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ABSTRACT

Although extrinsic factors, such as nutritional status, and some intrinsic genetic factors may modify susceptibility to
developmental lead (Pb) poisoning, no studies have specifically examined the influence of genetic background on outcomes
from Pb exposure. In this study, we used gene microarray profiling to identify Pb-responsive genes in rats of different
genetic backgrounds, including inbred (Fischer 344 (F344)) and outbred (Long Evans (LE), Sprague Dawley (SD)) strains, to
investigate the role that genetic variation may play in influencing outcomes from developmental Pb exposure. Male and
female animals received either perinatal (gestation through lactation) or postnatal (birth through weaning) exposure to Pb
in food (0, 250, or 750 ppm). RNA was extracted from the hippocampus at day 55 and hybridized to Affymetrix Rat Gene 1.0
ST Arrays. There were significant strain-specific effects of Pb on the hippocampal transcriptome with 978 transcripts
differentially expressed in LE rats across all experimental groups, 269 transcripts differentially expressed in F344 rats, and
only 179 transcripts differentially expressed in SD rats. These results were not due to strain-related differences in brain
accumulation of Pb. Further, no genes were consistently differentially regulated in all experimental conditions. There was
no set of “Pb toxicity” genes that are a molecular signature for Pb neurotoxicity that transcended sex, exposure condition,
and strain. These results demonstrate the influence that strain and genetic background play in modifying the brain’s
response to developmental Pb exposure and may have relevance for better understanding the molecular underpinnings of

the lack of a neurobehavioral signature in childhood Pb poisoning.
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Despite major initiatives to reduce environmental sources of
lead (Pb) exposure in the United States, elevated blood Pb lev-
els in children persist as an important public health problem.
This is particularly true for lower socioeconomic status children
living in older housing stock containing deteriorating Pb paint
and those children living in areas near industries that currently
or previously produced or utilized Pb. Although children from
all social and economic levels can be affected by Pb poisoning,
children whose families are poor, live in old, poorly maintained
housing, and are members of minority groups are at the highest
risk of having harmful blood Pb levels (CDC, 1991). The current
consensus from data accumulated over the last decade is that
blood Pb levels at least as low as 5 pg/dl harm children in nu-
merous ways (ACCLPP, 2012; Wheeler and Brown, 2013) and this
new reference level has been adopted by the CDC as the level

at which to identify children who have been exposed to Pb and
who require case management (CDC, 2012).

A variety of intrinsic and extrinsic factors can modify an in-
dividual’s sensitivity to a toxicant. Extrinsic factors that may
modify susceptibility to Pb poisoning include conditions that en-
hance absorption of Pb such as anemia, low iron, calcium and
zinc levels, and poor diet or malnutrition (Levander, 1979; Ma-
haffey, 1995). Intrinsic variables that can modify sensitivity to
Pb (Cory-Slechta et al., 2000; Leggett, 1993) and that contribute
to children being especially sensitive to the effects of Pb in-
clude: immaturity of the gastrointestinal tract such that there
is a greater absorption of ingested Pb from the gastrointestinal
tract of children than of adults (i.e., 30-50% of ingested Pb is ab-
sorbed from the gastrointestinal tract in children vs. ~10-20%
in adults) (Rabinowitz et al., 1974, 1980; Ziegler et al., 1978); re-
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tention characteristics of Pb such that more of the Pb absorbed
by a child is retained in the body, compared with an adult, due
to differences in distribution and elimination in immature ver-
sus adult systems (Leggett, 1993); blood-brain barrier immatu-
rity, such that a greater proportion of systemically circulating Pb
gains access to the brain in children, due to enhanced penetra-
tion through an immature blood brain barrier, compared with
adults (Cory-Slechta et al., 2000; Leggett, 1993; Scheuplein et al.,
2002) (blood-brain disruption by Pb may also enhance the accu-
mulation of Pb in the brain (Finkelstein et al., 1998)); and, differ-
ential vulnerability of the developing nervous system to toxic ef-
fects of Pb due to high growth and metabolic demands as well as
the utilization of Pb in place of calcium in numerous growth and
maturation-related processes (Han et al., 2000; Leggett, 1993).

Genetic factors are other potential intrinsic influences that
may modulate the sensitivity to Pb. At least three genes have
been identified that can influence the accumulation and tox-
icokinetics of Pb in humans (Onalaja and Claudio, 2000). b-
Aminolevulinic acid dehydratase (ALAD-1 and ALAD-2) has been
implicated in susceptibility to Pb toxicity and genotype fre-
quencies vary by geography and race (Onalaja and Claudio,
2000). Variants of the vitamin D receptor gene (VDR), involved
in Ca?* absorption through the gut, has been suggested to play
a role in modifying Pb absorption (Schwartz et al., 2000a,b). The
hemochromatosis gene (HFE), coding for the HFE protein that
plays a role in regulation of iron uptake may influence the kinet-
ics of Pb accumulation. Polymorphisms in HFE have been sug-
gested to influence Pb toxicokinetics via iron metabolic path-
ways (Wright et al., 2004).

Genetic variations may influence the “sensitivity” to Pb in-
toxication in humans however, the possibility also exists that
there might be intrinsic genetic components in the population
that may influence the “outcomes” from developmental Pb ex-
posure. Such differences, if they exist, could in part underlie the
well-documented lack of a behavioral signature in children poi-
soned by Pb (i.e., different individuals with similar Pb exposures
express different behavioral and cognitive impairments). Indi-
vidual children with similar Pb exposures (determined by mea-
sure of ambient Pb in their environment and/or blood Pb levels)
can have very different profiles of neuropsychological impair-
ments (e.g., in areas of fine motor skills, language, attention, as-
pects of memory and learning, and executive functioning), even
when all subjects are tested on the same battery of tests (Lidsky
and Schneider, 2006). Although a number of factors could influ-
ence such diversity, part of this lack of behavioral signature in
response to Pb toxicity could lie in differences in the way each
child’s brain responds to Pb, based on each individual’s unique
genetic makeup. Although attention has been paid to the influ-
ence of factors such as environment, socioeconomic status, and
race on blood Pb levels (ex., Chung et al., 2001; Gellert et al., 1993)
and how genetic factors may affect the brain’s vulnerability to
the neurotoxic effects of Pb (Onalaja and Claudio, 2000; Stewart
et al., 2002), we are not aware of any studies that have specifi-
cally or systematically examined the influence of genetic back-
ground on outcomes from Pb exposure. In the present study, we
have used gene profiling and microarray technology to identify
Pb-responsive genes in rats of different genetic backgrounds, in-
cluding inbred (Fischer 344 (F344)) and outbred (Long Evans (LE),
Sprague Dawley (SD)) strains, to investigate the role that genetic
variation may play in influencing outcomes from developmental
Pb exposure.

MATERIALS AND METHODS

Animals. The use of animals was in compliance with National
Institutes of Health (NIH) guidelines for the care and use of lab-
oratory animals and the study was approved by the Institutional
Animal Care and Use Committee at Thomas Jefferson Univer-
sity. In the current study, 20 male and 20 female SD (Taconic)
and 20 male and 20 female F344 (Harlan) were used. We pre-
viously reported an in-depth analysis of the effects of Pb ex-
posure on the hippocampal transcriptome in LE rats (20 male
and 20 female), employing the same exposure paradigms as
used with the current cohorts and as described in this paper
(see below) (Schneider et al., 2012a). Data from the LE strain will
be reviewed in this paper for comparison with data obtained
from the two strains currently used. Two Pb exposure paradigms
were employed: perinatal exposure and postnatal exposure. For
perinatally exposed animals, dams were fed Pb-containing food
(RMH 1000 chow with or without added Pb acetate: 0, 250, or
750 ppm) for 2 weeks prior to breeding and remained on the
same diet through weaning. Litters were culled to equal num-
bers of pups to standardize litter size, with an aim of having
eight pups per litter. Equal numbers of males and females were
maintained wherever possible and were exposed to Pb from ges-
tation through lactation (i.e., to postnatal day 21). At weaning,
rats were housed three to a standard cage (940 cm?) and had ad
lib access to control chow (no added Pb) and water until post-
natal day 55. For animals with only postnatal exposure to Pb,
dams were fed control chow (no added Pb) during gestation and
were then fed Pb-containing food (RMH 1000 chow with or with-
outadded Pb acetate: 0, 250, or 750 ppm) beginning at parturition
and pups continued to receive the same exposure to Pb (0, 250, or
750 ppm) through their food until postnatal day 55. All animals
were exposed to a 12 h:12 h light:dark cycle for the duration of
the experiment and all animals were housed and handled in ex-
actly the same manner during the study. Animals from different
groups were euthanized at postnatal day 55 at the same time of
day by decapitation and hippocampi were rapidly removed, flash
frozen on dry ice and stored at —80°C until processed. No more
than one male and one female from any litter were included in
any experimental group.

