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Abstract

Lead (Pb) exposure during development impairs a variety of cognitive, behavioral and
neurochemical processes resulting in deficits in learning, memory, attention, impulsivity and
executive function. Numerous studies have attempted to model this effect of Pb in rodents, with
the majority of studies focusing on hippocampus-associated spatial learning and memory
processes. Using a different paradigm, trace fear conditioning, a process requiring coordinated
integration of both the medial prefrontal cortex and the hippocampus, we have assessed the effects
of Pb exposure on associative learning and memory. The present study examined both female and
male Long Evans rats exposed to three environmentally relevant levels of Pb (150 ppm, 375 ppm
and 750 ppm) during different developmental periods: perinatal (PERI; gestation — postnatal day
21), early postnatal (EPN; postnatal days 1-21) and late postnatal (LPN; postnatal days 1-55).
Testing began at postnatal day 55 and consisted of a single day of acquisition training, and three
post training time points (1, 2 and 10 days) to assess memory consolidation and recall. All
animals, regardless of sex, developmental window or level of Pb-exposure, successfully acquired
conditioned-unconditioned stimulus association during training. However, there were significant
effects of Pb-exposure on consolidation and memory recall at days 1-10 post training. In females,
EPN and LPN exposure to 150 ppm Pb (but not PERI exposure) significantly impaired recall. In
contrast, only PERI 150 ppm and 750 ppm-exposed males had significant recall deficits. These
data suggest a complex interaction between sex, developmental window of exposure and Pb-
exposure level on consolidation and recall of associative memories.
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Introduction

Lead (Pb) exposure during development impairs a variety of cognitive processes in children
including learning, memory, attention, and various aspects of executive function, and, these
deficits can persist into adulthood (Cecil et al., 2008; Cecil and Kos, 2006; Mazumdar et al.,
2011; Nigg et al., 2010; Surkan et al., 2007). The cognitive/behavioral effects of Pb
exposure have been modeled in numerous animal studies, with the majority of studies
focusing on hippocampal-associated spatial learning and memory processes in rodents, most
often using the Morris water maze (ex., (Jett et al., 1997; Toscano and Guilarte, 2005).
Although these studies have provided useful information on the effects of Pb on
hippocampus-associated learning and memory, the water maze task may not be optimal for
detecting more subtle behavioral disturbances as might occur with lower level exposures to
Pb (Anderson et al., 2012; Jett et al., 1997). Other studies have examined the effects of low
level developmental Pb exposures (i.e., blood Pb levels < 10ug/dl) on frontal cortex-
associated attention and impulsivity problems using fixed-interval/fixed ratio testing or
performance on a delay discounting task (Brockel and Cory-Slechta, 1998; Weston et al.,
2014). While these studies have provided important information regarding the neurotoxic
effects of low level developmental Pb exposure on clinically relevant cognitive processes
and brain neurochemistry, studies using other experimental paradigms are also needed in
order to better understand some of the more complex cognitive/behavioral issues reported in
Pb-exposed children.

Children exposed to low levels of Pb experience a variety of behavioral disorders that
impact cognitive performance and academic achievement (Bellinger, 2008a, b; Lanphear et
al., 2005; Needleman, 2004; Zhang et al., 2013). Of the numerous adverse behavioral
outcomes from developmental Pb exposure, anti-social and aggressive behaviors are
amongst the most common and troublesome. Although anti-social and aggressive/violent
behavior can be attributed to a variety of social factors, increased frequency of anti-social
and aggressive behaviors as well as other behavioral disorders such as oppositional defiant
behavior and anxiety have been shown to be related to developmental Pb exposure
(Carpenter and Nevin, 2010; Chiodo et al., 2004; Liu et al., 2014; Nevin, 2007; Nigg et al.,
2008). There has been little basic research on these aspects of developmental Pb
neurotoxicity and their relationship to disturbed cognitive outcomes. Alterations in neural
circuitry or neural functioning consequent to developmental Pb exposure that result in
maladapted behavioral reactions to perceived threats or inappropriate fear responses in non-
threatening situations may play a role in at least some of the behavioral/cognitive
abnormalities seen in Pb-exposed populations.

