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Abstract
Childhood lead (Pb2+) intoxication is a global public health problem and accounts for 0.6%

of the global burden of disease associated with intellectual disabilities. Despite the recogni-

tion that childhood Pb2+ intoxication contributes significantly to intellectual disabilities, there

is a fundamental lack of knowledge on presynaptic mechanisms by which Pb2+ disrupts

synaptic function. In this study, using a well-characterized rodent model of developmental

Pb2+ neurotoxicity, we show that Pb2+ exposure markedly inhibits presynaptic vesicular re-

lease in hippocampal Schaffer collateral-CA1 synapses in young adult rats. This effect was

associated with ultrastructural changes which revealed a reduction in vesicle number in the

readily releasable/docked vesicle pool, disperse vesicle clusters in the resting pool, and a

reduced number of presynaptic terminals with multiple mitochondria with no change in pre-

synaptic calcium influx. These studies provide fundamental knowledge on mechanisms by

which Pb2+ produces profound inhibition of presynaptic vesicular release that contribute to

deficits in synaptic plasticity and intellectual development.

Introduction
Childhood lead (Pb2+) intoxication continues to be a public health problem of significant pro-
portion not only in the United States, but also globally [1,2]. Many studies over several decades
have consistently demonstrated that one of the most prominent effects of Pb2+ in children is to
decrease their capacity to learn with devastating effects on cognitive and intellectual develop-
ment [3,4,5,6,7]. The consequences of childhood Pb2+ intoxication on the intellectual capacity
of children and society as a whole are immeasurable in a world dominated by an economy that
rewards knowledge. Recent human studies have also shown that Pb2+ exposure early in life is
associated with longitudinal declines in cognitive function [8] and loss of brain volume [9,10]
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in aging individuals. Therefore, Pb2+ exposure in early life has immediate and long-term conse-
quences to neurological and mental health.

Neuronal chemical communication is mediated by synapses that undergo fast and efficient
release of neurotransmitters. Neurotransmitter release occurs at presynaptic active zones
(PAZ) which are specialized regions of the synapse juxtaposed to postsynaptic densities (PSD).
In presynaptic terminals, neurotransmitters are packaged in synaptic vesicles that are orga-
nized in clusters or functional pools that include: 1) the readily-releasable/docked vesicle pool,
2) the rapidly recycling pool from which vesicles undergo exo-endocytosis as a result of stimu-
lation and, 3) the resting pool, which serves as a reservoir containing vesicles that are released-
reluctant unless there is sustained and strong stimulation [11,12]. Disruption of synaptic func-
tion is known to result in neurological disease [13,14].

A number of studies have shown that acute and chronic exposure to Pb2+ alters neurotrans-
mitter release in both in vivomodels and in vitro systems. Pb2+ decreases evoked release of glu-
tamate (Glu) and gamma-aminobutyric acid (GABA) in young adult rats developmentally
exposed to Pb2+ [15] and in hippocampal cultures and brain slices acutely exposed to Pb2+ [16,
17]. Both spontaneous and action potential-evoked release of Glu and GABA are affected by
Pb2+ exposure [18], but there is a paucity of knowledge of the mechanisms underlying these ef-
fects. Recent studies from our laboratory have provided the first working model by which expo-
sure to Pb2+ during the period of synaptogenesis affects synapse development and function
that can explain effects of Pb2+ on both presynaptic and postsynaptic compartments of the syn-
apse [19,20,21]. Using a Pb2+ exposure paradigm during the period of synaptogenesis in prima-
ry hippocampal neuron cultures, we found that Pb2+ inhibition of postsynaptic NMDA
receptors (NMDAR) alters downstream calcium signaling and impairs the CREB-dependent
transcription of activity-regulated genes, such as brain-derived neurotrophic factor (BDNF)
and alters the function of its cognate receptor TrkB and downstream signaling to modify
synapsin I phosphorylation at serine sites involved in vesicle movement [19,20,21]. These stud-
ies also showed that the Pb2+-induced impairment of BDNF trans-synaptic retrograde signal-
ing decreased the levels of the vesicular proteins synaptophysin and synaptobrevin and
inhibited vesicular release [19]. Importantly, the addition of exogenous BDNF normalized
synaptophysin and synaptobrevin protein levels and reversed the impairment in vesicular re-
lease providing the first evidence of the beneficial effects of BDNF on Pb2+-induced synaptic
dysfunction [19]. We also showed that the inhibition of vesicular release by Pb2+ was specific
to a fast-releasing pool of vesicles that we hypothesized to be the rapidly-releasable/docked ves-
icle pool [19].

To determine whether the effects of Pb2+ exposure that we have observed using in vitro ex-
posure of hippocampal neurons in culture is operational in the hippocampus of young adult
rats that have been chronically exposed to Pb2+ in vivo, we performed electrophysiological and
two-photon imaging studies in Schaffer collateral-CA1 synapses. Further, to identify the sub-
cellular basis of the Pb2+-induced impairment of vesicular release we used transmission elec-
tron microscopy (TEM) to measure vesicle number in the different vesicle pools of the
presynaptic compartment as well as presynaptic mitochondria number and size. We report
here that chronic in vivo exposure to Pb2+ during development resulted in a marked inhibition
of Schaffer-collateral-CA1 synaptic transmission by inhibiting vesicular release of glutamate,
an effect that was not associated with a persistent change in presynaptic calcium entry. On the
other hand, we found a reduced number of synaptic vesicles associated with the rapidly- releas-
able/docked vesicle pool confirming our hypothesis originating from previous in vitro studies
[19] that the inhibitory effect of Pb2+ on vesicular release was due to, at least in part, reductions
in the number of vesicles in the rapidly releasable/docked vesicle pool. Furthermore, we ob-
served an increase in the dispersion of vesicles (nearest neighbor distance) in the resting pool
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and a decrease in the number of presynaptic terminals containing multiple mitochondria. The
latter suggests that energy availability in the form of ATP may also be compromised by Pb2+

exposure and influence vesicular release.

Materials and Methods

Chemicals
Salts were acquired from Sigma-Aldrich, CNQX from Tocris, and FM1-43 from Invitrogen. All
electron microscopy supplies (EM grade paraformaldehyde (10% aq), EM grade glutaraldehyde
(10% aq), uranyl acetate (4% aq), osmium tetroxide (4% aq), ethanol, propylene oxide, Spurr
Low Viscosity Resin Kit, 200 mesh copper grids, lead acetate) were acquired from Electron Mi-
croscopy Sciences (EMS Diasum, Hatfield, PA).

Blood Pb2+ analysis.. Blood Pb2+ analysis was conducted using the LeadCare system (ESA
Laboratories, Inc, Chelmford, MA) as described by the manufacturer.

