal lead
elimination with succimer treatment compared to placebo-
vehicle (Fig. 6c).

With the stable lead isotope tracer approach we were also
able to evaluate the whole body elimination vs. retention of
lead with chelation by assessing the total amount of orally
administered 206Pb and i.v. administered 204Pb tracer that was
recovered over the first 5 days of succimer treatment. Interest-
ingly, both with orally and i.v. administered lead the amount of
tracer recovered in feces and urine was proportionally small
relative to the amount of the administered tracer dose (Fig. 7).
The fact that animals retained a substantial amount of the
administered lead tracers versus what was eliminated with
succimer treatment over the 5-day period was surprising.

Overall, these data show that succimer treatment certainly
facilitates the elimination of lead from the body, primarily via
a urinary pathway. However, the substantial amounts of orally
or i.v. administered lead tracer that were retained in the body
in both vehicle- and succimer-treated groups after 5 days of
treatment indicates that the vast majority of body lead from
recent exposures is not affected by succimer chelation.

Is brain lead reduced with chelation, and do reductions
in blood lead accurately reflect reductions in brain lead?

There is substantial interest in determining the extent to which
succimer treatment reduces brain lead levels because the brain

is a major target of lead poisoning. If one assumes that the
brain tissue lead level is reflective of the potential toxicity to
that tissue, then understanding how effectively chelation re-
duces brain lead levels might help us understand the extent to
which treatment can alleviate toxicity in the central nervous
system.

To address this question, we have conducted studies in
rodents and adult primates. We will present results from the
primate study first [13]. The study design allowed for five to
six animals each per control and succimer treatment group.
Animals were treated orally with lead for approximately
5 weeks, and then lead exposure ceased and 5 days later,
treatment with succimer or placebo was initiated. As in the
juvenile primate study presented above, we administered a
stable 204Pb isotope tracer I.V. several days before succimer
treatment began. The study utilized a prospective design to
best investigate changes in brain lead levels with treatment;
for this, a prefrontal cortex biopsy was collected from all
animals after the cessation of lead exposure and the adminis-
tration of the 204Pb tracer, but before succimer treatment began
so we could evaluate, within an animal, the efficacy of
succimer treatment to reduce brain lead levels. At the end of
succimer treatment, the animals were sacrificed and full brain
dissections were performed for analyses. The first set of
results show for a representative animal the oral lead dose that
was given and the animal’s resulting blood lead levels
throughout the study, including before and after succimer
treatment (Fig. 8).

The blood lead profile over the course of succimer treat-
ment was similar to the results presented above from the

Fig. 6 Left panel a—effect of oral succimer on urinary and fecal
excretion of total lead (inherent lead + stable lead isotope tracers). Right
panel b—total urinary and fecal excretion of orally administered 206Pb
tracer over the first 5 days of succimer treatment; right panel c—total
urinary and fecal excretion of i.v. administered 204Pb tracer over the first
5 days of treatment. Bars are mean ± SE for the vehicle (n =7) and
succimer (n =8–9) groups. *Significantly different from placebo-vehicle
control (p <0.05). Data from Cremin et al. [12]. [Reproduced with per-
mission from Environmental Health Perspectives]

Fig. 7 Effects of oral succimer on the retention of orally administered
lead absorbed across the gastrointestinal tract (oral 206Pb tracer) and i.v.
administered lead (i.v. 204Pb tracer) expressed as a percentage of the
administered (204Pb tracer) or calculated (206Pb tracer) internal dose.
The internal dose is the amount of the endogenous 204Pb tracer injected
i.v. or the amount of the oral 206Pb tracer absorbed from the GI tract. The
sum of the lead tracer retained over the first 5 days of succimer treatment
is expressed as a percentage of the internal dose, which equals the amount
of oral 206Pb tracer absorbed or the amount of 204Pb tracer that was
injected. The bars represent mean ± SE for the vehicle (n =7) and
succimer (n =9) groups. *Succimer group differs from the vehicle group
according to an ANOVA (p <0.05). Data from Cremin et al. [12].
[Reproduced with permission from Environmental Health Perspectives]
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juvenile monkeys; i.e., as expected, blood lead levels declined
more rapidly in succimer-treated animals than the placebo
animals (Fig. 9), such that the total integrated area under that
blood lead level curve was significantly lower for the succimer
group. But when comparing blood lead levels at the end of
succimer treatment on day 19 the blood lead levels in the

succimer- and vehicle-treated groups were similar and not
statistically different from one another, as with the juvenile
primate study presented above. In this case, this is attributed to
the reduction of blood lead levels in the vehicle group, which
was also somewhat rapid, reflecting the efficacy of simply
ending lead exposure.