Fear conditioning is a valuable tool with which to study the neural systems involved in the
acquisition, consolidation, recall and extinction of memories (Gilmartin and Helmstetter,
2010). In particular, trace fear conditioning, in which a neutral conditioned stimulus (CS) is
paired with an aversive unconditioned stimulus (US) and a “trace” interval of several
seconds is incorporated between the CS and US, has shown the importance of attentional
mechanisms and the role of the prefrontal cortex in associative learning and memory
(Gilmartin and Helmstetter, 2010; Han et al., 2003). Using fear conditioning tasks, a direct
role for the prefrontal cortex in associative memory storage has been suggested (Runyan et
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al., 2004) as have potential epigenetic mechanisms controlling associative learning and
memory formation (Lubin et al., 2008; Miller et al., 2010). Although effects of Pb exposure
on fear conditioning have been examined previously, those studies used only males with
blood Pb levels in excess of 30 pg/dl (Jaako-Movits et al., 2005); (Salinas and Huff, 2002)
and none used a trace conditioning paradigm. Understanding effects of developmental Pb
exposure on trace fear conditioning could potentially provide important information on how
Pb interferes with the functioning of prefrontal circuits involved in complex associative
behaviors. Such studies could also provide insight into how developmental Pb exposure may
adversely influence the subjective assessment of and behavioral response to threat and the
learning, memory, and expression of fear responses in threatening and non-threatening
situations (Gilmartin et al., 2014). Dysfunction in prefrontal-hippocampal-amygdala circuits
consequent to developmental Pb exposure could at least in part contribute to various forms
of behavioral pathology that have been associated with Pb exposure and trace fear
conditioning paradigms may be valuable tools with which to study this in the context of
associative learning and memory.

We have recently reported significant differences in hippocampus-based spatial learning and
memory in males and females following developmental Pb exposure (Anderson et al., 2012).
The developmental period during which Pb exposure occurs can also significantly influence
cognitive and neurobiological outcomes (Anderson et al., 2012; Schneider et al., 2013).
Thus, the present study was performed to assess the effects of low level developmental
exposure to Pb during different developmental periods on associative learning and memory
in males and females, using a trace fear conditioning paradigm.

Animals and Treatments

The use of animals was in compliance with NIH Guidelines for the Care and Use of
Laboratory Animals and the study was approved by the institutional animal care and use
committee at Thomas Jefferson University. Three Pb exposure paradigms were used:
perinatal (PERI) exposure, early postnatal (EPN) exposure, and long-term postnatal (LPN)
exposure. In the perinatal exposure group, Long Evans dams (Harlan Laboratories) were fed
chow (RMH 1000) with or without added Pb acetate (0 ppm, 150 ppm, 375 ppm or 750
ppm) for ten days prior to breeding and remained on the same diet through weaning. These
Pb exposure levels were chosen based on our previous experience showing that exposure to
these levels of Pb during development result in environmentally relevant blood Pb levels
(Schneider et al., 2013). Litters were culled to equal numbers of pups to standardize litter
size at postnatal day 7, 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 gestation
through lactation (i.e., to postnatal day 21). At weaning, a single male or female was
randomly selected and assigned to a behavioral cohort which consisted of a single sex, rats
were housed four to a standard cage (940 cm?) with ad lib access to chow (no added Pb) and
water until behavioral testing, beginning at postnatal day 55, with each treatment arm having
an n=8. For animals in the EPN group, dams were fed RMH 1000 chow with no added Pb
during gestation and were then fed chow with or without added Pb acetate beginning at day
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of birth (postnatal day 1) and pups continued to receive the same exposure to Pb through
weaning at postnatal day 21. The LPN group received Pb exposure similar to the EPN group
but exposure continued to postnatal day 55 (Figure 1A). Animals were exposed to a 12 h:12
h light:dark cycle for the duration of the experiment. Blood samples were collected at the
time of euthanasia (postnatal day 65) and analyzed for Pb levels using graphite furnace
atomic absorption with Zeeman background correction (ESA Labs, MA).