Blood and brain samples were collected at the time of eu-
thanasia and analyzed for Pb levels by graphite furnace atomic
absorption with Zeeman background correction (ESA Labs, MA
for blood Pb levels; University of Rochester School of Medicine
for brain Pb levels). Brain Pb levels were obtained from cerebel-
lum, a brain region known to be sensitive to Pb toxicity (Finkel-
stein et al., 1998; Lidsky and Schneider, 2003) and not used for
any other analyses in this study. Differences in blood and brain
Pb levels were analyzed within sex by two-way ANOVA, followed
by post hoc analysis using Tukey’s multiple comparison test.

RNA extraction and processing. Total RNA was extracted from the
hippocampus using the Qiagen RNeasy Kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA). Briefly, samples
were homogenized and processed through spin columns us-
ing a QiaCube automated sample handling system (Qiagen).
Quantity/quality and purity of RNA was assessed using a GE
Nanovue spectrophotometer and an Agilent 2100 Bioanalyzer
prior to further processing. Acceptance criteria for RNA extrac-
tion was a 260 nm/280 nm ratio of 2.0 by UV analysis and a
RNA integrity number of >8.5 on the Bioanalyzer. RNA was am-
plified using the Affymetrix (Santa Clara, CA) HT one-cycle tar-
get labeling kit using 1 pg total RNA to make 15 ng cRNA. La-
beled RNA samples were hybridized to Affymetrix Rat Gene 1.0



ST Arrays (80 microarrays used, with four biological replicates
per experimental condition) using standard methods according
to Affymetrix (performed at the Cancer Genomics Laboratory,
Kimmel Cancer Center, Thomas Jefferson University). Hybridiza-
tion spike-in control transcripts (i.e., BioB, BioC, BioDx, and CreX)
were included in the hybridization experiments to verify that the
in vitro transcription reaction, hybridization and washing steps
were performed similarly across arrays. Arrays were scanned on
an Affymetrix Gene Chip Scanner 3000 with autoloader using
Command Console Software. Background correction and nor-
malization were accomplished with Iterative Plier 16.

Microarray data normalization and filtering. Differentially ex-
pressed genes were identified using data normalization and sta-
tistical analysis performed using Partek Genomics Suite (Partek
Inc., St Louis, MO). The standard Robust Multichip Average (RMA)
approach was used to normalize raw gene expression data
(Irizarry et al., 2003). Principal component analysis showed no
outliers in the SD group and one outlier in the F344 group. We
previously reported that there were no outlier samples in the LE
data (Schneider et al., 2012a). The data were filtered to retain only
the transcripts with a minimum log, (normalized signal inten-
sity) of 5 in at least one of the samples.

Sex-dependent differential gene expression in control animals. Nor-
malized data for the control male and female SD and F344 an-
imals were analyzed using Partek Genomics Suite, with a two-
way mixed effects ANOVA with sex and scan date as parameters.
The resulting p-values (0.05 cutoff) were corrected for multiple
testing using a g-value approach to improve sensitivity of the
analysis by estimating the proportion of nondifferentially regu-
lated genes (Storey and Tibshirani, 2003). Fold changes in gene
expression between male and female control animals within
each strain were calculated from the ANOVA. These methods are
similar to those used in our previous study using the LE strain
(Schneider et al., 2012a).

Differential gene expression in response to lead exposure during differ-
ent developmental periods. Normalized data from each strain were
analyzed using a three-way mixed effects ANOVA (implemented
in the Partek Genomics Suite) that considered the following two
variables and their interactions as fixed effects: (1) sex (male or
female), (2) lead exposure (0 ppm (control), 250 ppm, 750 ppm),
and time of exposure (perinatal or postnatal) as merged param-
eters as the groups share the same controls. The data from the
SD group were analyzed using a Method of Moments approach in
the ANOVA model. In the F344 group, the microarray batch was
considered as a random effect to account for variation across
arrays. These data were analyzed using a Restricted Maximum
Likelihood (REML) approach. Differentially expressed genes were
identified based on statistically significant effects of Pb expo-
sure, time of exposure, gender, or an interaction between these
factors. A p-value threshold of 0.05 (chosen in order to improve
the sensitivity for detecting differential expression with signif-
icant interactions between gender and treatment factors) was
used to identify differentially expressed genes. Heat map visual-
izations of these and other data sets were constructed and hier-
archical clustering using Complete Linkage and Pearson correla-
tion similarity metric was performed using MeV software (Howe
et al., 2010).

Gene sets affected by lead exposure. A list of differentially ex-
pressed genes derived from the ANOVA was filtered based on
a minimum fold-change threshold of 1.3 (up- or downregula-
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tion) in response to Pb exposure in male or female animals.
The filtered, differentially expressed genes were considered fur-
ther based on pairwise post hoc analysis, yielding eight gene co-
expression sets: male-250 ppm-perinatal versus male control
(M250Pe), male-750 ppm-perinatal versus male control (M750Pe),
male-250 ppm-postnatal versus male control (M250Po), male-
750 ppm-postnatal versus male control (M750Po), female-250
ppm-perinatal versus female control (F250Pe), female-750 ppm-
perinatal versus female control (F750Pe), female-250 ppm-
postnatal versus female control (F250Po), female-750 ppm-
postnatal versus female control (F750Po). Heat map visualiza-
tions of these data sets were constructed and hierarchical clus-
tering using Complete Linkage and Pearson correlation similar-
ity metric was performed using MeV software (Howe et al., 2010).

Pathway analyses. Gene sets affected by Pb exposure were an-
alyzed for overrepresented biological pathways, networks, and
other functional annotations using DAVID software (Huang da
et al., 2009) as described by us previously (Schneider et al., 2012a).
This software was used to identify biological functions, cellu-
lar processes, and molecular function annotations and analyze
them using functional annotation clustering.

Quantitative RT-PCR. Real-time reverse transcription-polymerase
chain reaction (RT-PCR) was used to confirm microarray results
for a subset of biologically relevant, selected genes from those
fulfilling the criteria of significant (p < 0.05) expression differ-
ences. Reverse transcription of 2 pg of each sample RNA was per-
formed with Omniscript RT Kit (Qiagen) according to the man-
ufacturer’s protocol. Real-time PCR was performed on cDNA us-
ing the Roche LightCycler 480. A typical reaction took ~1 h to
complete and included a 10-min denaturation step at 95°C, fol-
lowed by 45 cycles consisting of 95°C for 15 s (melting) and
60°C for 60 s (annealing). To confirm specificity of amplification
the products were subjected to a melting curve analysis at the
end of the final annealing period. PCR data were analyzed us-
ing the AAC; method to calculate fold change of mRNA expres-
sion and PCR data for individual genes were compared with data
from microarray studies. All samples were analyzed and run
in triplicate. Comparative (correlation) analysis of fold-change
outcomes from both qPCR data and microarray data were per-
formed.