To best evaluate the extent that succimer treatment re-
duced brain lead levels, we normalized lead levels in vari-
ous brain regions within each animal to the brain lead levels
in each animal’s prefrontal cortex biopsy collected prior to
starting succimer treatment. These data clearly show that
there is no measurable reduction in brain lead levels as a
result of the 19-day succimer treatment regimen, compared
to the vehicle treatment (Fig. 10). Notably, there was a
significant reduction in brain lead levels in all animals over
the 19-day treatment period, as shown in the comparison of
prefrontal cortex lead levels in the pre-treatment biopsy
versus the post-treatment sample. There were also signifi-
cant differences in lead levels across brain regions, consis-
tent with results from prior studies. However, there were no
differences in lead levels between the vehicle- and the
placebo-treated groups, indicating that 19 days of succimer
treatment was no more efficacious at reducing brain lead
levels than the cessation of lead exposure alone.

Fig. 9 Lead concentrations in blood of the vehicle- (filled circle , n =4–5)
and succimer- (open diamond , n=5–6) treated groups over the succimer
treatment period. The values presented are the means ± SE of blood lead
concentrations. Statistical analyses were conducted on data adjusted to
starting (day 0) blood lead levels for each animal, in order to control for
variation in the initial blood lead concentrations among animals. Com-
parisons of mean blood lead values: means with different superscript
letters (e.g., a , b , and c) are statistically significantly different from one
another. Data from Cremin et al. [13]. [Reprinted from Toxicology and
Applied Pharmacology with permission from Elsevier]

Fig. 10 Lead levels in brain prefrontal cortex (PFC, pre- and post-
treatment), frontal lobe, hippocampus, and striatum of the vehicle- (solid
bars, n=5) and succimer- (hatched bars , n=6) treated groups (lead levels
expressed as a percentage of the pretreatment PFC level within each
animal). Values are means (±SE). Mean values of lead concentrations in
the pretreatment PFC biopsy for the vehicle- and succimer-treated groups
were 1,980 and 1,410 ng/g dry wt., respectively. Symbols below the x-axis
indicate: *=pre- and post-treatment mean values were significantly dif-
ferent; a , b , and c comparisons of post-treatment brain regions. Means
with different letters were significantly different from one another. Data
from Cremin et al. [13]. [Reprinted from Toxicology and Applied Phar-
macology with permission from Elsevier]

Fig. 8 Example of the oral lead doses (triangles , mg Pb/kg bodywt.) and
resultant blood lead levels over the lead exposure (filled circles) and
chelation treatment (open diamonds) periods in a representative monkey
from the succimer treatment group. The treatment schedule is indicated
below the x-axis. Data from Cremin et al. [12]. [Reprinted from Toxicol-
ogy and Applied Pharmacology with permission from Elsevier]
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Notably, results from the 204Pb tracer component of the
study, which more specifically reflect elimination of lead
exposure given a day or two prior to starting chelation treat-
ment, show the same outcome as total lead levels. That is,
there were significant reductions in brain 204Pb levels over
the19-day treatment period, as well as significant differences
in brain 204Pb levels across brain regions (Fig. 11). But, there
was no difference between the vehicle- and succimer-treated
groups in brain 204Pb levels across any brain region. One
noteworthy caveat to this interpretation is shown in the post-
treatment prefrontal cortex brain region data from the vehicle
and succimer groups blocked out in red in Fig. 11; those data
suggest there was an increase in 204Pb tracer in the prefrontal
cortex of the vehicle group over the 19-day treatment period,
which most likely reflects the continued uptake (i.e., enrich-
ment) of the 204Pb tracer into this brain region of the vehicle-
treated animals over that period.

We then conducted a rodent study to follow up the adult
primate study to evaluate the efficacy of repeated chelation
regimens to reduce blood and brain lead levels [14]. The
rodent study utilized a 3×3 factorial design, with three levels
of lead exposure (none, low, or high) and three levels of

succimer treatment (none, one, or two succimer regimens).
Animals were exposed to lead orally from the first day of life
until postnatal day 40, followed by either one regimen of
succimer chelation (PND 40–61) or two regimens, with the
second regimen from PND 68 to 89. In each of these succimer
regimens, the daily oral succimer dose over treatment days 1–
7 was 50 mg/kg/day, followed by 25 mg/kg/day over treat-
ment days 8–21, divided into two oral doses per day.