Animals
Adult female Long-Evans rats were purchased from Charles River, Inc. (Wilmington, MA) and
fed 0 (control) or 1500 ppm lead acetate (PbAc) in the diet (Dyets, Bethlehem, PA) 10 days
prior to breeding with non-exposed, normal Long-Evans males. Litters were culled to 10 on
postnatal day 1 (PN1) and dams were maintained on their respective diet until weaning of
pups. After weaning, offspring remained on their respective maternal diet until PN50. At wean-
ing, rats were housed in same sex pairs in plastic cages at 22 ± 2°C on a 12/12 light: dark cycle.
Food and water were allowed ad libitum. Litters of rats were considered a single experimental
unit for statistical purposes so that for each experiment, one animal was used from a single lit-
ter for one data point. This study was carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by Columbia University and New York Medical College In-
stitutional Animal Care and Use Committees (AC-AAAF4810). All non-survival procedures
were performed under sodium pentobarbital anesthesia, and all efforts were made to
minimize suffering.

Hippocampal slice electrophysiology
Experiments were conducted as described previously [22,23]. At 50 ± 2 days of age, rats were
deeply anesthetized with isoflurane, decapitated and their brains rapidly removed and sub-
merged in ice-cold artificial cerebrospinal fluid (ACSF, 2–4°C), containing (in mM): 124 NaCl,
4 KCl, 2 MgSO4, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose; at pH 7.4, gassed continu-
ously with 95% O2/5% CO2). Brains were hemisected, the frontal lobes cut off, and individual
hemispheres glued using cyanoacrylate adhesive onto a stage immersed in ice-cold ACSF
gassed continuously with 95% O2/5% CO2 during slicing. We cut 400 μm thick coronal slices
using a vibratome (Leica VT1200S), and transferred them to an interface holding chamber for
incubation at room temperature for a minimum of 1 hr before transferring to a submerged re-
cording chamber continuously on a Zeiss Axioskop microscope continuously perfused at 3 ml/
min with oxygenated ACSF at 32 ± 0.5°C.

Whole cell patch-clamp recordings were performed in CA1 pyramidal neurons using stan-
dard techniques. Patch pipettes (R = 3–4 MO) were filled with recording solution containing
(mM): 135 CsMeSO2, 8 NaCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 0.5 EGTA, and 1 QX-314
(275 mOsm, pH = 7.25 adjusted with Cs(OH)2). Access resistance was carefully monitored,
and only cells with stable access resistance (<5% change) were included in analyses. CA1
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pyramidal cells were recorded under voltage clamp using a MultiClamp 700B (Axon Instru-
ments) with Clampex (v9). Recording signals were filtered through an eight-pole Bessel low-
pass filter with a 3 kHz cutoff frequency, digitized at 10 kHz, and sampled using Clampex (v9).
Sampled data was analyzed off line with Clampfit (v9) and OriginPro (v6.1). Neurons were
clamped at –60mV, and Schaffer collateral-evoked EPSCs were triggered by MultiClamp and
delivered by a bipolar stimulating electrode (FHC, USA) via a stimulus isolator (ISO-Flex,
AMPI Instruments; 50–100 pA, 100 μs duration). EPSC slopes were calculated by linear inter-
polation of the initial downward current from 20% to 80% of the maximum EPSC amplitude.
Paired-pulse facilitation was assessed by applying a pair of Schaffer collateral stimuli at inter-
vals of 10–125 msec, and the ratio of slopes of the second to the first response was calculated,
so that numbers greater than 1.0 represented facilitation, less than 1.0 inhibition. Chemicals for
making extra- and intracellular solutions were purchased from Sigma (USA) or Fluka (USA).

Two-photon laser scanning microscopy
Fluorescence was visualized using a customized two-photon laser-scanning Olympus BX61WI
microscope with a 60x/0.90W water immersion infrared objective lens and an Olympus multi-
spectral confocal laser scan unit. The light source was a Mai-Tai™ laser (Solid-State Laser Co.,
Mountain View, CA), tuned to 820 nm for exciting Magnesium Green and FM1-43. Epifluores-
cence was detected with photomultiplier tubes of the confocal laser scan head with pinhole
maximally opened and emission spectral window optimized for signal over background. In the
transfluorescent pathway, a 565 nm dichroic mirror was used to separate green and red fluores-
cence to eliminate transmitted or reflected excitation light (Chroma Technology, Rockingham,
VT). Depending on the nature of the fluorescent dyes, HQ525/50 and HQ610/50 or HQ710/50
filters were placed in the “green” and “red” pathways, respectively. Image acquisition was con-
trolled by Fluoview FV300 software (Olympus America, Melville, NY). After confirming the
presence of Schaffer collateral-evoked fEPSPs>1mV in amplitude in CA1 stratum radiatum,
and inducing LTP, 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was bath-applied
throughout the rest of the experiment to prevent synaptically-driven action potentials in CA3
pyramidal neurons from accelerating dye release. Presynaptic boutons were loaded by bath-
applying 5μM FM1-43 (Molecular Probes) in hypertonic ACSF supplemented with sucrose to
800mOsm for 25 sec to selectively load the rapidly-recycling pool (RRP) [24,25], then returned
to normal ACSF. Stimulus-induced destaining was measured after 30 min perfusion with dye-
free ACSF, by bursts of 10Hz bipolar stimuli (150 μs DC pulses) for 2 sec applied once each 30
sec. We fitted a single exponential to the first 6 fluorescence time course values, and taus be-
tween groups compared by two-tailed Student’s t-test, as we have shown previously that the
early release reflects vesicular release from the RRP prior to recycling and reuse of vesicles
[24,25]. At the end of each experiment, complete depolarization-induced destaining was
evoked by bath-applying 85 mM [K+] ACSF. Using established methods for measuring [Ca2+]
transients [26], we filled Schaffer collateral presynaptic fibres with Magnesium Green AM.
Briefly, an ejection electrode (tip diameter, 5–10 μm) containing Magnesium Green AM (1mM
Magnesium Green AM, 10% DMSO, 1% pluronic acid in ACSF) was lowered into the Schaffer
collateral pathway between the stimulating electrode and the presynaptic terminal field to be
observed, air pressure pulses (6–9 psi, 100–200 msec) controlled by a Picospritzer (General
Valve Corp. USA) were applied to the electrode until a small bright spot (�10 mm in diameter)
was observed. Then the slice was maintained with a 3ml/min flow of oxygenated ACSF for ~30
minutes to allow the dye to sufficiently diffuse into presynaptic boutons. To verify that magne-
sium green selectively loaded into presynaptic terminals, FM4-64 was loaded with high [K+]o
at the end of each experiment. To measure Ca2+ dynamics the fluorescence was collected by
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scanning at 200 Hz in a surface-scanning mode (XYT). Baseline fluorescence (F0) was the aver-
age of four images during control, ΔF/F was calculated as (ΔF/F)(t) = (F(t)-F0)/F0.