Trace Fear Conditioning

Trace fear conditioning was carried out using two Ugo Basile Fear Conditioning systems
equipped with Anymaze software (Stoelting Co.) which was used to automatically measure
the freezing response, based upon previously published methods (Wiltgen et al., 2005).
Animals were habituated to the fear conditioning chamber which contained a test box with a
grid floor through which shocks could be delivered, located within a dimly lit sound
attenuating enclosure with white background noise, for 10 minutes one day prior to the start
of fear conditioning. The animals were always placed in the same testing chamber for all
training and testing sessions. The trace fear conditioning paradigm used for this study is
shown schematically in Figure 1B. During conditioning/acquisition trials, animals were
placed in a chamber with clear walls and given 120 seconds to habituate after which a series
of 6 paired tone-shocks occurred (Tone: 3000 Hz, 80 dB for 15 seconds; Shock: 0.8mA for
1.0 second). Freezing behavior, defined by absence of all but respiratory movements, was
measured every second for 20 seconds during the trace period. Each conditioning trial (CS-
US pairing) was followed by a random inter-trial interval (ITI) that varied between 1 and 3
minutes. Conditioning trials were repeated 6 times during an 18 minute period. Retention
testing occurred at 1, 2 and 10 days post conditioning. For retention testing, animals were
placed back into the same chamber in which they were initially trained but with different
visual and olfactory cues (i.e., the chamber was modified to have a solid opaque base, the
walls were covered in a black and white checker board pattern and tubes containing vanilla
extract were placed out of the reach of the animals, but allowed the scent to fill the
chamber). On each retention testing day, animals were habituated to the chamber for 120
seconds followed by presentation of 3 tones for 15 seconds each, in the absence of foot
shock, with novel pseudo random ITI’s between presentation of tones. Freezing was
measured by the Anymaze software every second during the trace period (20 seconds) after
tone presentation.

Data Analyses

Behavior data were analyzed using a within-subjects repeated-measures ANOVA followed
by a Tukey test for post hoc analyses using Graphpad Prism Statistical Analysis software.
Analyses of acquisition data included all data points, whereas analysis of all subsequent
cued-retention trials limited the data to the first trial only. Statistical significance was
defined at p < 0.05.
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Results

Animal Characteristics

As we have previously reported (Schneider et al., 2013), there were no significant
differences in the body weights of Pb exposed animals and control animals at the end of the
study (age 65 days old) (data not shown). Blood lead levels (BLLS) in all control animals
were below the minimum detectable limit (<1.0 pg/dl, Table 1). Mean BLLs for Pb-exposed
animals, measured at the end of the study, were not significantly different between males
and females within any exposure level or developmental window (Table 1). Due to the
differences in exposure paradigms and differences in time from last day of Pb exposure to
day of euthanasia (approximately 44 days for PERI and EPN exposed animals, vs 10 days
for LPN exposed animals), statistical comparisons of BLLs across the different exposure
groups was not performed. Comparison of BLL’s for littermates at weaning have previously
been published by us (Schneider et al., 2013), with EPN BLL’s at weaning relevant to both
EPN and LPN exposures. Blood Pb levels at weaning for EPN males ranged from 8.73 pg/dl
(150ppm) to 15.75 ug/dl (750ppm), EPN females ranged from 9.67 pg/dl (150ppm) to 15.65
pg/dl (750ppm). Blood Pb levels at weaning for PERI males ranged from 15.38 pg/di
(150ppm) to 28.97 ug/dl (750ppm), PERI females ranged from 17.23 pg/dl (150ppm) to
27.35 pg/dl (750ppm).

Behavioral Analyses: Control Animals (No Pb Exposure)

There were no differences in baseline locomotor behavior assessed during the initial 3
minutes spent in the testing chamber prior to the initiation of the test or freezing behavior
assessed during the 120s habituation period prior to the first shock being administered) in
any group of animals regardless of sex, Pb exposure or Pb exposure level, or developmental
window of exposure (data not shown). Furthermore, there was no evidence of auditory or
somatosensory impairments in any of the Pb-exposed animals. There was no effect of sex,
Pb exposure level or developmental window of exposure on sensory functioning and the
ability to sense the tone used in the trace conditioning paradigm or the ability to sense the
electrical shock (data not shown).