RESULTS

Animal Characteristics

There were no significant differences in body weights (measured
at the end of the study) between controls and Pb-exposed groups
within sex and strain (Supplementary table S1). All control an-
imals had blood and brain Pb levels at minimal levels or be-
low detectable limits (Fig. 1). In perinatal and postnatal expo-
sure groups, in both SD and F344 strains, mean blood Pb levels
(BLLs) showed dose- and time-dependent increases (Fig. 1), sim-
ilar to what we previously reported for similarly treated LE rats
(Schneider et al., 2012a). There was an overall significant effect
of strain and Pb exposure in males (F, 45y = 40.28, p < 0.0001
and Fy 45) = 84.57, p < 0.0001, respectively) and females (F(, 45
=11.71, p < 0.0001 and F(y, 45y = 73.46, p < 0.0001, respectively).
In males with the lowest level Pb exposure (i.e., 250 ppm), F344
rats had the highest BLLs in both perinatal and postnatal expo-
sure groups (p < 0.01 vs. all other strains, Fig. 1). At this level of
exposure, there were no significant differences in BLLs between
LE and SD strains. Surprisingly, there was no difference in the
BLLs between the three strains in males perinatally exposed to
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FIG. 1. Blood and brain lead (Pb) levels in male and female Long Evans, Fischer 344 and Sprague Dawley rats. Rats received Pb exposure over different developmental
periods (perinatal or postnatal) and received different levels of exposure (0 ppm = control animals/no Pb exposure; 250 or 750 ppm Pb acetate incorporated into chow).
Blood and brain (cerebellum) samples were taken for analysis at time of euthanasia (postnatal day 55). *p < 0.05; *p < 0.01; ***p < 0.0001.

the higher level of Pb (750 ppm) and BLLs in LE and F344 animals
in this group were actually lower than those in the 250 ppm ex-
posure group. In postnatally exposed males, F344 animals in the
750-ppm exposure group again had higher BLLs versus compa-
rably exposed LE and SD animals (p < 0.0001 vs. LE or SD; Fig. 1),
with no differences observed between the LE and SD strains.

In females with perinatal or postnatal Pb exposure at the
lower level, F344 animals had higher BLLs compared to the other
strains and no differences in BLLs between LE and SD animals
(perinatal: p < 0.0001 vs. LE and SD, and postnatal: p < 0.05 vs.
LE and SD; Fig. 1). In females perinatally exposed to 750 ppm
Pb, the lowest levels of Pb were found in F344 animals although
differences in BLLs between the strains were not statistically sig-
nificantly different. In females postnatally exposed to 750 ppm
Pb, the highest BLLs were found in F344, but again, differences
between strains were not statistically significantly different (Fig.
1).

There was an overall significant effect of both strain and lead
exposure on brain Pb levels in males (F, 45y = 26.09, p < 0.0001
and F( 45) = 51.06, p < 0.0001) and females (F(z,45) = 27.41, p <
0.0001 and Fp, 45y = 92.41, p < 0.0001). In males with the lower
level Pb exposure, the pattern of brain Pb levels across strains
was similar in perinatal and postnatal exposure groups, with
F344 rats having the highest brain Pb levels although the differ-
ences between strains were not statistically significant. In an-

imals with the higher level Pb exposure, strain differences in
brain Pb levels were found only in animals with postnatal Pb ex-
posure and F344 animals had significantly higher brain Pb levels
than either of the other strains (Fig. 1). F344 females with 250
ppm Pb exposure showed higher brain Pb levels compared to the
other strains only in the perinatal condition (Fig. 1). F344 females
postnatally exposed to 750 ppm Pb had significantly higher brain
Pb levels compared to the other strains (Fig. 1).

Hippocampal Gene Expression Profiles in Control Male and Female Rats
from Different Strains

All gene expression data for this study have been deposited in
the Gene Expression Omnibus (GEO) database (accession no.:
GSE56666). The expression of 193 transcripts (112 unique genes
of 125 annotated transcripts) was differentially regulated be-
tween control male and female F344 rats. Forty-nine transcripts
(22 unique annotated genes) were downregulated in males com-
pared with females whereas 144 transcripts (89 unique anno-
tated genes) were upregulated in males. In SD rats, 110 tran-
scripts (76 unique genes of 77 annotated transcripts) were differ-
entially regulated between control male and female rats. Forty-
two transcripts (19 unique annotated genes) were downregu-
lated in males compared with females whereas 68 transcripts (57
unique annotated genes) were upregulated in males. In LE rats,
the expression of 149 transcripts (54 unique genes of 54 anno-



tated transcripts) was differentially regulated between control
male and female rats, with 84 transcripts (14 unique annotated
genes) downregulated in males compared with females and 65
transcripts (40 unique annotated genes) upregulated in males
(Schneider et al., 2012a).

Strain-specific Effects of Pb on the Hippocampal Transcriptome
Previously, we reported a total of 978 transcripts (395 unique
genes of 409 annotated transcripts) as being differentially ex-
pressed in LE rats across all experimental groups (multiple test-
ing corrected g-value <0.3; fold change >1.3) (Schneider et al.,
2012a). In addition, sex influenced the expression of 572 tran-
scripts (213 unique genes of 223 annotated transcripts), Pb ex-
posure influenced the expression of 717 transcripts (328 unique
genes of 341 annotated transcripts), and the interaction of sex
and Pb exposure influenced the expression of 104 transcripts
(60 unique genes of 64 annotated transcripts) (Schneider et al.,
2012a). Additionally, a set of 53 transcripts (33 unique genes of 36
annotated transcripts) showed significant differential response
to all the parameters considered in the analysis, i.e., these genes
showed overall differences related to sex and Pb exposure, as
well as sex-dependent Pb exposure effects (Fig. 2).

In contrast to what was observed in LE rats, a total of only
269 transcripts (88 unique genes of 115 annotated transcripts)
were differentially expressed in F344 rats across all parameters
(multiple testing corrected g-value <0.3; fold change >1.3). Pb
exposure influenced the expression of 153 transcripts (65 unique
genes of 65 annotated transcripts); sex influenced the expres-
sion of 82 transcripts (40 unique genes of 43 annotated tran-
scripts); the interaction of sex and Pb exposure influenced the
expression of 96 transcripts (27 unique genes of 27 annotated
transcripts) (Fig. 2). A set of only four transcripts showed signif-
icant differential response to all the parameters considered in
the analysis in F344 rats.

The SD rats showed the lowest number of differentially ex-
pressed transcripts of the three strains examined. In SD rats,
a total of only 179 transcripts (74 unique genes of 86 anno-
tated transcripts) were differentially expressed in SD rats across
all parameters (multiple testing corrected g-value <O0.3; fold
change >1.3). Pb exposure influenced the expression of 123 tran-
scripts (57 unique genes of 57 annotated transcripts); sex influ-
enced the expression of 54 transcripts (23 unique genes of 24
annotated transcripts); the interaction of sex and Pb exposure
influenced the expression of 33 transcripts (11 unique genes of
11 annotated transcripts) (Fig. 2). A set of four transcripts showed
significant differential response to all the parameters consid-
ered in the analysis, i.e., these genes showed overall differences
related to sex and Pb exposure, as well as sex-dependent Pb ex-
posure effects. Results from both F344 and SD strains are in stark
contrast to results previously described by us from LE rats, in
which a much higher number of transcripts/unique genes were
affected by Pb exposure (Fig. 2). As described previously for LE
rats (Schneider et al., 2012a), few transcripts (11 total in LE, 20 to-
tal in SD) were affected by Pb exposure in a sex-dependent fash-
ion without significant overall differences due to Pb exposure or
sex, although a larger number of total transcripts (63 total) were
affected by Pb exposure in a sex-dependent fashion in F344 rats.

Differentially Regulated Genes Following Pb Exposure in Males

Perinatal exposure. In perinatally exposed LE rats, the effect of Pb
on gene expression was primarily upregulation. A greater num-
ber of transcripts affected in rats with 250 ppm exposure (328
transcripts, 137 unique genes of 140 annotated transcripts: 81
genes of 116 transcripts were downregulated and 56 genes of
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212 transcripts were upregulated in response to Pb) than with
750 ppm exposure (262 transcripts, 131 unique genes of 134 an-
notated transcripts: 107 annotated genes of 159 transcripts were
downregulated and only 24 annotated genes of 103 transcripts
were upregulated in response to Pb exposure) (Schneider et al.,
2012a) (Fig. 3).