Transmission electron microscopy specimen preparation
At PN50, rats were anesthetized with 20 mg/kg pentobarbital. Rats were perfused transcardially
with 2.5% glutaraldehyde + 2% paraformaldehyde in 0.1 M Phosphate Buffered (PBS). The
brain was removed and post-fixed in the same solution overnight at room temperature (RT).
Brains were sectioned into 500 μm slices with a vibratome. Tissue from the same CA1 region in
which the electrophysiological studies were performed were dissected from the hippocampus
using a 1.5 mm hole-punch. Dissected tissue was placed in 2.5% glutaraldehyde + 2% parafor-
maldehyde in PBS mixture for 3 hr at RT and rinsed with PBS. Secondary fixation in 1% osmi-
um tetroxide in PBS was done for 60 min at RT. Following osmium fixation, tissue was rinsed
in PBS then rinsed in water to remove all traces of phosphate from samples. Tissue was subse-
quently dehydrated in 50% ethanol, a mixture of 70% ethanol + 1% uranyl acetate, 85% ethanol
and 2 changes of 100% ethanol (15 min per step). Tissue was then placed in the transition sol-
vent propylene oxide twice (15 min per step) and was left to infiltrate in a 1:1 mixture of pro-
pylene oxide-Spurr’s Resin overnight at RT. Steps involving osmium tetroxide and uranyl
acetate were done in containers covered with foil to block light. Tissue was transferred to pure
Spurr’s Resin for infiltration for 24 hours at RT. Tissue was then placed into Beem Capsules
with fresh Spurr’s Resin, allowed to sit for 30 min and then placed in a 70°C oven for 24 hours
for polymerization. After polymerization, ultrathin sections (70 nm) were obtained using a Sor-
val 5000 ultramicrotome and placed onto 200 mesh copper grids. 2 μm of tissue was cut in be-
tween each collected section to prevent repeat analysis of any synapses. Sections on grids were
stained with uranyl acetate for 45 min, rinsed with water, stained with lead citrate for 90 sec,
rinsed again with water and left to dry on clean filter paper.

Transmission electron microscopy
Tissue was examined under a Hitachi 7500 Transmission Electron Microscope operated at
80 kV. Images were obtained at 100,000x magnification using an AMT digital camera and soft-
ware. For each hippocampi under investigation (10 total; 5 Control and 5 Pb2+), a total of
40 images of simple, asymmetric synapses were obtained. Five synapses were imaged from
each grid. Synapses were spaced by a minimum of one grid box to reduce bias. The microsco-
pist was blinded to treatment conditions while imaging.

Transmission electron microscopy image analysis
The presynaptic active zone (PAZ) and the center of each pre-synaptic vesicle were marked
using ImageTool (UTHSCSA, ImageTool, Version 3.0). The distance between each vesicle and
the PAZ as well as the distance in between each vesicle and its nearest neighbor was calculated
using ImageTool coordinates in LoClust [27]. The diameter of each vesicle was measured using
ImageJ. The PAZ length was also measured using ImageJ. PAZ membrane appears more elec-
tron dense after staining than surrounding membranes, which allows for measurement. The
postsynaptic density (PSD) length was measured using ImageJ. The PSD is large and electron
dense after staining, which facilitates measurement. Vesicles were classified as readily-
releasable/docked vesicle pool if they were physically contacting the PAZ. Vesicles were classi-
fied as belonging to the recycling pool if their center was within 200 nm of the PAZ. Vesicles
were considered part of the reserve pool if their vesicular center was greater than 200 nm from
the PAZ. The number and diameter of mitochondria in pre-synaptic terminals was also
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determined. All measurements were made by one individual (SRG) who was blinded to the
treatment groups.

Statistics
Forty EM images were obtained from each Schaffer Collateral—CA1 region. An average of
each measurement made from the 40 images was used to represent the animal. A t-test with
Welch Correction was used to determine differences between the control and Pb2+ treated
groups for each particular measure (GraphPad Prism). Welch correction was used to account
for differences in variance. In analyses requiring comparisons between multiple groups, an
ANOVA with Sidak’s Multiple Comparisons analysis was used, to determine which groups
were significantly different than one another. Significance level was preset to p< 0.05.”

Results

Blood lead levels and body weight of rats
The Pb2+ exposure paradigm used in the present study does not produce any overt toxicity
based on body weight gain. Body weight at postnatal day 50 (PN50) were: 294.4 ± 4.8 grams
(n = 24) for control animals and 281.6 ± 6.9 grams for Pb2+-exposed animals.

Blood Pb2+ levels of littermates to animals used in this study at PN50 were: 0.8 ± 0.3 μg/dL
(n = 11) for control animals and 21.1 ± 1.6 μg/dL (n = 15) for Pb2+-exposed animals. This level
of Pb2+ exposure is environmentally relevant and previous studies using this animal model
have shown that it produces in deficits in synaptic plasticity in the form of long-term potentia-
tion [28], decreased adult neurogenesis with alterations in the morphological development of
newly born granule cells in the hippocampus [29], and impairments of spatial learning and
contextual fear conditioning [28,30,31] in animals of similar age.

Chronic lead exposure persistently enhances paired-pulse facilitation at
Schaffer collateral-CA1 synapses
Neuronal short-term presynaptic plasticity is classically assessed with “paired-pulse stimula-
tion,” two stimuli in close succession [32,33]. One form of paired-pulse modulation, paired
pulse facilitation (PPF), is typically attributed to an increase of release probability (Pr) during
the second stimulus, arising from prior accumulation of residual Ca2+ near active zones and/or
lingering effects of Ca2+ on a Ca2+ sensor [33,34]. This residual Ca2+, when present at terminals
that fail to release on the first stimulus, will cause them to release and increase response ampli-
tude from the second stimulus. Therefore, if initial Pr is reduced, as by manipulations such as
reducing extracellular [Ca2+], the magnitude of PPF (the ratio of second to first response am-
plitude) will be increased [33,34]. As Fig 1A illustrates, PPF in CA1 pyramidal neurons was
readily elicited by two Schaffer collateral stimuli applied with a 30 ms interpulse interval. As
summarized in Fig 1B, the ratio of excitatory postsynaptic current (EPSC) amplitude in re-
sponse to the second stimulus versus the first stimulus (P2/P1) was significantly greater in
slices from Pb2+-exposed animals compared to controls, consistent with a decrease in initial Pr.
When paired-pulse stimuli were applied at intervals that varied from 20–300 msec, the signifi-
cant increase in PPF in slices from Pb2+-exposed rats was statistically significant for interpulse
intervals from 20–125 msec (Fig 1C and 1D; P<0.05, repeated measures ANOVA with post-
hoc Student’s t-test with Bonferroni correction).
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Chronic lead exposure persistently reduces vesicular release from the
rapidly-recycling vesicle pool at Schaffer collateral presynaptic terminals
To determine directly whether presynaptic vesicular release is altered by chronic in vivo Pb2+

exposure, we used two-photon excitation to visualize release of the styryl dye FM1-43 from the
rapidly-recycling pool of presynaptic vesicles after selective loading by hypertonic shock into
Schaffer collateral-CA1 terminals in hippocampal slices. In these experiments, presynaptic ves-
icles in the rapidly-recycling pool are first stimulated by a brief hypertonic shock to fuse with
the membrane and release their transmitter, whereupon they take up FM1-43 from the extra-
cellular space and are endocytosed and recycled into the rapidly-recycling pool for the next
evoked release. We have used this method previously to show that generation of LTP and LTD
can be associated with persistent increases [24] and decreases [25] in the rate of stimulus-
evoked FM1-43 destaining at Schaffer collateral terminals in field CA1. Fig 2 shows the effect