The main effects for Sex and Trial x Sex during acquisition, were not significantly different
between control males and females. That is, control males and females displayed similar
percentages of freezing time following the presentation of the first CS-US and in both sexes,
while the percent of time freezing increased during acquisition training (F(s, 348)=41.05,
P=0.0001), with all animals achieving near-maximal response by the second trial. This
effect, however, was driven by a significant difference between freezing time at Trial 1
versus all subsequent trials. There was no main effect of either Sex or Sex x Day for post
acquisition memory testing, however there was a significant main effect of Day on post
acquisition freezing when comparing control females and males (F(, 180)=12.10,
P<0.0001). That is, mean percent freezing for control females and males was not
significantly different at post acquisition days 1 and 2, but at post acquisition day 10, control
females showed a reduced amount of freezing compared to control males (t=2.831, p<0.05).
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Behavioral Analyses: Perinatal (PERI) Pb Exposure

Fear Learning in Females: There was no main effect of Pb Exposure Level alone or Trial x
Pb Exposure Level on learning (percent freezing) during trace fear conditioning in females,
however Trial had a significant main effect on the percent of freezing (F(s 370=61.63,
p<0.0001). On the first acquisition trial, PERI females in the 750 ppm exposure group had
significantly lower freezing responses than both control and 375 ppm PERI exposed females
(P< 0.01 and P<0.001, respectively, Figure 2). By the end of the training period, there were
no differences in the freezing response across any of the groups. Memory Testing in
Females: There was no main effect of either Pb Exposure Level alone or Day x Pb-exposure
level on post acquisition retention of the freezing response in females, while Day alone had
a significant main effect on the percent of freezing (F(2,150)=14.31, p<0.0001). At no time
post acquisition were there any significant differences between PERI females with different
amounts of Pb exposure in the retention of the freezing response; all groups (with the
exception of the 750 ppm exposure group) tended to have a reduced freezing response over
time but these differences did not reach statistical significance (Figure 2).

Fear Learning in Males: There was no main effect of Pb Exposure Level alone on learning
(percent freezing) in PERI Pb-exposed males. There was both a main effect of Trial alone
(F(5,295)=29.43, p<0.0001) and a significant interaction between Trial x Pb Exposure
Level (F(15,295)=1.81, p=0.0324) on freezing during learning in males. In particular, on
the first acquisition trial, PERI 375 ppm-exposed males had a significantly higher
percentage of freezing than did males in any of the other groups (P< 0.01, Figure 2). By the
end of the training period, there were no differences in the freezing response across any of
the groups. Memory Testing in Males: There were main effects of Pb Exposure Level alone
(F(3,62)=4.48, p=0.0066), Day alone (F(2,124)=16.97, p<0.0001), and Day x Pb Exposure
Level (F(6,124)=2.74, p=0.0270) on post-acquisition retention of the freezing response in
males. On the second day of post-acquisition memory testing, the freezing response was
significantly reduced in both 150 ppm and 750 ppm PERI males compared to non-Pb
exposed controls (p<0.01 for both comparisons, Figure 2). Ten days post-acquisition, the
freezing response was lower than in control animals in all groups but only significantly so in
750 ppm exposure group (p<0.05) (Figure 2).

Behavioral Analyses: Early Postnatal Lead (EPN) Exposure

Fear Learning in Females: There was no main effect of either Pb Exposure Level alone or
Trial x Pb Exposure Level on acquisition of the CS-US association (i.e., percent freezing) in
females, while Trial alone had a significant main effect on freezing (F s 2g5)=38.48,
p<0.0001). On the first acquisition trial, 375 ppm EPN Pb-exposed females had a
significantly lower percent of freezing compared to both control and 750 ppm EPN Pb-
exposed females (P< 0.01 and P<0.05, respectively, Figure 3). There was no effect of 150
ppm EPN Pb exposure at any time during acquisition. By the end of the training period,
there were no differences in the freezing response of any of the groups. Memory Testing in
Females: There were both main effects of Trial alone (F(2,110=24.30, p=0.0001) and Pb
Exposure Level alone (F(3 55=6.31, p=0.0009) but no interaction between Day x Ph
Exposure Level on post-acquisition retention of the CS-US association in EPN females
(Figure 3). There were no significant differences between control animals and EPN Pb-