The results show that there were significant reductions in
both blood and brain lead levels with succimer treatment,
compared to vehicle, in this rodent model (Fig. 12). Specifi-
cally, blood and brain lead levels in animals treated with
vehicle, one cycle of succimer or two cycles of succimer,
and then evaluated either 1 day or 4 weeks after the second
regimen ended show that two successive chelation regimens
are significantly more efficacious at reducing brain lead levels
than a single regimen. By comparison, the additional benefit
of two versus one chelation regimen for reducing blood lead
levels was not nearly as striking (Fig. 12).

Overall, these non-human primate and rodent study
results indicate that blood lead levels may not accurately
reflect changes in brain lead with chelation, and that re-
ductions in brain lead levels lag significantly behind re-
ductions in blood lead levels. They also indicate that brain
lead levels may not be readily reduced with succimer
chelation treatment when compared to the cessation of lead
exposure alone, unless a sufficiently prolonged or aggres-
sive chelation regimen(s) is used.

Fig. 11 Relative enrichment of 204Pb tracer levels in brain prefrontal
cortex (PFC, pre- and post-treatment), frontal lobe (FL), hippocampus
(H), and striatum (S) of the vehicle- (solid bars , n =4) and
succimer-(hatched bars, n =6) treated groups (204Pb tracer relative en-
richment levels expressed as a percentage of the pretreatment PFC level
within each animal). Values are means (±SE). Mean (relative enrichment
levels are expressed as a percentage of the pretreatment PFC level within
each animal. Mean relative enrichment values of the pretreatment PFC
were 0.291 and 0.317 % for the vehicle- and succimer-treated groups,
respectively. Symbols below the x-axis indicate: NS pre- and post-treat-
ment mean values were not significantly different; a , b comparisons of
post-treatment brain regions; means with different letters were signifi-
cantly different from one another. # trend (p <0.10) towards a significant
difference between the vehicle and succimer groups. Data from Cremin
et al. [13]. [Reprinted from Toxicology and Applied Pharmacology with
permission from Elsevier]

Fig. 12 Relative benefit of none, one, or two succimer chelation regi-
mens for reducing blood and brain lead levels in rats. Data highlight the
additional benefit of a second regimen of succimer treatment (vs. one
regimen and vehicle treatments) in reducing blood and brain lead levels in
rats, as a function of time since the second regimen ended. Data from
Stangle et al. [14]. [Reproduced with permission from Environmental
Health Perspectives]
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Can succimer treatment alleviate the neurobehavioral
impacts of lead poisoning?

The question of whether succimer chelation has the potential
to alleviate the neurobehavioral impacts of lead poisoning is
of tremendous public health interest, since deficits in IQ and
cognitive function are among the most sensitive and well-
described effects of lead exposure in children [15–17]. There
have been a limited number of published studies in animal
models, as well as the pediatric double-blinded clinical study
[18, 19] that have addressed this issue.

We present results from our published rodent studies to
address this question [20, 21]. This study used a 3×2 factorial
design with three levels of lead exposure (no lead, low lead,
and high lead), crossed with two levels of succimer treatment
(no succimer, i.e., the apple juice vehicle, or one 3-week
succimer regimen; Fig. 13). The animals were lead exposed
from birth until postnatal day 30 (pre-weaning exposure was
via the lactating dam, post-weaning was via drinking water),
followed by chelation, and then behavioral testing.

An extensive battery of behavioral tests, requiring approx-
imately 8 months to complete, was administered. The tasks,
which tapped a broad range of cognitive and affective func-
tions, were similar in design and concept to tasks used with
human subjects, to facilitate extrapolating the results to the
target human population. We will focus mainly on a subset of
the findings, specifically, the results from a series of visual
discrimination and attention tasks.

Table 1 shows the blood lead levels of these rats immedi-
ately after the 3-week course of succimer chelation. The blood
lead levels are quite low, within the range expected in current
clinical studies of humans that are treated for lead exposure.