In F344 rats, 61 transcripts (20 unique genes of 20 anno-
tated transcripts) were differentially affected in 250 ppm peri-
natally exposed rats (15 genes of 27 transcripts downregulated
and 5 genes of 34 transcripts upregulated) and 66 transcripts (22
unique genes of 22 annotated transcripts: 19 genes of 43 tran-
scripts downregulated and 3 genes of 23 transcripts upregulated)
were differentially affected in 750 ppm perinatally exposed rats.
In both instances, the predominant effect was downregulation
(Fig. 3).

In SD rats, 47 transcripts (29 unique genes of 29 annotated
transcripts: 11 genes of 19 transcripts downregulated and 18
genes of 28 transcripts upregulated) were differentially affected
in 250 ppm perinatally exposed rats and 37 transcripts (14
unique genes of 14 annotated transcripts: 7 genes of 12 tran-
scripts downregulated and 7 genes of 25 transcripts upregulated)
were differentially affected in 750 ppm perinatally exposed rats
(Fig. 3).

In LE rats, key functionally relevant genes downregulated by
Pb exposure in the 250 ppm group included Arc, Glycam1, Fos,
JunB, Otx2, Btg2, Crx, Egr2, Dusp1, Npas4, Pla2g5, Folr1, Nr4al, Ace,
F5, and Tmem27 (Schneider et al., 2012a). Key functionally rel-
evant genes downregulated by 250 ppm Pb exposure in F344
rats also included Npas4, Egr2, and Fos as well as Alox15, Alas2,
Slc6a20, and Gchl. In SD rats, none of the key genes downreg-
ulated in the other strains were affected; key functionally rele-
vant genes downregulated by 250 ppm Pb exposure in SD rats
included Serpina3n, Pcdhb6, and Nqo2. Key functionally relevant
genes downregulated by 750 ppm Pb exposure in LE rats included
all of those mentioned above for the 250 ppm group and addi-
tional genes including A2m, Bmp2, Camk2d, Egrl, Crabp1, Ly6C,
Mmp14, Plod2, Sik1, Slc39a8, Slc5a7, Trpv4, and Usp18 (Schneider
etal., 2012a). In 750 ppm-exposed F344 rats, key functionally rel-
evant genes downregulated by Pb included Alox15, Gchl, Lims2,
and Gpd1. Key functionally relevant genes downregulated by 750
ppm Pb in SD rats included Serpina3n, Lrp1b, and Pcdhbé6.

In LE rats, key genes upregulated by exposure to 250 ppm Pb
included Gjc2, Cd48, Ddr2, Cavl, Epha8, Klk6, Nmur2, Gpd1l, and
Hif3a. Key genes upregulated by exposure to 750 ppm Pb in-
cluded Nmur2, Gpd1, Gldn, and Prss12. None of these function-
ally relevant genes upregulated in LE rats were upregulated in
the other strains. Key upregulated genes in F344 rats included
Kcne3 (250 ppm) and Cyr61, and Apold (750 ppm); in SD rats: Egr1,
Egr2, Fos, JunB, Nr4al, Duspl, Arc, Apoldl, Fcrls, and Ephx2 (250
ppm) and Pcdhl1x, Pcdga6, Ferls, and Pcdhb8 (750 ppm).

Postnatal exposure. In postnatally exposed LE rats with 250
ppm exposure, 242 transcripts were differentially affected (101
unique genes of 108 annotated transcripts: 58 genes of 110 tran-
scripts were downregulated and 43 genes of 132 transcripts were
upregulated), and with 750 ppm exposure, 286 transcripts were
differentially affected (126 unique genes of 129 annotated tran-
scripts: 63 genes of 128 transcripts were downregulated and
63 genes of 158 transcripts were upregulated) (Schneider et al.,
2012a). In F344 rats, 57 transcripts (22 unique genes of 22 anno-
tated transcripts) were differentially affected in 250 ppm post-
natally exposed rats (21 genes of 35 transcripts were downreg-
ulated and 1 gene of 22 transcripts was upregulated) and 94
transcripts (47 unique genes of 51 annotated transcripts) were
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diagram.

differentially affected in 750 ppm postnatally exposed rats (21
genes of 35 transcripts were downregulated and 29 genes of 59
transcripts were upregulated). The effect was almost exclusively
downregulation in the 250 ppm group and was predominantly
upregulation in the 750 ppm group. In SD rats, 39 transcripts (19
unique genes of 19 annotated transcripts: 9 genes of 19 tran-
scripts were downregulated and 10 genes of 20 transcripts were
upregulated) were differentially affected in 250 ppm postnatally
exposed rats and 55 transcripts (21 unique genes of 21 annotated
transcripts: 9 genes of 20 transcripts were downregulated and 12
genes of 35 transcripts were upregulated) were differentially af-
fected in 750 ppm postnatally exposed rats. Similar to what was
observed in LE rats, there was a similar number of genes down-
regulated as upregulated by Pb exposure (Fig. 3).

In LE rats, key functionally relevant genes downregulated by
Pb exposure included Arc, Fos, Duspl, Egr2, Crx, Npas4, Nr4al,
JunB, Btg2, Cngb3, Esm1, Gpr139, Ly6C, Ncoa2, Sikl, Sox18, Trntl,
and Usp18 (Schneider et al., 2012a). With little overlap with LE
animals, key functionally relevant genes downregulated by Pb

exposure in F344 rats included Npas4, Alox15, Alas2, Slc6a20,
Gchl, Anxa2, Ccl19, Tspan8, Foxp2, Fkbp5, Gstm2, Lims2, and Gpd1.
In SD rats, none of the key genes downregulated in the other
strains were affected; key functionally relevant genes downreg-
ulated by Pb exposure in SD rats included Serpina3n, Pcdhb6, and
Aldhlal. In LE rats, key genes upregulated included Gpd1, Ace,
Efcab2, Ephx2, Folr1, F5, Rgs13, Sgk1, Sulfl, and Tgfb3. None of the
functionally relevant genes upregulated in LE rats were upregu-
lated in the other strains (except for Ephx2 in the SD 750 ppm
group). Key upregulated genes in F344 rats included Camk2d,
Cyr61, Ecell, Rgs18, Gpr88, Prkg2, Sema3a, Junb, Cplx3, Btg2, Fos,
Arc, Nr4al, Npas4, Duspl, and Apoldl; in SD rats: Acer2, Fcrls,
Dusp12, Pcdhb8, and Slc11al.

Differentially Regulated Genes Following Pb Exposure in Females

Perinatal exposure. In LE females in the 250 ppm exposure group,
305 transcripts (78 unique genes of 81 annotated transcripts)
were affected by Pb exposure: 51 genes of 84 transcripts were
downregulated and 27 genes of 221 transcripts were upregu-
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FIG. 3. Dose- and exposure period-dependent differential gene expression in male Long Evans, Fischer 344, and Sprague Dawley rats. Heat map visualization of
transcript profiles show differential expression in perinatal and postnatal conditions both within and across strains. The vertical bars adjacent to the heat maps
indicate the genes that show significant changes for each of the two lead dose levels studied. Up- and downregulated gene expression is represented by red and green,

respectively in the heat maps. Fold-change calibration bar (-1 to 1) appears at the bottom of the figure.

lated. Females in the 750 ppm exposure group had 207 tran-
scripts (100 unique genes of 105 annotated transcripts) affected
by Pb exposure: 27 genes of 79 transcripts downregulated and
73 genes of 128 transcripts upregulated (Schneider et al., 2012a)
(Fig. 4). Key functionally relevant genes downregulated in LE fe-
males included F5, Tmem27, Folrl, Otx2, Pla2g5, Glycaml, Ace,
Npas4, Slc39a12, Duspl2, Ace, Acsm5, Bhmt, Ctsc, Ephx2, Htr3a,
Npr3, Cyr61, Prpsl, and Trhr. Key upregulated genes included
Gpd1l, Adamts4, Elovll, Gpr126, Scn7a, Slc2al0, Cd163, Cdknla,
Dio2, Fkbp5, Hif3a, Mt2A, P2rx7, Ret, Sgk1, Slc19a3, Slc5a7, Slco2al,
Sultlal, Tsc22d3, Vamp5, and Ugt8 (Schneider et al., 2012a).