Toxicol Lett. Author manuscript; available in PMC 2016 March 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 7

exposed females on the first post-acquisition testing day. When tested two days post-
acquisition, the freezing response was significantly reduced in 150 ppm EPN females
compared to both Control and 750 ppm EPN females (p<0.01 for both comparisons, Figure
3), but not 375 ppm EPN Pb-exposed animals. Memory for the CS-US association was
further impaired in 150 ppm EPN females at day 10 with no differences in retention between
control animals and animals with 375 ppm or 750 ppm Pb exposures (p<0.001 vs. control;
Figure 3).

Fear Learning in Males: There was no main effect of Pb Exposure Level alone on learning
the CS-US association in EPN males nor an interaction between Trial x Pb Exposure Level
during acquisition training. There was however a main effect of Trial alone (F s 265)=64.48,
p<0.0001) on the percent of freezing during task acquisition in males. On the first
acquisition trial, 750 ppm Pbh-exposed EPN males showed significantly less freezing than
did control males (P< 0.05, Figure 3). By the end of the training period, there were no
differences in the freezing response across any of the groups. Memory Testing in Males:
There were no main effects of Pb Exposure Level alone, Day alone, nor an interaction
between Day x Pb Exposure Level in EPN males on retention testing results. At no time
during retention testing were there any significant differences between controls and any of
the EPN Pb-exposed males (Figure 3).

Behavioral Analyses: Long-term Postnatal Lead (LPN) Exposure

Fear Learning in Females. There was no main effect of Pb Exposure Level alone or Trial x
Pb Exposure Level on learning in females, but a significant main effect of Trial alone on
learning (F(s,315=62.81, p<0.0001). On the first acquisition trial both 150 ppm and 375
ppm LPN Pb-exposed females showed significantly less freezing than controls (P<0.05 and
P<0.001 respectively) and the 375 ppm LPN Pb-exposed females showed significantly less
freezing than 750 ppm LPN Pb-exposed females (P<0.05, Figure 4). Memory Testing in
Females. There was no main effect of either Pb Exposure Level alone nor an interaction
between Day x Pb Exposure Level on retention of the CS-US association in LPN females.
However, Day alone had a significant main effect on retention (F2,126)=32.51, p<0.0001).
There were no significant differences between any groups at retention testing days 1 and 2.
However, at 10 days post-acquisition, there was a significant reduction in freezing in 150
ppm LPN females compared to controls (P<0.05, Figure 4).

Fear Learning in Males: There were main effects of both Trial alone (F(s 210=20.86,
p<0.0001) and Pb Exposure Level (F(3 42)=3.63, p=0.0205) on learning the CS-US
association in LPN males, however there was no interaction between Trial x Pb Exposure
Level. There was a significant difference between 750 ppm LPN Pb-exposed males and all
other males on the first acquisition trial, with 750 ppm LPN Pb-exposed males showing
higher levels of freezing (Figure 4). Memory Testing in Males: There were no main effects
of Pb Exposure Level alone nor an interaction between Day x Pb Exposure Level EPN on
retention of the CS-US association in LPN males. There was a main effect of Day alone
(F(2,86)=6.0, p=0.0036) on freezing during retention testing in males but there were no
significant differences between retention responses of control animals and any of the LPN
Pb-exposed males on any of the retention testing days (Figure 4).
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Discussion