Fig 1. Schaffer collateral-CA1 paired-pulse facilitation (PPF) is enhanced in chronically Pb2+-exposed rat hippocampus, indicative of reduce
transmitter release. (A) Representative excitatory postsynaptic currents (EPSC) in field CA1 in response to Schaffer collateral paired-pulse stimuli at a 30
ms interstimulus interval (ISI) in a hippocampal slice from a control (black trace) versus a Pb2+-treated (red trace) rat. (B) Mean ± SEM ratio of P2/P1 (30ms
ISI) at Schaffer collateral-CA1 synapses in slices from control (black, N = 13 slices) versus Pb2+-treated (red, N = 9 slices) rats, showing that PPF was
significantly larger in Pb2+-treated rats (*, P<0.05, Student’s t-test). (C) Representative EPSCs evoked by the second of two Schaffer collateral stimuli in a
CA1 pyramidal neuron, illustrating the ISI range of PPF. (D) Mean ± SEM EPSC PPF P2/P1 ratio as a function of ISI, where PPF was significantly enhanced
for ISI 10–125 ms in slices from Pb2+-treated (red circles) versus control (black circles) rats (*, P<0.05, ANOVA for repeated measures and post-hoc
Student’s t-test with Bonferroni correction).

doi:10.1371/journal.pone.0127461.g001
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Fig 2. Two-photon laser scanningmicroscopic (TPLSM) images of FM1-43 vesicular release from
Schaffer collateral terminals in field CA1 of hippocampal slices confirm that release probability is
reduced by chronic Pb2+ exposure. (A) Representative TPLSM pseudocolor images of FM1-43 loaded
presynaptic terminals in stratum radiatum of field CA1 in hippocampal slices from Pb2+-treated and control
rats imaged prior to (0 min) and after 8 minutes (8 min) of 2Hz Schaffer collateral stimulation (Calibration Bar:
5 μm). (B) Time course (Mean ± SEM) of stimulus-evoked FM1-43 destaining from puncta in field CA1 of
hippocampal slices in response to 2Hz Schaffer collateral stimulation (solid bar) in control (black circles, N = 8
slices, 35 puncta) versus Pb2+-treated (red circles, N = 6 slices, 30 puncta) rats. (C) Mean ± SEM of initial
decay time constant (left bars) and ending residual fluorescence (right bars) in the slices in (B) from control
(CTL) versus Pb2+-treated (LEAD) rats (*,P <0.05, Student’s t-test), showing slower destaining of Schaffer
collateral terminals from rats chronically exposed to Pb2+.

doi:10.1371/journal.pone.0127461.g002
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of chronic Pb2+ exposure on vesicular release from Schaffer collateral presynaptic terminals.
Fig 2A shows representative pseudocolor images of FM1-43 labelled Schaffer collateral termi-
nals before (0 min) and after 8 minutes of 2Hz stimulation in control versus slices from Pb2
+-exposed rats. Fig 2B summarizes the time course of all slices, showing the markedly slower
vesicular release evoked by 2Hz stimulation of Schaffer collateral terminals in field CA1 of
slices from Pb2+-exposed rats compared to control rats. The initial time constant of release cal-
culated from a single exponential fit of the first 6 times points [24,25] was significantly slower
(Student’s t-test, P<0.05), while the residual fluorescence at the end of the stimulus train was
significantly higher in slices from chronically Pb2+-exposed rats, confirm a slower rate of vesic-
ular release (Fig 2C).

While Schaffer collateral-CA1 synapses appear to exhibit a mixture of presynaptic and post-
synaptic alterations in expressing long-term synaptic plasticity, mossy fiber-CA3 synapses
have been suggested to express largely presynaptic long-term plasticity [35]. We used the same
experimental protocol to study vesicular release rates from mossy fiber terminals in field CA3
to determine if the effect of Pb2+ exposure on vesicular release was site specific. Fig 3B shows
that, while the initial rate of FM1-43 release from mossy fiber terminals was not altered by
chronic Pb2+ exposure, mean destaining (grey bar indicates values averaged) at the end of the
2Hz stimulus train was reduced (Student’s t-test, P<0.05). This reduced destaining late in the
stimulus train may suggest reduced rates of vesicle recycling in mossy fiber terminals. Compar-
ison of vesicular release of Schaffer collateral to CA1 synapses versus mossy fiber synapses sug-
gests that Schaffer collateral terminals are more susceptible to effects of early developmental
exposure to Pb2+ than mossy fiber boutons. Further, the results also suggest that the molecular
mechanisms by which Pb2+ impairs vesicular release in Schaffer collateral-CA1 synapses are
different than those in mossy fiber—CA3 synapses.

Variance-mean analysis confirms that chronic lead exposure
persistently reduces presynaptic release probability at Schaffer
collateral terminals
Variance-mean (VM) analysis according to a binomial model of synaptic transmission is a
method that has been employed to study a variety of synapses [36,37]. It is mainly applied to
steady-state sequences of evoked EPSCs recorded under a variety of conditions by varying ex-
tracellular [Ca2+], or delivering long repetitive trains of stimulation of different frequencies,
each resulting in a range of mean response size with variance that is a parabolic function of Pr
[38,39,40,41]. In this method, low extracellular [Ca2+] yields low Pr, release failures and low
EPSC variance, high extracellular [Ca2+] yields high Pr, few failures and, again, low EPSC vari-
ance, and physiological extracellular [Ca2+] yields intermediate Pr and higher EPSC variance.
We have recently applied this method to directly estimate presynaptic Pr at Schaffer collateral-
CA1 synapses during the induction of various forms of LTP and LTD of synaptic transmission
[22].