In the 250 ppm perinatal-exposure group in F344 rats, 51 tran-
scripts (22 unique genes of 24 annotated transcripts) were af-
fected by Pb exposure: 17 genes of 26 transcripts were downreg-
ulated and 7 genes of 25 transcripts were upregulated. Females
in the 750 ppm perinatal-exposure group had 71 transcripts (10
unique genes of 10 annotated transcripts) affected by Pb expo-
sure: 7 genes of 11 transcripts were downregulated and 3 genes
of 60 transcripts were upregulated (Fig. 4). Key functionally rel-
evant genes downregulated in F344 females included Glycaml,
Slc6a20, Nr4al, Anxa2, Serpinfl, Pdk4, Gpr88, Duspl, and Gstm2.
There were no functionally relevant upregulated genes in these
animals.

In SD rats, 54 transcripts (27 unique genes of 27 annotated
transcripts) were affected by Pb exposure in the 250 ppm group:
10 genes of 32 transcripts were downregulated and 17 genes of 22
transcripts were upregulated. Females in the 750 ppm perinatal-
exposure group had 39 transcripts (20 unique genes of 21 anno-
tated transcripts) affected by Pb exposure: 17 genes of 29 tran-

scripts downregulated and 3 genes of 10 transcripts upregulated
(Fig. 4). Key functionally relevant genes downregulated in SD fe-
males included Serpina3n, Nqo2, Pcdhb6, Selplg, Krt2, Lrplb, Igh-
6, Slc19a3, and Fmo2. Key upregulated genes in SD rats included
Ephx2, Egrl, Egr2, Fos, Nr4al, Arc, Dusp1, Apold1, Pdk4, Cyr61, Penk,
and Fcrls.

Postnatal exposure. InLE female rats, the 250 ppm exposure group
had 156 transcripts (48 unique genes of 52 annotated transcripts)
affected by Pb exposure: 24 genes of 92 transcripts were down-
regulated and 24 genes of 64 transcripts were upregulated. In the
750 ppm exposure group, 151 transcripts (65 unique genes of 65
annotated transcripts) were affected by Pb exposure: 20 genes
of 54 transcripts downregulated and 45 genes of 97 transcripts
upregulated (Schneider et al., 2012a) (Fig. 4). Key functionally rel-
evant genes downregulated in LE females included F5, Slc39a12,
Tmem27, KIf9, Prokr2, Slc4a7, Ephx2, Nr4al, Aphlb, Tnntl, and Tnik.
Key upregulated genes included Cyr61, Glycam1, Mgst1, Nkx6-2,
P2rx7, Prps1, Gpdl, Ccr2, Collal, Nuprl, Slc13a3, Slc19a3, Slc5a7,
Slco2al, and Sultlal (Schneider et al., 2012a).

In F344 rats, 72 transcripts (20 unique genes of 20 annotated
transcripts) were affected by Pb exposure in the 250 ppm ex-
posure group: 16 genes of 27 transcripts were downregulated
and 4 genes of 45 transcripts were upregulated. Females in the
750 ppm exposure group had 69 transcripts (27 unique genes
of 28 annotated transcripts) affected by Pb exposure: 6 genes
of 8 transcripts were downregulated and 21 genes of 61 tran-
scripts were upregulated (Fig. 4). Key functionally relevant genes
downregulated in F344 females exposed to 250 ppm Pb included
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FIG. 4. Dose- and exposure period-dependent differential gene expression in female Long Evans, Fischer 344, and Sprague Dawley rats. Heat map visualization of
transcript profiles show differential expression in perinatal and postnatal conditions both within and across strains. The vertical bars adjacent to the heat maps
indicate the genes that show significant changes for each of the two lead dose levels studied. Up- and downregulated gene expression is represented by red and green,
respectively in the heat maps. Fold-change calibration bar (—1 to 1) appears at the bottom of the figure.

Glycam1, Cldn1, Nr4al, Apold1, Pdk4, Lypla2, Mmp14, Cdknla, and
Slc6a20. There were no functionally relevant upregulated genes
in these animals. In 750 ppm-exposed F344 rats, key functionally
relevant genes downregulated included Glycam1, Slc6a20, Lypla2,
and Anxa2. Key upregulated genes included Pdk4, Dusp1, Apold1,
Npas4, KIf5, Prkg2, Cplx3, Rgs18, and Cbln4.

In SD rats, 22 transcripts (10 unique genes of 10 annotated
transcripts) were affected by Pb exposure in the 250 ppm group:
5 genes of 12 transcripts were downregulated and 5 genes of
10 transcripts were upregulated. Females in the 750 ppm ex-
posure group had 40 transcripts (12 unique genes of 12 anno-
tated transcripts) affected by Pb exposure: 5 genes of 19 tran-
scripts downregulated and 7 genes of 21 transcripts upregulated
(Fig. 4). A key functionally relevant gene downregulated in 250
ppm SD females was Serpina3n. Key upregulated genes in SD
rats included Eraf and Gstm2. In 750 ppm SD rats, Serpina3n and
Pld6 were downregulated and Eraf and Ephx2 were upregulated.
Across all groups, female SD rats with postnatal Pb exposures
had the fewest differentially affected genes.

Biological Functions Affected by Pb Exposure

The enrichment of several functional groups based on strain,
sex, and developmental timing of Pb exposure are shown in Ta-
ble 1. Most notable is the enrichment of the process of “reg-
ulation of transcription” preferentially in males with postna-
tal exposures, with otherwise no common processes strongly
modulated in males of all strains across the different develop-
mental exposures. In female exposure groups, no common pro-
cesses were strongly modulated in the different strains. Expres-
sion changes of important genes involved in selected functional
groups are shown in Tables 2-4. In both males and females,
within a given strain, we identified genes with unique strain-

specific expression patterns (Tables 2 and 3, males and females
respectively). In LE males, only the gene for cone-rod homeobox
protein (Crx) was downregulated in all Pb exposure conditions
(Table 2); in LE females the gene for solute carrier family 39 (zinc
transporter) member 12 (Slc38a12) was downregulated in all Pb
exposure groups (Table 3). In SD rats, the gene for serine (or cys-
teine) peptidase inhibitor, clade A, member 3N (Serpina3n) was
downregulated in both males and females in all Pb exposure
groups (Tables 2 and 3). No genes were affected in all exposure
groups in either male or female F344 animals.

Lead-induced changes in gene expression shared across at
least two strains are shown in Table 4. On no occasion were all
three strains significantly affected for a single gene, regardless
of Pb exposure level or developmental timing of the exposure.
Of all differentially expressed genes, only three were identified
as having significant changes in expression in both males and
females within a strain following Pb exposure (i.e., Apold1, Cyr61,
and Dusp1; Table 4).

Confirmation of Gene Expression Changes by Quantitative RT-PCR
Microarray results were verified by assessing the expression
level of 14 genes selected across the different sexes and expo-
sure groups, based on significant fold changes in the microarray
data and potential biological relevance of the genes. Of the 58
comparisons of quantitative RT-PCR and microarray results, fold
change and direction of change were similar in of 55 of 58 com-
parisons (Tables 5 and 6). Correlation analysis of fold change in
the 58 comparisons generated an R? = 0.8681.