Behavioral testing was conducted in 12 automated Plexi-
glas chambers, each operated by a personal computer. Briefly,
each chamber consisted of a waiting area, and a small testing

alcove recessed into one wall. The alcove was separated from
the waiting area by a metal guillotine-type door. Each of the
three walls of the alcove contained a funnel-shaped response
port. A light-emitting diode (LED) was mounted above each
port; the illumination of one of these LEDs served as the
discriminative cue in all of the tasks described here. Each trial
began with the opening of the alcove door. Immediately after
the animal broke the infrared beam at the alcove entrance, one
of the three LEDs was illuminated. The LED remained illu-
minated until the animal made a 1-s nose-poke into one of the
three ports or 60 s elapsed, whichever came first. A 1-s nose-
poke into the port under the illuminated LED constituted the
correct response and was rewarded with delivery of a 45-mg
food pellet into the alcove.

During the initial visual discrimination, the light was illu-
minated immediately at trial onset, and the animals learned
that a nose-poke into the port under the illuminated LED is
rewarded. In the first attention task (attention task 1), we
imposed a variable delay between trial onset and cue

Fig. 13 Study design and timing
of testing in the rodent succimer
chelation study (Stangle et al.
[20]; Beaudin et al. [21])
[Stangle reproduced with
permission from Environmental
Health Perspectives; Beaudin
reprinted from Neurotoxicology
and Teratology with permission
from Elsevier]

Table 1 Mean ± SE blood and brain lead levels in rodents following
succimer chelation treatment

Group Blood Pb (mcg/dL) Brain Pb (ng/g dw)a

Control 1.5±0.1 41±9

Mod-Pb 12.6±0.8* 1,040±49*

High-Pb 31.0±0.8** 3,690±260**

Mod-Pb–succimer 2.8±0.2# 196±14.2#

High-Pb–succimer 8.5±0.7## 1,370±150##

Data from Stangle et al. [20]. [Reproduced with permission from Envi-
ronmental Health Perspectives.] n =7–11 animals per group

*p <0.005; **p <0.0001, Pb-exposed (non-chelated) groups vs. control;
# p<0.003 for both blood and brain, Mod-Pb–succimer vs. Mod-Pb;
## p <0.0001 for both blood and brain, high-Pb–succimer vs. high-Pb
a ng Pb/g dry tissue
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presentation as well as reduced the duration of cue illumina-
tion. These changes increase the demands on inhibitory con-
trol and attention. In addition the animals must learn that the
cue will be presented after a delay on some trials, thus tapping
associative ability as well.

The animals generally receive 150 to 200 trials in each
daily testing session, in tasks that are administered for approx-
imately 10 to 20 sessions each. Thus, in each of these tasks,
we collect a wealth of information about how these animals

learn these tasks, and how they perform as a function of
manipulating the duration of the pre-cue delay and the dura-
tion of cue illumination. We also can assess performance as a
function of the outcome of the previous trial (correct or
incorrect), which provides very useful information concerning
how the animals respond to making mistakes. This has proven
very important in the area of lead toxicity, as we will discuss.
In general, this approach enables us to assess many different
cognitive and affective functions.

Before detailing specific task results, it may be useful to
summarize the overall pattern of effects seen in this study.
First, a short period of lead exposure during early develop-
ment produced lasting cognitive and affective dysfunction.
Second, the 3-week course of succimer chelation produced a
significant benefit for the lead-exposed animals, although the
degree of benefit varied as a function of both the intensity of
the lead exposure and the specific area of dysfunction. These
results are summarized in Table 2. Finally, this same 3-week
course of succimer treatment, when administered to animals
that were not exposed to lead, produced lasting cognitive and
affective dysfunction that was as pervasive and large in mag-
nitude as the dysfunction produced by the higher lead expo-
sure regimen.

Let us start with the animals in the lower lead exposure
group (referred to as the Mod-Pb group in these figures). The
impairment seen in these animals was very specific, limited to
learning ability. Figure 14 depicts the rate at which errors
decreased across the first six sessions in the initial discrimi-
nation task (panel a), and the rate at which premature re-
sponses declined during the first attention task (panel b), as
the rats learned to inhibit responses until presentation of the
light cue. As seen in these two panels, the rats who received

Table 2 Summary of the specific functional domains affected by each of
the two lead exposure regimens and the efficacy of succimer chelation in
alleviating the dysfunction

Domain of function Mod Pb High Pb

Pb
effect?

Succ.
benefit?

Pb
effect?

Succ.
benefit?