We used three ratios of [Ca2+]/[Mg2+] in ACSF (4/1, 2/2, and 1/4 mM) to alter Pr at Schaffer
collateral synapses. Experiments began with establishing stable whole-cell recording from a
CA1 pyramidal neuron, and then perfusing the slice with 4/1 [Ca2+]/[Mg2+] ACSF. Cells were
voltage-clamped at -65 mV, and 100 μs constant-current stimulus pulses were delivered to
Schaffer collateral/commissural fiber axons every 10 sec to evoke an EPSC. Stable recordings
for 8–10 min were made in 4/1 [Ca2+]/[Mg2+], before replacing the perfusate with 1/4 mM
[Ca2+]/[Mg2+] ACSF. After EPSCs decreased in amplitude and restabilized, which usually took
5–8 min, EPSCs were recorded for an additional 8 min. Slices were then perfused with 2/2 mM
[Ca2+]/[Mg2+] ACSF. After EPSC amplitudes had again stabilized, another 8 min of recordings
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Fig 3. Two-photon laser scanningmicroscopic (TPLSM) images of FM1-43 vesicular release from
Mossy fiber terminals in field CA3 of hippocampal slices confirm that release probability is reduced
by chronic Pb2+ exposure. (A) Representative TPLSM pseudocolor images of FM1-43 loaded presynaptic
terminals in proximal stratum radiatum of field CA3c in hippocampal slices from Pb2+-treated (Lead) and
Control rats imaged prior to (0 min) and after 10 minutes (10 min) of 2Hz Mossy fiber stimulation (Calibration
Bar: 5 μm). (B) Time course (Mean ± SEM) of stimulus-evoked FM1-43 destaining from large Mossy fiber
puncta in field CA3 of hippocampal slices in response to 2Hz Schaffer collateral stimulation (solid bar) in
control (solid circles, N = 5 slices, 25 puncta) versus chronically Pb2+-treated (open circles, N = 6 slices, 27
puncta) rats. Overall, decay time constants were not statistically significantly smaller in slices from Pb2
+-treated rats (white bars) compared to those from control rats (black bars). However, a significant effect of
Pb2+ was observed at the later time points in the 2Hz train (gray bar; * P < 0.05, Student’s t-test comparing
open and black squares).

doi:10.1371/journal.pone.0127461.g003
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were made. To ensure that postsynaptic AMPA receptors were responding to a non-saturating
concentration of glutamate, as required for VM analysis, experiments were conducted in a low
concentration of the selective AMPA receptor antagonist CNQX (100 nM).

Fig 4 illustrates experiments using VM analysis to determine the long-term effects of Pb2+

exposure on Pr. Fig 4A shows individual CA1 pyramidal neuron membrane resistance and
EPSC amplitudes recorded in representative slices from a control and a Pb2+-exposed rat, dur-
ing the stable periods after each change of extracellular [Ca2+]o. The stability of the data re-
corded was assessed by fitting a straight line to the amplitudes in each recording condition and
plotted versus repetition number. For analysis, only data that displayed less than 20% change
in the regression line over at least 30 data points were selected for further VM analysis [39]. Fig
4B shows representative envelopes of individual EPSCs at 1/4mM (left), 2/2mM (center) and
4/1mM (right) [Ca2+]/[Mg2+] ratios in a slice from a control and a Pb2+-exposed rat. As shown
in panel 4C, the VM relationship obtained by varying extracellular [Ca2+] is parabolic, with
maximum variance at the peak of the parabola. In pyramidal hippocampal neurons from Pb2
+-exposed rats, individual slice data point (Fig 4F) and mean amplitudes (Fig 4D) at different
[Ca2+], converted to Pr, were reduced along the same parabolic fit at all three [Ca2+]o.
(P<.0.01, Student’s t-test), consistent with a reduction in presynaptic release probability com-
pared to controls. Panel 4E shows a typical associated variance/mean versus mean linear plot,
where the linear fits of pyramidal neurons from control and Pb2+-exposed rats significantly dif-
fered in slope (P<0.05, Student’s t-test), consistent with a presynaptic site of reduced Pr.
Across all experiments (N = 7 for each treatment group), Pr calculated by this method was sig-
nificantly reduced in slices from Pb2+-exposed rats at low (1/4 mM; Pb2+ = 0.037 ± 0.0013, con-
trol = 0.051 ± 0.0041, P<0.05, Student’s t-test), medium (2/2 mM; Pb2+ = 0.28 ± 0.028,
control = 0.45 ± 0.02, P<0.05, Student’s t-test) and high (4/1 mM; Pb2+ = 0.60 ± 0.026, con-
trol = 0.72 ± 0.023, P<0.05, Student’s t-test) [Ca2+]/[Mg2+] ratios. These reductions in Pr were
not associated with significant changes in number of release sites (N) or quantal size (Q).

Chronic lead exposure does not produce marked changes in
presynaptic calcium influx into Schaffer collateral terminals
Calcium channels (P/Q and N-type) are the major source of action potential mediated Ca2+ in-
flux into presynaptic terminals and previous studies have shown that Pb2+ inhibits calcium
channels in cultured cells, an effect that is reversible by washing the cellular preparation [42].
Therefore, if Pb2+ exposure chronically alters the activity of these channels, this could indirectly
alter Pr of synaptic vesicles. To directly test whether chronic Pb2+ exposure produces a persis-
tent inhibition of presynaptic Ca2+ influx, we injected Mg2+ Green-AM, a calcium indicator
dye that is membrane-permeable [43], directly into stratum radiatum of field CA1 of hippo-
campal slices. Mg2+ Green positive fluorescent puncta were visualized in field CA1 using two-
photon excitation (Fig 5 insets). Fig 5 demonstrates the kinetics of Mg2+ Green fluorescence in-
creases in response to a 100Hz burst of four Schaffer collateral stimuli. We have shown previ-
ously that these responses persist in the presence of NMDA and AMPA receptor antagonists,
despite the loss of fEPSPs, are blocked by cadmium and omega conotoxin, and co-localize with
FM4-64, confirming a presynaptic nature for these calcium transients [44].