TABLE 1. Significantly Enriched Functional Groups of Regulated Genes in Males and Females of Different Strains with Perinatal or Postnatal

Lead Exposures

Male

Female

Long Evans

Perinatal

Pattern binding

Acid secretion

Regulation of transcription
Regulation of gene expression

Postnatal

Detection of stimulus

Ion binding

Regulation of transcription
Regulation of gene expression

Fischer 344

Perinatal

Detection of stimulus
Neurological system process
Ion binding

Postnatal
Regulation of transcription
Regulation of gene expression

Sprague Dawley

Perinatal

Regulation of synaptic plasticity
Regulation of transcription

Postnatal

Regulation of synaptic plasticity
Regulation of transcription
Response to stimulus

Organic substance transport
Circulatory system process
Pattern binding

Extracellular region

Regulation of tissue remodeling

Peptide binding

Circulatory system process
Membrane part

Immune response

Immune system development
Extracellular matrix

Cognition
Response to organic substance
Regulation of cell differentiation

Response to organic substance
Ion binding
Skeletal system development

Regulation of synaptic plasticity
Regulation of system process
Regulation of transcription
Cognition

Inflammatory response
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DISCUSSION

To the best of our knowledge, this is the first comparative gene
expression profiling study examining the effects of developmen-
tal Pb exposure on the brain of animals of different genetic back-
grounds. Previously, we described sex-based differences in gene
expression patterns in the hippocampus (Schneider et al., 2011)
and other effect modifiers (such as rearing environment, de-
velopmental window in which Pb exposure occurred, and the
amount of Pb exposure) of Pb’s influence on behavior and gene
expression in the hippocampus and frontal cortex (Anderson
etal., 2012a,b; Schneider et al., 2012b). The current findings add to
this literature and demonstrate the influence that strain and ge-
netic background play in further modifying the brain’s response
to developmental Pb exposure.

Genetic variation has long been discussed as an important
variable in regard to susceptibility to metal toxicity (Gochfeld,
1997). Generally, factors influencing susceptibility to Pb toxicity
have included variants and polymorphisms of genes related to
uptake and absorption of Pb, the toxicokinetics of Pb, and the
transport of Pb into the brain (Onalaja and Claudio, 2000). What
has not been discussed is the role that genetic variability may
play in the biological response of an individual brain to Pb. A va-
riety of population studies of the neurobehavioral effects of Pb
in children, and in particular, studies of Pb effects on IQ, have

reported substantial variation in outcomes and have suggested
that elevated BLLs in the sample population account for only a
small amount of the explained variance (Koller et al., 2004). Al-
though many of these studies attempt to assign greater impor-
tance to covariates such as maternal education, socioeconomic
status, etc., the variance in these studies is at least in part at-
tributable to genetic/phenotypic differences in the response to
Pb between the individuals studied (Gochfeld, 1997). Epidemio-
logical studies of the effects of lead on IQ have controlled for the
effects of confounding variables on test performance (e.g., so-
cioeconomic status, home environment) so that there is a very
small probability that the association with decreased IQ test per-
formance can be attributed to anything other than Pb exposure
(Needleman and Bellinger, 2001). Although social and other in-
fluences are moderating effects on outcomes from developmen-
tal Pb exposure, individual genetic makeup as a moderator of
the brain’s response to Pb is generally not discussed. Although
a number of studies have reported deficits in language devel-
opment, reading ability, poor attention, and a variety of execu-
tive function deficits in Pb-exposed children, attempts to iden-
tify a neurobehavioral signature for children with elevated BLLs
has been unsuccessful (Bellinger and Rappaport, 2002). Even
with identical exposures, different children with unique genetic
backgrounds will have brains that respond differently to that ex-
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TABLE 2. Lead-induced Changes in Regulation of Selected Genes with Unique Strain Expression in Males Displayed for Selected Functional
Groups

250 ppm 750 ppm

Gene/protein name
Postnatal | Perinatal | Postnatal | Perinatal

LONG EVANS Hydrolase Activity
1 Ephx2—Epoxide hydrolase 2, cytoplasmic
1 | | Sulfl—Sulfatase 1
Tmem27—Transmembrane protein 27
Usp18—Ubiquitin specific peptidase 18
Plasma Membrane
| Ace—Angiotensin I converting enzyme (peptidyl-dipeptidase A) 1
1 Cavl—Caveolin 1, caveolae protein, 22kda
Cd48—Cd48 molecule
| Folrl—Folate receptor 1
Gjc2—Gap junction protein, gamma 2
1 Gldn—Gliomedin
| | Glycaml—Glycosylation dependent cell adhesion molecule 1
| | Gprl39—G protein-coupled receptor 139
1 1 Nmur2—Neuromedin u receptor 2
1 1 Rgsl3—Regulator of G-protein signaling 13
Protein Kinase Activity
1 Ddr2—Discoidin domain receptor tyrosine kinase 2
1 EphA8—Ephrin type-A receptor 8
1 Sgkl—Serum/Glucocorticoid regulated kinase 1
| | Sik1—Salt inducible kinase |
Regulation of Transcription
| | | | Crx—Cone-rod homeobox protein
1 Hif3a—Hypoxia-inducible factor 3 alpha
| Ncoa2—Nuclear receptor coactivator 2
| | Otx2—Orthodenticle homeobox 2
1 1 Tgfbr3—Transforming growth factor, beta receptor I11
Serine-Type Peptidase Activity
1 | | F5—Coagulation factor V (proaccelerin, labile factor)
1 Kik6—Kallikrein-6
1 Prss12—Protease, serine, 12 neutrotrypsin (motopsin)
Uncategorized
| Cngb3—Cyclic nucleotide gated channel beta
1 Efcab2—EF-hand calcium binding domain 2
EsmI—Endothelial cell specific molecule 1
Ly6C—Lymphocyte antigen 6 complex, locus C1
| Sox18—SRY (sex determining region Y)-box 18
Trnt]—Tonoplast monosaccharide transporter 1
FISCHER 344 Metal Ion Binding
1 Ecell—Endothelin converting enzyme-like 1
| Foxp2—Forkhead box P2
1 Kcne3—Potassium voltage-gated channel, Isk-related family, member 3
l l Lims2—LIM and senescent cell antigen-like domains 2
Plasma Membrane
| 1 | Cplx3—Complexin 3
| Gstm2—Glutathione S-transferase mu 2
| | | Slc6a20—Solute carrier family 6 (proline IMINO transporter), member 20
Post-translation Protein Modification
| | Anxa2—Annexin A2
1 Camk2d—Calcium/calmodulin-dependent protein kinase II, delta
1 Prkg2—Protein kinase, cGMP-dependent, type II
Signal Transducer Activity
1 Gpr88—G-protein coupled receptor 88
Rgs18—Regulator of G-protein signaling 18
Sema3a—Sema domain, immunoglobulin domain (Ig), short basic domain, secreted (semaphorin) 3A
Uncategorized
| Ccl19—Chemokine (C-C motif) ligand 19
| Flkbp5—FKS506 binding protein 5
| Tspan8—Tetraspanin 8
SPRAGUE DAWLEY Cell Adhesion
1 1 Pcdh 1 Ix—Protocadherin 11 X-linked
| Pcdhb6—Protocadherin beta 6
1 1 1 Pcdhb8—Protocadherin beta 8
Metal Ion Binding
1 Egri—Early growth response 1
| Lrplb—Low density lipoprotein receptor-related protein 1B
| Ngo2—NAD(P)H dehydrogenase, quinine 2
1 Slcllal—Solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1
Uncategorized
1 Acer2—Alkaline ceramidase 2
| Aldhlal—Aldehyde dehydrogenase 1 family, member Al
1 1 1 Ferls—Fc receptor-like S, scavenger receptor
Pcdhga6—Protocadherin gamma subfamily A, 6
| | | | Serpina3n—Serine (or cysteine) peptidase inhibitor, clade A, member 3N
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Arrows Indicate the significant up- or down-regulation of the corresponding genes, compared with controls.
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TABLE 3. Lead-induced Changes in Regulation of Selected Genes with Unique Strain Expression in Females Displayed for Selected Functional
Groups