Impaired learning ability Yes Yes Yes No

Impaired regulation of arousal
and/or negative emotion

No NA Yes Yes

Greater disruption following
an error

Attentional dysfunction

Sustained attention /error
reactivity

No NA Yes Yes

Lapses in attention No NA Yes Intermediate

Impaired inhibitory control No NA Yes No

Impulsivity

Data from Stangle et al. [20]. [Reproduced with permission from Envi-
ronmental Health Perspectives]

Pb effect? denotes whether a statistically significant effect of lead was
detected, Succ. benefit? indicates whether succimer was efficacious at
alleviating the lead induced dysfunction, NA not applicable

Fig. 14 Succimer treatment
significantly improved learning
ability of the Mod-Pb rats.
a Visual discrimination task
(Mod-Pb–succimer vs. Mod-Pb;
main effect contrast, p =0.03).
b Attention task 1. Data points are
means ± SEs. *p =0.056; **p ≤
0.03; #p <0.01, Mod-Pb vs.
control. ##p =0.03; †p =0.006,
Mod-Pb–succimer vs. Mod-Pb.
Data from Stangle et al. [14].
[Reproduced with permission
from Environmental Health
Perspectives]
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this lower exposure level without subsequent chelation
learned both tasks significantly more slowly than the controls.
These figures also illustrate that the rats given this same 30-
day lead exposure regime but followed by succimer chelation
performed like the controls. So succimer totally alleviated the
learning deficit in these animals.

The results were a bit more complicated for the rats who
received the higher lead exposure regimen (referred to as the
high-Pb group in the tables and figures). These animals expe-
rienced a greater range of cognitive and affective dysfunction
than those exposed to the lower lead exposure regimen, and
the degree to which succimer was effective for these animals
varied across these different functional domains, as summa-
rized in Table 2. For example, the impaired learning of the
high-Pb animals was in general not alleviated by succimer
treatment; the high-Pb animals treated with succimer learned
more slowly than the controls in the visual discrimination task
and the attention task 1, and did not differ from their high-Pb-
treated counterparts who had not been chelated. This pattern is
depicted in Fig. 15, which illustrates the rate at which the
animals learned to inhibit premature response in the first
attention task that included long pre-cue delays on some trials.
As seen in this figure, the high-Pb rats learned to wait for the
cue more slowly than controls, and succimer chelation was
only somewhat effective in normalizing learning rate (i.e., the
succimer-chelated animals were not significantly different
from controls or the high-Pb placebo-treated animals).

In contrast, for some other areas of dysfunction in the high-
Pb animals, succimer chelation was completely effective; one
example was the aberrant reaction of the high-Pb rats to
committing an error on the prior trial. In these tasks, there
was evidence that committing an error on the prior trial was
disruptive—to all groups of animals, including the controls.
Specifically, the percentage of all types of errors was signifi-
cantly higher on trials that followed an error than on trials that

followed a correct response. Similarly, the latency to enter the
testing alcove and the latency to respond following cue pre-
sentation were both longer on trials that followed an error than
on trials that followed a correct response. Notably, the perfor-
mance of the high-Pb animals was significantly more
disrupted by a prior error than that of the controls, suggesting
an impaired ability to regulate the negative emotions produced
by committing an error and/or not receiving an expected
reward. This area of dysfunction, however, was totally allevi-
ated by succimer treatment, as seen in Fig. 16.

This figure depicts the percentage of omission errors com-
mitted across the three blocks of trials in each daily session of
the sustained attention task (attention task 2), for trials that
either followed a correct response trial (left panel) or trials that
followed an error trial (right panel). In this task, the pre-cue
delay was quite long on some trials to intensify demands on
attention. There are several interesting aspects of the findings
from this task. First, the percentage of omission errors goes up
towards the end of each testing session, reflecting the waning
of sustained attention across these long sessions. Second, the
incidence of omission errors is much higher on trials that
follow an error than on trials that follow a correct response,
supporting the inference that committing an error on the prior
trial disrupts the ability of the animals to pay attention on the
next trial. Moreover, it is striking that the high-Pb-exposed
animals are impaired, relative to controls, only on trials that
follow an error. This pattern is very helpful for localizing the
nature of the deficit. The fact that the groups did not differ for
trials that followed a correct response demonstrates that they
understood the rules of the game, that they were as motivated
as controls, and that they did not differ from controls in the