Comparison of the mean fluorescent time courses of stimulus-evoked presynaptic Ca2+ in-
flux transients in Schaffer collateral terminals in slices from control (Fig 5A) versus Pb2+-ex-
posed (Fig 5B) rats revealed that these transients were almost completely superimposable, with
the exception of the first two peak fluorescence time points, which were significantly larger in
amplitude in control slices in the first 400 milliseconds (repeated measures ANOVA, F(1,20) =
12.747; p = 0.0019), but not different for the rest of the transients (repeated-measures ANOVA
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F(1,20) = 0.097; p = 0.7588). Overall, the area under the curves for these two sets of terminals
were not significantly different (P> 0.05), suggesting that reductions in presynaptic [Ca

2+

] in-
flux are not likely to be responsible for the marked reduction in vesicular release associated
with chronic Pb2+ exposure. Taken together, our data indicate that chronic exposure to Pb2+

during early development results in a persistent reduction in presynaptic Pr that is likely due to

Fig 4. Chronic Pb2+ exposure is associated with reduced presynaptic vesicular release probability at
Schaffer collateral-CA1 terminals assessed by variance-mean analysis. (A) CA1 pyramidal neuron input
resistance (top, in MegΩ) and Schaffer collateral-evoked EPSC peak amplitudes (bottom, in pA) recorded at
1, 2 and 4 mM [Ca2+]o, in hippocampal slices from a control (left) and chronic Pb2+-exposed (right) slice. (B)
EPSC trace envelopes in CA1 pyramidal neurons in a slice from a Control (left) and a chronic Pb2+-treated
(right) rat. (C) Variance-mean relationships determined by altering [Ca2+]o to 1, 2 and 4 mM in CA1 pyramidal
neurons in slices from control (black circles; N = 8) and Pb2+-treated (grey circles; N = 7) rats. (D) Data from
(C) corrected to estimate Pr, showing mean ± SEM of mean-variance points in slices from control (black
circles) and Pb2+-treated (grey circles) rats normalized to the maximal peak amplitude recorded at 4 mM [Ca2
+]o. Data from control and Pb2+-exposed slices were both well fit by a single parabola forced to pass through
0,0 with grey circles shifted to the left, consistent with a presynaptic reduction in Pr from chronic Pb2+

exposure. (E) Plot of variance/mean ratio versus mean EPSC amplitude (pA) from a single representative
slice, which converts the parabolic relationship between mean and variance to a linear one. The number of
release sites (N) was derived by estimating the slope of the linear fit, while the y-intercept denotes the quantal
size (Q) of the EPSC. The reduction in slope indicates that chronic Pb2+ exposure was associated with a
reduction in presynaptic Pr. (F) Individual variance-mean data points for each control slice (black circles) and
each Pb2+-exposed slice (red circles) at each [Ca2+]o.

doi:10.1371/journal.pone.0127461.g004
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Fig 5. Chronic Pb2+ treatment does not producemarked changes in presynaptic Ca2+ influx into Schaffer collateral terminals.Mean ± SEM
presynaptic stimulus-evoked Mg2+-Green fluorescence increases in presynaptic terminals in response to a burst of Schaffer collateral stimuli (4x20Hz) in
slices from control (A, filled circles, N = 10 control slices, 25 terminals) versus Pb2+-exposed (B, open circles, N = 13 slices, 32 terminals) rats (insets above
are single fluorescent spines from a control and Pb2+-exposed slice at the indicated time points post-stimulation).

doi:10.1371/journal.pone.0127461.g005

Fig 6. Transmission electronmicrographs of Schaffer Collateral terminals. Simple, asymmetric, Collateral—CA1 synapses from control (A) and Pb2+

exposed (B) animals were imaged and examined using transmission electron microscopy. Scale bar = 100 nm.

doi:10.1371/journal.pone.0127461.g006
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actions downstream of presynaptic Ca2+ influx at the level of SNARE protein-
mediated exocytosis.

Chronic in vivo exposure to lead resulted in a reduction in number of
ready releasable pool/docked vesicles and a dispersion of vesicles in
the resting pool in Shaffer Collateral terminals measured by
transmission electron microscopy
Previous studies from our laboratory using hippocampal neuronal cultures have shown that
the effect of Pb2+ on vesicular release was specific to a fast-releasing pool of vesicles that we hy-
pothesized to be associated with the readily-releasable vesicle pool [19]. Therefore, to directly
confirm that Pb2+ inhibition of vesicular release may be mediated by alterations in the readily-
releasable/docked vesicle pool, we used TEM to visualize presynaptic axon terminals of control
versus Pb2+-exposed rats to analyze vesicle position (Fig 6). We classified vesicles as: 1) part of
the readily-releasable/docked vesicle pool if they were physically contacting the presynaptic ac-
tive zone (PAZ), 2) part of the rapidly recycling pool if their center was within 200 nm of the
PAZ, or 3) part of the reserve pool if their vesicular center was greater than 200 nm from the
PAZ (Fig 7) based on previous demonstration of three pools of vesicles [11,12]. Our results in-
dicate marked changes in the vesicular pools of presynaptic terminals in the CA1 region of the
hippocampus from rats that were exposed to Pb2+ relative to controls (Table 1). That is, Pb2+

exposure resulted in a significant reduction in the number of readily-releasable/docked vesicles
in Shaffer Collateral terminals (p = 0.034, Table 1, IA).

We also measured vesicle nearest-neighbor distance as a function of distance from the PAZ
(Fig 7B). The distance between the centers of each vesicle was marked and the nearest neighbor
distance between vesicles measured (Fig 7C). The distance from the PAZ to each vesicle was
binned and arranged into two clusters representing (1) readily-releasable/docked plus recycling
pools of vesicles (0–200 nm from PAZ) and (2) the reserve vesicle pool (201–500 nm from
PAZ). Schaffer Collateral terminals of Pb2+-exposed animals did not show significant changes
in nearest-neighbor distance between vesicles of the RRP/docked pools plus recycling pools,
but did show a highly significant increase in nearest neighbor distance between vesicles of the
reserve pool (Table 1, IVB; p = 0.0017). This data suggests there are alterations in clustering of
vesicles in the reserve pool that may alter vesicle movement and availability, contributing to
the significant reduction in functional release probability and synaptic transmission produced
by chronic Pb2+ exposure.

Effect of chronic lead exposure on presynaptic mitochondria number and
size
To determine if changes in vesicular release and vesicle clustering were related to energy avail-
ability in axon terminals, we examined the number of mitochondria in presynaptic terminals
from the TEM images. Exposure to Pb2+ had no significant effect in the number of terminals
containing at least one mitochondrion (Table 1, VA) but there was a marked decrease in the
number of terminals that contained multiple (>2) mitochondria in the Pb2+-exposed group
relative to controls (Table 1, VB) suggesting that trafficking of mitochondria to presynaptic ter-
minals may be altered by chronic Pb2+ exposure. There were no significant differences in total
mitochondria counted (Table 1, VC), and the mean diameter of presynaptic terminal mito-
chondria was similar between control and Pb2+-exposed groups (Table 1, VD), although there
was a nearly significant increase in the number of mitochondria with diameter greater than
300 nm (Table 1, VD). These findings suggest that mitochondrial function and energy avail-
ability in the form of ATP in presynaptic terminals may be decreased by Pb2+ exposure.
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Fig 7. ImageTool and LoClust were used in the measurement of vesicles in pre-synaptic terminals. (A)
An axon terminal with colors to indicate quantification of vesicles and measurements. Docked vesicles
contact the pre-synaptic active zone (PAZ). Their diameter is marked in red. Rapidly recycling vesicles are
those that are found within 200 nm from the PAZ. Their diameter is marked in blue. Resting vesicles are found
more than 200 nm away from the PAZ. Their diameter is marked in green. The length of line represents the
diameter of the vesicle. (B) LoClust measurements of vesicle distance to the PAZ. The center of each vesicle
to the closest PAZ point was determined using LoClust. (C) The nearest-neighbor distance was the distance
found between the center points of the nearest two vesicles, as determined by LoClust.