We and others have previously reported sex-related differences in hippocampus-based
learning and memory (Anderson et al., 2012), gene expression patterns in both the frontal
cortex and hippocampus of littermates (Anderson et al., 2013; Schneider et al., 2011) and
modulation of epigenetic control elements including DNA methyltransferases of littermates
(Schneider et al., 2013) following Ph-exposure. The results of the current study suggest that
there are also complex effects of sex, developmental window of exposure and level of Pb-
exposure on associative memory as assessed by trace fear conditioning. Similar to previous
reports by us and others (Schneider et al., 2012a; Schneider et al., 2013); (Leasure et al.,
2008), greater effects were observed at lower levels of Pb exposure in several of the
experimental groups and in the present study, this was observed more frequently in females.
This type of nonlinear dose-response effect of Pb is consistent with other work (e.g.,
Lanphear et al., 2005; Leasure et al., 2008) that suggested that the impact from exposure to
low levels of Pb may be greater than the proportional impact from higher level exposures.

Comparison of control males and females identified no significant sex-related differences in
either the ability to acquire, consolidate, or recall the associative memory until the 101" day
post training, at which time females had a greater reduction in overall freezing than did
males. This suggests that there were no intrinsic sex-related differences in the ability to learn
and consolidate the associative memory, but that females may have a more rapid extinction
of the learned association with time. A rapid extinction of the learned association over time
may also explain the decrease in the amount of freezing observed in PERI 150 ppm Pb-
exposed males at 10 days compared to the response at 2 days. In both females and males,
regardless of developmental window or level of Pb-exposure, all Pb-exposed animals were
able to similarly learn the association between CS-US as evidenced by the lack of
differences in the degree of freezing between the second and last acquisition trials when
compared with sex-matched non-Pb-exposed controls. The initial differences in freezing
response observed on Trial 1 in some Pb-exposed animals may reflect differences in the
response to a novel stimulus, as on Trial 1, the animals hear the CS sound for the first time
and have yet to experience the US. Following training and acquisition of the CS-US
association, there was a specific pattern of deficits in recall of the learned association
dependent upon sex, developmental window of Pb-exposure and amount of Pb-exposure.
These data suggest an intact ability to acquire and consolidate associative memories in Pb-
exposed females and males, regardless of the developmental timing of exposure or level of
Pb-exposure, however long-term retention or recall of the memory, at least in the present
trace fear conditioning paradigm, can be negatively affected in both sexes following Pb-
exposure. The effects discussed above also argue against an aberrant anxiety-related effect
driving the outcomes in Pb-exposed animals.

Associative memory storage, as assessed by trace fear conditioning, requires functional
integration of both the medial prefrontal cortex and the hippocampus (Gilmartin and
Helmstetter, 2010; Gilmartin et al., 2012; Runyan et al., 2004). Altering the function of this
circuit by modification of medial prefrontal cortex activity during CS-US acquisition,
through inhibition of either GABA, receptor activity by muscimol injection or N-methyl-D-
aspartate receptor (NMDA-R) activity by 2-amino-5-phophonovaleric acid injection (APV),
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impairs formation of associative memory (defined by CS recall 24 hours post acquisition)
without affecting acquisition (Gilmartin and Helmstetter, 2010). Temporary inhibition of
NMDA-R activation in the ventral or dorsal hippocampus via APV infusion prior to trace
fear conditioning training diminished but did not inhibit CS-US acquisition, while infusion
of APV post CS-US acquisition into the ventral hippocampus, but not the dorsal
hippocampus inhibited CS recall (Czerniawski et al., 2012). Furthermore, disconnection of
the medial prefrontal cortex and dorsal hippocampus via excitotoxic lesion of either nuclei
following trace fear conditioning training impaired recall at 11 days post training, with the
dorsal hippocampal lesion producing the more profound deficit. However, when animals
were retested at 200 days post training, dorsal hippocampal-lesioned animals had normal
recall and animals with medial prefrontal lesions had significant recall deficits (Quinn et al.,
2008). These data suggest a complex temporal interaction between the medial prefrontal
cortex and dorsal hippocampus with regard to consolidation and associative memory recall,
regardless of an animal’s capacity to initially acquire the CS-US association. Our data
suggest that short term memory necessary for acquisition is not impaired in either males or
females following developmental Pb-exposure, but that consolidation and longer-term recall
of associative memory is negatively affected in the Pb-exposed animals and this may result
from a potential decoupling of the prefrontal cortex from the dorsal hippocampus
(Czerniawski et al., 2012; Gilmartin et al., 2012). The possibility exhists that developmental
timing of differences in functional maturation of frontal cortex and ventral hippocampus
expression of NMDA-R and/or GABA receptors in males and females could potentially
impact the influences of Pb exposure occurring during different developmental periods, and
could in part explain why males exposed to Pb during the perinatal period had associative
memory negatively impacted by Pb exposure whereas early postnatal and long-term
postnatal Ph-exposed females were negatively impacted by Pb-exposure.