Fig. 15 The impaired learning ability of the high-Pb rats was only
somewhat alleviated by succimer chelation. Data show percent premature
responses in attention task 1 as a function of the stage of testing (stages
divided into blocks of sessions). Superscripts above symbols indicate
level of significance for the contrasts between the high-Pb group and
controls, #p <0.07, *p <0.05. Data from Stangle et al. [14]. [Reproduced
with permission from Environmental Health Perspectives]

Fig. 16 Heightened reactivity to errors of the high-Pb rats was complete-
ly normalized by succimer treatment. Left panel shows percent omission
errors on the attention task 2 across session blocks for trials that followed
a correct response on the prior trial (left panel), and for trials that followed
an error on the prior trial (right panel). Note that no significant lead or
succimer effects were evident for trials follow a correct response (left
panel), but there was a significant lead effect on trials following an error
on the prior trial, and succimer alleviated this effect (right panel). **p<
0.01, high-Pb vs. control. #p <0.01, high-Pb+succimer vs. high-Pb. Data
from Stangle et al. [20]. [Reproduced with permission from Environmen-
tal Health Perspectives]
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sensory or motor skills required for performance in this task.
The selective deficit seen for trials that followed an error
suggests that the non-chelated high-Pb animals were less able
than controls to regulate the emotional or affective reaction to
committing an error. Note too that the incidence of omission
errors for the chelated high-Pb group was indistinguishable
from the controls, indicating that succimer treatment totally
alleviated this area of dysfunction. We evaluated error reac-
tivity in several other tasks, and all corroborated this conclu-
sion. It was a very solid finding.

A comment may be warranted about why succimer
treatment was effective in alleviating certain areas of dys-
function but not others. One possibility is that it relates to
the sensitivity of particular functions to elevated brain lead
levels, coupled with the efficacy with which a 3-week
course of succimer chelation reduced brain lead. In this
study, the fact that the lower lead (Mod-Pb) animals expe-
rienced only learning dysfunction, whereas the high-Pb
animals experienced learning, attentional, and affective
dysfunction suggests that learning ability is sensitive to
even slightly elevated brain lead levels whereas these other
areas of functioning are not (or less so). One hypothesis is
that the 3-week course of succimer reduced brain lead
levels in the lower lead group to a level at which brain
dysfunction is not seen. In contrast, this same succimer
regimen reduced brain lead of the high-Pb group only to
the level seen in the Mod-Pb animals. It seems plausible
that a more prolonged succimer regimen or multiple regi-
mens would have further reduced brain lead in the high-Pb
group and consequently, their dysfunction. In sum, these
data demonstrate that under conditions in which succimer
significantly reduces brain lead levels, it is efficacious at
reducing cognitive or affective deficits produced by lead
exposure.

These findings from the rodent study are consistent with
previous animal studies but contrast with the results of the
Treatment of Lead-Exposed Children (TLC) study, the one
clinical trial in lead-exposed children that included cognitive
outcomes [18, 19]. We have given these contrasting results
quite a bit of thought and can propose several possible reasons
for the different outcomes. First, it is possible that the
succimer treatment protocol used in the TLC trial may not
have achieved a sufficient reduction in brain lead levels to
improve cognitive functioning. In the TLC study, succimer
treatment was discontinued when the blood lead levels of the
children reached 15 mcg/dL; in light of rodent and primate
studies showing that succimer-induced reductions in blood
lead greatly overestimate reductions in brain lead levels [19,
22], it is plausible that brain lead levels may not have been
sufficiently reduced with succimer (versus controls) in the
TLC subjects. This suggestion is consistent with the relatively
modest 4.5 mcg/dL difference in blood lead levels between
the succimer- and placebo-treated children in the TLC study

over the 6 months following treatment [18], which would be
expected to yield only a modest difference in the lead concen-
tration gradient between brain and blood, the likely mecha-
nism underlying succimer's ability to lower brain lead levels
[22]. Second, the disparate outcomes of the TLC trial and the
rodent study presented here may also reflect differences in the
nature of the cognitive tasks that were used. In particular, the
tasks used here (relative to those in the TLC trial) may have
provided more specific indices of the two functional domains
most improved by succimer in the present study: associative
learning ability and regulation of arousal and/or emotion
(indexed by reactivity to errors).

Does succimer treatment, in the absence of lead poisoning,
produce negative effects on neurobehavioral measures?