doi:10.1371/journal.pone.0127461.g007
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Discussion
Our present findings in hippocampal brain slices containing relatively intact local synaptic net-
works, supply multiple lines of evidence that chronic in vivo exposure to Pb2+ during develop-
ment results in reductions in presynaptic vesicular release, an effect that is associated with
ultrastructural changes in the presynaptic terminals of young adult rats. At Schaffer collateral-
CA1 synapses in the hippocampus, paired-pulse facilitation, VM analysis and direct multi-
photon imaging of vesicular release using FM1-43 all indicate a persistent reduction in presyn-
aptic vesicular release probability in Pb2+-exposed young adult rats. These findings are consis-
tent with our previous in vitro studies demonstrating a marked impairment in presynaptic
vesicular release using FM1-43 by Pb2+ in hippocampal neuron cultures [19]. TEM analysis re-
vealed that these functional impairments in vesicular release were associated with fewer vesicles
in the readily-releasable/docked vesicle pool (Table 1, IA). In the CA1 region, presynaptic ter-
minals from Pb2+-exposed rats had a significantly lower number of terminals that contained
two or more mitochondria suggesting that the amount of ATP available for release mecha-
nisms and vesicle movement may be significantly reduced by Pb2+ exposure.

Synaptic mitochondria play an important role in synaptic transmission, organization and
movement of vesicles in the reserve pool to the readily releasable pool, and calcium buffering
and homeostasis [42,14]. Therefore, it is likely that the impairment in vesicular release in Pb2
+-exposed animals that we have identified in the present study may be due, at least in part, to
reduced ATP availability resulting from a reduced number of presynaptic terminal

Table 1. Summary of Schaffer Collateral-CA1 Transmission Electron Microscopy (TEM) Results.

Control(Mean ± SEM) Pb2+(Mean ± SEM) P value

I. Raw Vesicle Counts

A) Rapidly Releasable/Docked Vesicle Pool 7.350 ± 0.5333 4.635 ± 2.426 0.0348

B) Recycling Vesicle Pool 22.20 ± 3.575 22.19 ± 4.936 0.4496

C) Resting Vesicle Pool 44.67 ± 6.881 60.55 ± 6.192 0.2382

D) Total Number of Vesicles 118 ± 31.15 147 ± 38.42 0.2927

II. Vesicular Diameters

A) Rapidly Releasable/Docked Diameter 20.09 ± 1.211 20.23 ± 1.312 0.4689

B) Recycling Vesicle Diameter 23.79 ± 1.116 25.33 ± 0.8911 0.3133

C) Resting Vesicle Diameter 25.76 ± 0.5456 24.68 ± 1.270 0.2289

D) Average Diameter of all vesicles 23.88 ± 0.4596 24.20 ± 0.4270 0.0623

III. Length Measurements

A) PSD length 317.7 ± 18.08 297.3 ± 5.4 0.1655

B) PAZ length 309.7 ± 13.58 296.2 ± 14.93 0.5214

IV. Nearest Neighbor Distance (Clustering)

A) Rapidly Releasable/Docked + Recycling (0–200 nm) 41.28 ± 0.8975 42.61 ± 0.9356 0.3125

B) Resting (201–500 nm) 43.75 ± 0.7838 46.49 ± 0.6697 0.0017

V. Mitochondrial Measurements

A) Terminals with mitochondria 15.80 ± 3.153 14.00 ± 2.121 0.3251

B) Terminals with multiple mitochondria 4.200 ± 0.9695 2.600 ± 0.9695 0.0001

C) Total number of mitochondria 23 ± 7.095 21.00 ± 8.660 0.4348

D) Diameter of mitochondria 208.4 ± 5.535 215.7 ± 14.66 0.4643

E) Large mitochondria (300 nm or greater) 0.3333 ±0.3333 2.667 ± 0.8819 0.0659

Mean, SEM and p values for each TEM analysis are summarized in this table. All analyses were done using a T-test with Welch Correction for

unequal variances.

doi:10.1371/journal.pone.0127461.t001
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mitochondria. Our TEM studies also showed that Pb2+ exposure altered the clustering of vesi-
cles in the resting pool by increasing vesicle nearest-neighbor distance (Fig 7). Longer distance
between vesicles in the reserve pool may be associated with reduced vesicular release. In mice
deficient in the neural adhesion molecule L1, there was a marked increase in the nearest-neigh-
bor distance between vesicles. These mice had a higher number of failures in transmitter release
[45]. Other TEM studies have shown that synaptic vesicle clustering occurs via connectors of
different sizes, reflecting a diffuse intervesicular matrix [46,47]. Furthermore, the brain-specific
phosphoprotein synapsin plays an important role in clustering and movement of vesicles in the
reserve pool in a phosphorylation-dependent manner [47,48,49]. We have previously shown
that synapsin I phosphorylation at sites 4 (serine 62) and 5 (serine 67) were significantly de-
creased by Pb2+ exposure with no effect on total synapsin I protein levels [21]. Thus, it is possi-
ble that the increase in vesicle nearest-neighbor distance that we have found in the reserve
vesicle pool of presynaptic CA1 terminals from Pb2+-exposed animals may be the result of
lower levels of synapsin I phosphorylation leading to alteration in synapsin dimerization, in-
creasing vesicle interconnector length and thus, increasing vesicle nearest-neighbor distance in
the resting pool. Consistent with this idea, synapsin I deficient mice have been shown to exhibit
dispersed vesicles [50], and decreased phosphorylation of synapsin I by cdk5 at site 7 (serine
551) has been shown to disrupt synaptic vesicle clustering and increase vesicle nearest-neigh-
bor distance [51]. Therefore, although we have not assessed the effect of Pb2+ exposure on
synapsin-serine 551 phosphorylation, it is clear that phosphorylation at this site is both neces-
sary and sufficient to alter vesicle clustering in the reserve pool and increase nearest-
neighbor distance.