250 ppm 750 ppm

Gene/protein name
Postnatal | Perinatal | Postnatal | Perinatal
LONG EVANS Cellular Homeostasis
1 Ccr2—Chemokine (C-C motif) receptor 2; angiotensin II receptor, type 1b
1 Mt2a—Metallothionein 2A
1 Nkx6-2—NK6 homeobox 2
1 1 P2rx7—Purinergic receptor P2X, ligand-gated ion channel, 7
1 Sgkl—Serum/Glucocorticoid regulated kinase 1
| 1 Trhr—Thyrotropin releasing hormone
1 Ugt8—UDP glycosyltransferase 8
Fatty Acid and Lipid Transport
15 Ace—Angiotensin I converting enzyme (peptidyl-dipeptidase A) 1
1 | Pla2g5—Phospholipase A2, group V.
1 1 Slco2al—Solute carrier organic anion transporter family, member 2A1
Ion Binding
| Acsm5—Acyl-CoA 1 di hain family member 5
Bhmt—Betaine-homocysteine S-methyltransferase
Dusp12—Duale specificity phosphatase 12
| | KIf9—Kruppel-like factor 9
1 Ret—Ret proto-oncogene
Peptidase Activity
1 Adamts4—ADAM metallopeptidase with thrombospondin type 1 motif, 4
! Aph1b—Anterior pharynx defective 1 homolog B (C. elegans)
1 Crsc—Cathespin C
1 F5—Coagulation factor V (proaccelerin, labile factor)
| Tmem27—T brane protein 27
Plasma Membrane
1 Cd163—CD163 molecule
| Prokr2—Prokineticin receptor 2
1 Vamp5—Vessicl iated 1t protein 5
Protein Dimerization Activity
1 1 1 Gpdl—Glycerol-3-phosphate dehydrogenase 1 (soluble)
1 Mgst]—Mi I glutathione S-transferase |
1 | Npas4—Neuronal PAS domain protein 4
| | Npr3—Natriuretic peptide receptor C/Guanylate cyclase C
| | Otx2—Orthodenticle homolog 2
1 | Prps1—Phosphoribosyl pyrophosphate synthetase 1
1 1 Sultlal—Sul family, cytosolic, 1A, phenol-preferring, member 1
Response to Stress
1 Cdknla—Cyclin-dependent kinase inhibitor 1A (p21, Cipl)
1 Collal—Collagen, type I, alpha 1
Dio2—Deiodinase, iodothyronine, type Il
Hif3a—Hypoxia inducible factor 3, alpha subunit
Nuprl—Nuclear protein, transcriptional regulator 1
Tsc22d3—TSC22 domain family, member 3
Tr ane Transporter Activity
1 1 Folrl—Folate receptor 1 (plasma membrane)
Htr3a—5-hydroxytryptamine (serotonin) receptor 3a
Scn7a—Sodium channel, voltage-gated, type VII, alpha
1 1 Slcl13a3—Solute carrier family 13, member 3
1 Slc2al 0—Solute carrier family 2 (facilitated glucose transporter), member 10
| Slc4da7—Solute carrier family 4, sodium bicarbonate cotransporter, member 7
1 1 SlcSa7—Solute carrier family 5 (choline transporter), member 7
Uncategorized
1 Elovll—ELOVL fatty acid elongase 1
1 Fkbp5—FK506 binding protein 5
1 1 1 Gprl26—G protein-coupled receptor 126
Sle39al2—Solute carrier family 39 (zinc transporter), member 12
| Thik—TRAF2 and NCL interacting kinase
| Tnntl—Troponin T type 1 (skeletal, slow)
FISCHER 344 Plasma Membrane
| Cldn1—Claudin 1
| Gpr88—G-protein coupled receptor 88
| 1) ! Slc6a20—Solute carrier family 6 (proline IMINO transporter), member 20
R to Hormone
1 1 Anxa2—Annexin A2
| Cdknla—Cyclin-dependent kinase inhibitor 1A (p21, Cipl)
| Mmp 14—Matrix metallopeptidase 14 (membrane-inserted)
1 Serpinfl—Serpin idase inhibitor, clade F (alpha-2 antiplasmin, pigment epithelium derived factor), member |
Uncategorized
Lypla2—Lysophospholipase 2
SPRAGUE DAWLEY Plasma Membrane
1 Ferls—Fc receptor-like S, scavenger receptor
1 Fmo2—Flavin containing monooxygenase 2
! Pcdhb6—Pr dherin beta 6
Protein binding
1 1 Eraf—Alpha hemoglobin stabilizing protein
1 Krr2—Keratin 2
| Selplg—Selectin P ligand
of Synaptic Plasticity
1 Are—Activit lated keleton-: iated protein
1 Egrl—Early growth response protein 1
1 Egr2—Early growth response protein 2
Response to Stress
1 Fos—FBIJ osteosarcoma proto-oncogene
1 Ngo2—NAD(P)H dehydrogenase, quinone 2
1 Penk—Preproenkephalin
| 1 1 1 Serpina3n—Serine (or cysteine) peptidase inhibitor, clade A, member 3N
Uncategorized
1 Igh6—Immunoglobulin heavy chain 6
! Lrplb—Low density lipoprotein receptor-related protein 1B
| Pld6—Phospholipase D family, member 6
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Arrows Indicate the significant up- or down-regulation of the corresponding genes, compared with controls.
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TABLE 4. Lead-induced Changes in Regulation of Selected Genes with Shared Expression Across at Least Two Strains Displayed for Selected

Functional Groups

250 ppm 750 ppm

Postnatal Perinatal Postnatal Perinatal

Protein/gene name

LE [ F344 [ SD | LE | F344 [ SD | LE [ F344 [ SD

LE [ F344 | SD

MALE

Protein Binding

1 !

Alas2—Delta-aminolevulinate synthase 2

! 1 i 1

Arc—Activity-regulated cytoskeleton-associated protein

1 il i

Apoldl—Apolipoprotein L domain containing 1

Cyr61—Cysteine-rich angiogenic inducer 61

Gpdl—Glycerol-3-phosphate dehydrogenase 1

Regulation of Apoptosis

Alox15—Arachidonate 15-lipoxygenase

Btg2—B-cell translocation gene 2, anti-proliferative

Duspl—Dual specificity phosphatase 1

— | [ |«
—
—
—

Gchl—GTP cyclohydrolase 1

Regulation of Transcription

Egr2—Early growth response protein 2

Fos—FBJ osteosarcoma proto-oncogene

Junb—1Jun B proto-oncogene

Npas4—Neuronal PAS domain protein 4

[— | [ |« [
l—

Nr4al—Nuclear receptor subfamily 4, group A, member 1

Protein Binding

Cyr61—Cysteine-rich angiogenic inducer 61

Glycam1—Glycosylation-dependent cell adhesion molecule-1

Gstm2—Glutathione s-transferase mu 2

Nr4al—Nuclear receptor subfamilt 4, group A, member 1

Response to Stress

Apoldl—Apolipoprotein L domain containing 1

Duspl—Dual specificity phosphotase 1

Ephx2—Epoxide hydrolase 2, cytoplasmic

Uncategorized

Pdk4—Pyruvate dehyrdogenase lipoamide kinase isozyme 4, mitochondrial

Slc19a3—Solute carrier family 19 member 3

Arrows Indicate the significant up- or —down-regulation of the corresponding genes, compared with controls.

LE = Long Evans; F344 = Fischer 344; SD = Sprague Dawley.

posure. The current data showing the considerable differences
between gene expression patterns in LE and SD rats, animals
with almost identical brain Pb levels in all conditions, support
this contention. We have also recently observed that in female
rats with early postnatal Pb exposure, LE but not SD rats had sig-
nificant deficits in short- and long-term retention of associative
memory in a trace fear conditioning paradigm despite having
identical blood Pb levels (Anderson et al., 2012). Thus, even if it
were possible for all other factors to be equal (i.e., timing of expo-
sure, duration of exposure, peak levels of exposure, dietary fac-
tors, etc.), we suggest that the way in which a particular child’s
brain will respond to Pb is a priori unpredictable due to individual
genetic variability.