Epigenetic modulation of cognition is currently an area of intense focus, with numerous
papers showing that dynamic changes in DNA methylation, histone acetylation/methylation
and microRNA expression play critical roles in the formation, consolidation and recall of
memories, as assessed using cued or context fear conditioning paradigms (Feng et al., 2010;
Miller et al., 2008; Miller et al., 2010; Miller and Sweatt, 2007; Wang et al., 2013). Trace
fear conditioning, however, has not been specifically assessed for dynamic modulation of
either DNA methylation or histone acetylation/methylation. However, using a variant of
associative hippocampal memory testing, contextual fear conditioning, Miller et al (Miller
and Sweatt, 2007) found increased expression of DNA methyltransferase 3a mRNA
(DNMT3a), the enzyme responsible for de novo methylation of DNA, but not DNA
methyltransferase 1 mRNA (DNMT1a), the enzyme responsible for homeostatic control of
DNA methylation, in the CAL region of the hippocampus. These authors suggested that their
findings reflected a dynamic regulation of DNMT activity in response to environmental
sensory stimulation (Miller and Sweatt, 2007). Previously we identified changes in basal or
resting state expression of DNMT1 and DNMT3a expression in the hippocampus of Pb-
exposed animals that were dependent on sex, developmental window of Pb-exposure and
amount of Pb-exposure (Schneider et al., 2013). For example, expression of DNMT3a was
increased in the hippocampus of males exposed to 150 ppm and 750 ppm Pb perinatally
while DNMT1 was unaffected. Expression of DNMT3a was decreased in females with early
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postnatal exposure to 150 ppm and 375 ppm Pb while DNMT1 was unaffected in all early
postnatally exposed females (Schneider et al., 2013). While available data suggest that DNA
methylation is dynamically regulated in various brain regions in response to experience and
that this is important for memory formation, memory formation involves both increased
methylation at memory suppressor genes and decreased methylation at memory promoting
genes (Day and Sweatt, 2010). Thus, memory function might be driven by either
hypermethylation or hypomethylation. At this point, it is not entirely clear how our previous
data on resting state DNMT expression fit with the current behavioral findings, however,
studies in progress are aimed at better defining the potential dynamic epigenetic regulatory
mechanisms that might underlie the current behavioral findings.

In conclusion, the current work adds to our understanding of the complex interactions
between sex, level of Pb exposure and developmental window of Pb exposure on cognitive
processing. Considering the known sensitivity of the frontal cortex and hippocampus to the
effects of Pb (Schneider et al., 2012b), it is likely that the current effects are related to
complex effects of Pb on fronto-hippocampal circuits involved in acquisition, consolidation
and recall of memories (Miller et al., 2010), and in particular, emotional memories. In
addition to adversely affecting the formation, stabilization and recall of memories, Pb-
induced damage to prefrontal/hippocampal circuits may also underlie emotional and
behavioral dysregulation frequently seen in Pb-exposed children (Carpenter and Nevin,
2010, Chiodo et al., 2004, Liu et al., 2014, Nevin, 2007, Nigg et al., 2008). Additional work
in progress will better define the extent to which low level Pb exposure during different
developmental periods affects the dynamic modulation of DNA methylation and post-
translational histone modifications critical to normal cognitive and behavioral regulation.
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Figure 1.
A. Timelinesfor Lead Exposure. All animals were either exposed to lead (Pb) containing