One other very interesting and important aspect of the findings
from this study [20] pertain to the effects of succimer chelation
in the animals that were not exposed to lead. We included this
group to gauge the safety of prolonged succimer regimens,
which might continue in some cases past the point at which
brain lead levels are elevated. Obviously in clinical practice,
the physician does not have information about brain lead
levels, and we know from our animal model studies that
reductions in blood lead levels may not accurately predict
reductions in brain lead. Also, succimer (and other chelating
agents) is at times used off label for the treatment of other
conditions, such as autism, when there is no indication of lead
poisoning.

Figure 17 shows the performance of the control and
succimer-treated groups, neither with a history of lead expo-
sure. Panel a depicts the slower learning of the succimer-
chelated animals (called the “succimer-only group”) in the
initial visual discrimination task. As seen in panel b, these
animals also performed more poorly than controls in the first
attention task, committing a higher percentage of inaccurate
responses throughout the 20 sessions on the task, indicative of
attentional dysfunction. Panel c illustrates the higher incidence
of omission errors of this group in the sustained attention task
particularly for trials with the longer cues, indicative of lapses
in attention; i.e., this group benefited less than controls by the
lengthening of the cue.

Finally, Fig. 18 depicts the performance of these two
groups in a selective attention task, in which an olfactory
distractor was presented on some trials. In this task, too, the
animals who received succimer in the absence of lead expo-
sure were impaired relative to controls (panels a and b), with
the largest impairment seen for trials that both included a
distractor and followed an error on the prior trail (panel b),
indicating both impaired selective attention and an impaired
ability to regulate the affective response to an error.
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Summary

In summary, several conclusions about succimer chelation can
be drawn from the presented animal studies:

1. The primate study showed that succimer treatment is
effective at accelerating the elimination of lead from the
body, but it was only marginally better than the complete
cessation of lead exposure alone, at least with respect to
the conditions of this study. This is particularly true if one
looks beyond the period after succimer treatment ended,
when often there was some rebound in blood lead levels
in the succimer group that diminished differences in blood
lead levels between the chelated and vehicle groups.

2. With respect to the question of whether brain lead levels
are reduced with succimer chelation, we think that the
answer is yes, but only if the succimer treatment regimen
is sufficiently aggressive. In the adult primate study, there
was no evidence of a reduction in brain lead with a single
19-day succimer treatment regimen. But in the rodent
studies, we found that succimer treatment significantly
reduced brain lead levels. In comparing these results it

should be considered that a 21-day treatment regimen in
rodents would extrapolate to a much longer treatment
regimen in a non-human primates or humans, based on
allometric scaling between rodents and primates.

3. It was clear in both the rodent and in the primate studies
that blood lead levels were a relatively poor surrogate of
brain lead levels, and that the reduction in blood lead
levels with treatment was a poor predictor of, and over-
estimated, reductions in brain lead levels in those animals.

4. The rodent study demonstrated that it is possible for
succimer chelation therapy to alleviate certain types of
lead-induced behavioral/cognitive dysfunction. This is an
important demonstration because lead-induced behavioral
dysfunction has generally been considered to be irrevers-
ible [15]. The present findings thus suggest that if a
succimer treatment protocol that produced a substantial
removal of lead from the brain could be identified for
humans, a functional benefit might be derived.

5. The finding that succimer produced lasting adverse effects
when administered to non-lead-exposed rats highlights
the potential risks of administering succimer or other
metal-chelating agents to children who do not have

Fig. 18 This figure depicts the percent inaccurate responses in the
selective attention task, as a function of whether or not a distractor was
presented on the current trial and whether the prior trial was correct (a) or
incorrect (b ). The rats treated with succimer in the absence of lead
exposure performed significantly worse than controls, with the largest

impairment seen for trials that both included a distractor and followed an
error. Data are means ± SEs. *p =0.02; **p <0.01, succimer-only vs.
controls. Data from Stangle et al. [20]. [Reproduced with permission from
Environmental Health Perspectives]

Fig. 17 Succimer treatment of the non-lead-exposed rats impaired per-
formance in a visual discrimination task (main effect contrast, p =0.04),
b attention task 1, and c the sustained attention task (treatment×cue

duration, p =0.004). Data points are means ± SEs. *p =0.07; **p<0.05,
succimer-only vs. controls. Data from Stangle et al. [20]. [Reproduced
with permission from Environmental Health Perspectives]
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elevated tissue lead levels. It is of significant concern that
this type of therapy is being widely advocated as safe and
effective for treating autism.
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