A variety of studies have previously reported strain differ-
ences in the response to Pb in regard to teratogenic effects of Pb
(Gale, 1978) and development and maturation of physical fea-
tures and reflexes (Mykkanen et al., 1980). However, little infor-
mation exists on comparative effects of Pb on brain or behav-
ior in different strains of rats or mice. In one study, the effects
of acute (single) high level (50-200 mg/kg) exposure to Pb on
motor behavior and brain catalase levels were explored in sev-
eral inbred and outbred mouse strains. The effect of Pb on body
weight was strain-dependent, with outbred Swiss mice show-
ing greater resistance to effects on body weight compared to the
other strains. There was also a significant increase in total brain
catalase activity in Swiss mice compared to the other strains
(Correa et al., 2004). Dearth et al. (2004) reported that the F344
strain was more sensitive to the detrimental effects of Pb, at
least with regard to puberty related events, compared with SD
rats. Fischer 344 female rats exposed perinatally to Pb, showed
a decrease in puberty-related hormones and a subsequent de-

lay in the onset of puberty. However, at the same dose, Pb had
no detrimental effect on the acquisition of puberty in SD rats
(Dearth et al., 2004). At all time points studied, from time of
breeding through gestation, lactation, and weaning, F344 dams
had higher blood Pb levels than SD dams despite the same dos-
ing of the different strains. At 30 days of age, F344 offspring had
significantly higher blood, brain, and liver Pb levels compared
with SD offspring. Interestingly, doubling the dose of Pb given to
the SD rats significantly increased their blood, brain, and liver Pb
levels at least as high as reported in F344 animals that received
the lower Pb exposure, yet there still were no puberty-related ef-
fects noted (Dearth et al., 2004). At the higher dose, SD dams and
offspring retained more Pb than did the F344 dams yet outcomes
were affected in the F344 strain but not in the SD strain.

In the present study, we also found that in several instances,
in perinatal and postnatal exposures, 250 or 750 ppm dosing lev-
els, and in males and females, F344 animals often had higher
blood and brain Pb levels compared to the other strains. De-
spite this, LE animals were most broadly affected by Pb expo-
sure across all conditions, with 978 transcripts differentially af-
fected by Pb across all experimental groups compared to only
269 transcripts differentially expressed in F344 rats across all
parameters. Even with almost identical blood and brain Pb lev-
els in LE and SD rats across most conditions, a total of only
179 transcripts (vs. 978 transcripts in LE animals) were differ-
entially expressed in SD rats across all parameters. As with the
puberty-related events described earlier, strain-related differ-
ences in hippocampal gene expression profiles in response to
Pb exposures cannot be explained simply by differences in toxi-
cokinetics, or differential ability to store, metabolize, or excrete
Pb. The strain-related differences observed in the response of



TABLE 5. Microarray Validation Data (Males)
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250Pe 250Pe 250Po 250Po 750Pe 750Pe 750Po 750Po
Validation Array Validation Array Validation Array Validation Array
LE
Alox15 —2.240 —-1.801 —2.863 —-1.801
Arc —2.030 —1.387 —2.206 -1.371
Dusp1l —-1.737 -1.577 -1.767 -1.315 —2.223 —-1.315
Egr2 ~1.950 -1.393
Ferls —6.549 —2.896
Fos —1.788 -1.519
Junb —1.858 —1.403
Npas4 —1.947 -1.623 —2.529 -1.623 —2.079 -1.623
Nr4al —-1.795 -1.522 —1.826 —1.498
Slc19a3 1.695 1.484 1.612 1.484
F344
Alox15 —2.998 -1.623 -1.797 —1.623
Arc 1.637 1.519
Duspl -1.123 1.968 1.408 1.968
Egr2 —1.225 -1.307
Fos —1.220 —1.306
Npas4 —2.394 -1.811 —1.084 -1.811 2.043 -1.811
Nr4al 2.057 1.562
Slc19a3 -1.327 —1.348 -1.578 —1.348
SD
Arc 2.804 1.790
Dusp1 2.325 1.778
Egr2 1.679 1.378
Ferls 2.374 1.956
Fos 1.699 1.490
Junb 1.876 1.382
Nr4al 2.017 1.568

250Pe = 250ppm lead acetate, perinatal exposure; 250Po = 250ppm lead acetate, postnatal exposure;
750Pe = 750ppm lead acetate, perinatal exposure; 750Po = 750ppm lead acetate, postnatal exposure.

Numbers reflect fold changes. Validation = PCR results.
Mismatched PCR:Array outcomes are highlighted in bold type.

the hippocampal transcritpome to Pb exposure seem rooted in
fundamental interstrain differences in the response of the brain
to Pb, determined by the unique genetic makeup of each strain
studied. That is, intrinsic factors related to the genetic compo-
sition of the brains of these animals played a greater role in de-
termining the degree of susceptibility or resistance to effects of
Pb on hippocampal gene expression patterns than did potential
influences of genetic diversity on Pb absorption and distribution
to the brain.

The current study examined the response of the hippocam-
pal transcriptome to developmental Pb exposure in one inbred
strain (F344) and two outbred strains (LE and SD). In inbred
strains in general, the underlying genetic variation has been de-
liberately narrowed and it has been suggested that highly in-
bred strains may not be appropriate models of susceptibility
for human populations and may not even be comparable with
outbred rodent strains (Gochfeld, 1997). The presumed advan-
tage of using outbred strains is that there is more genetic di-
versity and thus they are potentially more clinically relevant
models for toxicology, pharmacology, and behavioral research,
and may more accurately reflect results that might be found
in humans. Although the potential importance of multi-strain
studies in toxicology, and in susceptibility studies in particu-
lar, have been discussed (Festing, 2010), our data highlight the
importance of multi-strain studies for not only demonstrating

differential sensitivities to Pb but for demonstrating different
physiological/molecular outcomes based on genetic diversity.

We found no genes that were consistently differentially reg-
ulated in all experimental conditions. That is, there was no set
of “Pb toxicity” genes that are a molecular signature for Pb neu-
rotoxicity that transcends sex, exposure condition, and strain.
In instances in which a gene was differentially regulated by Pb
exposure in all three strains, the direction of change (i.e., up-
regulation or downregulation) varied by strain (ex., Arc (activity-
regulated cytoskeleton-associated protein) was downregulated
in LE 250 ppm perinatally exposed males, upregulated in com-
parably treated SD animals and not significantly altered in F344
animals). Early transcription factors Egr2 and Fos were the only
genes differentially expressed in all three strains, but only in 250
ppm perinatally exposed males. Both of these genes were down-
regulated in LE and F344 animals but upregulated in SD rats.
These data suggest that just as there appears to be no “neurobe-
havioral signature” to developmental Pb poisoning, there also
does not appear to be a defining molecular signature, at least in
terms of transcriptional regulation in the hippocampus.

In summary, perinatal or postnatal exposure to environmen-
tally relevant levels of Pb produced significant changes in the
expression of a variety of genes in the hippocampus and the
number and type of genes differentially affected by Pb was de-
pendent on the sex of than animals and more importantly, the
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TABLE 6. Microarray Validation Data (Females)

F250Pe F250Pe F250Po F250Po F750Pe F750Pe F750Po F750Po
Validation Array Validation Array Validation Array Validation Array

LE

Ephx2 -1.960 —1.430 -1.807 —1.430

Glycam1 —4.269 —1.447 1.542 —1.447 —-2.172 —1.447

Slc19a3 2.283 1.997

F344

Dusp1l —1.641 -1.311

Glycam1 —6.147 —1.664 —6.994 —1.664 —2.053 —1.664

Htra4 —1.098 -1.313

Nr4al —1.840 —1.408

Pdk4 —1.688 -1.367

SD

Dusp1l 1.871 1.606

Ephx2 2.739 1.309 3.422 1.309

Htra4 —2.065 —2.454

Nr4al 2.119 1.597

Pdk4 1.646 1.404

Slc19a3 —1.438 -1.390

250Pe = 250ppm lead acetate, perinatal exposure; 250Po = 250ppm lead acetate, postnatal exposure;
750Pe = 750ppm lead acetate, perinatal exposure; 750Po = 750ppm lead acetate, postnatal exposure.

Numbers reflect fold changes. Validation = PCR results.
Mismatched PCR:Array outcomes are highlighted in bold type.

strain or genetic background of the animals. The present results
show that the response of the brain to a given Pb exposure is
uniquely related to the strain of the animal and that differences
in neurobehavioral outcomes from developmental Pb in differ-
ent strains of animals is most likely related, in large part, to the
moderating effect of genetic diversity on the effect of Pb on the
transcriptome of hippocampus and likely other brain regions as
well. These findings may have relevance for better understand-
ing the molecular underpinnings of the lack of neurobehavioral
signature in childhood Pb poisoning.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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