chow (RMH1000 containing 150, 375 or 750ppm lead acetate) and or control chow
(RMH1000). Timing and duration of Pb exposure was either Perinatal (PERI), Early
Postnatal (EPN) or Long-term Postnatal (LPN), as shown. All animals were behaviorally
assesssed on a trace fear conditioning test at postnatal days 55-66. B. Fear Conditioning
Experimental Design. All animals underwent 1 day of initial training using a pseudo-
random CS (tone; 15 s duration)-US (shock, 1 s duration) combination (6 paired tones and
shocks) separated by pseudo-random inter-trial intervals (ITI). The animals were then place
in a novel context (novel visual, olfactory and tactile environment as described in detail in
the methods) at 1, 2 and 10 days post training and presented with 3 cues (tone) separated by
pseudo-random ITI’s with no subsequent shock, and the degree of freezing behavior was
recorded (Anymaze, Stoelting Co.).
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Figure 2. Effects of Perinatal (PERI) Lead Exposure on Associative L earning and Memory in
Female and Male Long Evans Rats

There were significant initial differences in freezing time during acquisition in female
750ppm PERI Pb-exposed animals when compared to both Control (***p<0.001) and
375ppm PERI Pbh-exposed females (**p<0.01), however there were no significant
differences between any groups of females at the end of acquisition. In female animals there
were also no significant effects of Pb exposure on post acquisition retention the CS-US
association (i.e., no effect on percent of time freezing during the trace period) at any time
point or at any Pb exposure level. In males, there was a significant difference in freezing
between control and 375ppm PERI Pb-exposed animals only in Trial 1 of acquisition
(***p<0.001). There were no differences between groups by the end of the acquisition
period. Males had significant differences in post acquisition recall of the CS-US association
at Day 2 only, with both 150ppm and 750ppm PERI Pb-exposed animals being significantly
different from Controls (**p<0.01). This effect was maintained in 750ppm PERI Pb-
exposed animals at 10 days post acquisition (*p<0.05 vs. Control). All data are represented

as mean = S.E.M.
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Figure 3. Effects of Early Postnatal (EPN) L ead Exposure on Associative L earning and Memory
in Femaleand Male L ong Evans Rats

Female 375ppm EPN Pb-exposed animals were significantly different from control
(**p<0.01) and 750ppm EPN (*p<0.05) animals in the percent of freezing on the 15t trial of
acquisition only. There were no significant differences between control and Pb-exposed
females in freezing behavior at the end of acquisition. In female rats exposed to 150ppm Pb,
there were significant deficits (i.e., decreased freezing responses) at 2 days (when compared
to Control (**p<0.01) and 750ppm (**p<0.01)) and at 10 days (when compared to all
Control (***p<0.001), 375ppm (*p<0.05) and 750ppm (***p<0.001)) for post acquisition
recall. In males, only 750ppm animals were significantly different from control during the
first trial of acquisition (***p<0.001), and by the completion of acquisition, there were no
differences between any exposure groups. In males there was no effect of Pb exposure at
any time or exposure level on post acquisition recall. All data are represented as mean +
S.E.M.
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Figure 4. Effects of Late Postnatal (L PN) Lead Exposure on Associative Learning and Memory

in Femaleand Male L ong Evans Rats

There were significant differences in freezing duration during the first trial of acquisition
only for 150ppm (*p<0.05) and 375ppm (***p<0.001) LPN Pb-exposed females compared
to controls. Furthermore, the 375ppm LPN Pb-exposed group was significantly different
from the 750ppm LPN Pb-exposed group (*p<0.05). There were no significant differences
between any groups of LPN females in freezing behavior at post acquisition days 1 and 2. At
10 days post acquisition, there was a significant deficit in post acquisition recall (i.e.,
decreased freezing) in 150ppm LPN females only, compared to controls (*p<0.05). There
was a significant difference between 750ppm LPN Pb-exposed males and all other males
during the first acquisition trial, with 750ppm LPN Pb-exposed males having greater
amounts of freezing at the outset (**p<0.01 vs. what?). At the end of acquisition training
there were no significant differences in any male experimental group. There were also no
significant differences between any of the male groups at any of the post acquisition recall

trials. All data are represented as mean + S.E.M.
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