What are potential mechanisms of Pb2+-induced impairments in vesicular release? Previous
studies using acute exposure to Pb2+ in cultured cells have shown inhibition of Ca2+ channels
by Pb2+, an effect that is reversible by washing the cellular preparation [41]. On the other hand,
there could be additional mechanisms by which Pb2+ may alter vesicular release by changes at
the level of SNARE proteins as we have previously shown [19,20]. Therefore, we needed to as-
sess whether the impairment of vesicular release that we have documented here in chronically
Pb2+-exposed animals could be directly due to chronic inhibition of Ca2+ channel function that
persists upon Pb2+ washout, or whether chronic Pb2+-exposure results in additional changes
downstream of Ca2+ influx that persist in the absence of extracellular Pb2+. To directly measure
the effect of in vivo Pb2+ exposure on presynaptic calcium entry, we directly measured Ca2+ in-
flux into Schaffer collateral-CA1 terminals. Fluorescent imaging of presynaptic Ca2+ influx
showed little change in amplitude or duration of voltage-dependent Ca2+ channel-mediated
Ca2+ entry, though the reduction in the first two time points of the transients suggests that
channel kinetics may be somewhat altered. Thus, our slice experiments support the presence of
additional effects of chronic developmental exposure to Pb2+ that are downstream of Ca2+

entry, somewhere at the level of vesicular SNARE protein-mediated docking, recycling, or even
affecting the long-term stability of the release complex, as we have previously shown in hippo-
campal neuron cultures [19].

The correlation between functional and ultrastructural alterations in Pb2+-exposed animals
was striking, and is strongly suggestive of profound alterations in SNARE protein levels and
function that resulted in both a functional impairment in the vesicular release process, and a re-
duction in the number of readily-releasable/dock vesicles. While these changes in excitatory
glutamatergic Schaffer collateral terminals are clear, it is by no means assured that the same
pattern of alterations occurs at all presynaptic terminals in the brain. Indeed, a pressing ques-
tion is whether inhibitory GABAergic terminals are affected similarly in magnitude and direc-
tion by chronic developmental exposure to Pb2+, since such alterations could have important
effects on cognition and propensity for seizures. To this aim we should note a recent study
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using stereological cell counting data indicated that the number of parvalbumin-positive
GABAergic interneurons was significantly reduced in number in the hippocampus of rats of
similar age and Pb2+ exposure as our present study [52].

In this study, rats were exposed to Pb2+ chronically during gestation, postnatally and con-
tinuing through to young adulthood. The preparation of brain slices for the studies did not
contain Pb2+ in the artificial cerebrospinal fluid used to maintain slice viability during experi-
ments, suggesting that the effects observed were of a developmental nature. This leads to the
question of whether removal of Pb2+ in vivo could allow recovery of normal presynaptic func-
tion, and whether there are treatments that might protect against these effects of Pb2+ exposure.
Neal et al. [19] have shown that BDNF synthesis and release are decreased by exposure of hip-
pocampal neurons in culture to Pb2+, an effect associated with reductions in the levels of
SNARE proteins and inhibition of vesicular release. These effects of chronic Pb2+ exposure
were rescued by the exogenous addition of BDNF. Moreover, Stansfield et al. [21] using the
same Pb2+ exposure paradigm of hippocampal neurons in culture showed that Pb2+ also im-
pairs the transport of BDNF-containing vesicles possibly by altering Huntingtin phosphoryla-
tion at a site that promotes anterograde BDNF vesicle movement. This effect of Pb2+ results in
impaired BDNF release, decreasing TrkB activation, and leading to decreased phosphorylation
of synapsin I. Together, these studies strongly suggest that BDNF and treatments such as en-
riched environments that increase BDNF levels and release, may rescue the effects of Pb2+ that
we observed in vivo in intact hippocampal slice synaptic networks. In fact, previous studies
from our laboratory have shown that environmental enrichment is able to reverse the Pb2+-in-
duced impairment of spatial learning deficits in rats of similar age and Pb

2+

treatment [53]. On-
going studies will investigate whether enhancing BDNF-TrkB signaling by pharmacological
approaches or using environmental enrichment paradigms can reverse the Pb2+-induced im-
pairment of vesicular release and presynaptic structural changes that we have documented in
the present study.

Acknowledgments
We also acknowledge support from the metals core facilities of the NIEHS Center for Environ-
mental Health in Northern Manhattan. We thank Dr. Alexander G. Nikonenko for kindly pro-
viding us with LoClust and the New York State Institute for Basic Research in Developmental
Disabilities for use of their Transmission Electron Microscope.

Author Contributions
Conceived and designed the experiments: TRG PKS. Performed the experiments: XZ SRG JLM
KHS. Analyzed the data: XZ SRG PKS TRG. Contributed reagents/materials/analysis tools:
PKS TRG. Wrote the paper: TRG PKS SRG.

References
1. Tong S, von Schirnding YE, Prapamontol T. Environmental lead exposure: a public health problem of

global dimensions. Bull World Hlth Org. 2000; 78: 1068–1077. PMID: 11019456

2. Toscano CD, Guilarte TR. Lead Neurotoxicity: From Exposure to Molecular Effects. Brain Res Rev.
2005; 49: 529–554. PMID: 16269318

3. Bellinger DC, Stiles KM, Needleman HL. Low level lead exposure, intelligence and academic achieve-
ment: a long term follow up. Pediatrics. 1992; 90: 855–861. PMID: 1437425

4. Canfield RL, Henderson CR Jr, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. Intellectual im-
pairment in children with blood lead concentrations below 10 ug per deciliter. N Engl J Med. 2003; 348:
1517–1526. PMID: 12700371

Presynaptic Mechanisms of Lead Neurotoxicity

PLOS ONE | DOI:10.1371/journal.pone.0127461 May 26, 2015 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11019456
http://www.ncbi.nlm.nih.gov/pubmed/16269318
http://www.ncbi.nlm.nih.gov/pubmed/1437425
http://www.ncbi.nlm.nih.gov/pubmed/12700371


5. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al. Low-level environmental
lead exposure and children’s intellectual function: An international pooled analysis. Environ Health Per-
spect. 2005; 113: 894–899. PMID: 16002379

6. Needleman H. Lead Poisoning. Annu Rev Med. 2004; 55: 209–222. PMID: 14746518

7. Jusko TA, Henderson CR, Lanphear BP, Cory-Slechta DA, Parsons PJ, Canfield RL. Blood lead con-
centrations < 10 ug/dl and child intelligence at 6 years of age. Environ Health Perspect. 2008; 116:
243–248. doi: 10.1289/ehp.10424 PMID: 18288325

8. Schwartz BS, Stewart WF, Bolla KI, Simon PD, Bandeen-Roche K, Gordon PB, et al. Past adult lead
exposure is associated with longitudinal decline in cognitive function. Neurology. 2000; 55: 1144–
1150. PMID: 11071492

9. Stewart WF, Schwartz BS, Davatzikos C, Shen D, Liu D, Wu X, et al. Past adult lead exposure is linked
to neurodegeneration measured by brain MRI. Neurology. 2006; 66: 1476–1484. PMID: 16717205

10. Cecil KM, Brubaker CJ, Adler CM, Dietrich KN, Altaye M, Egelhoff JC, et al. Decreased brain volume in
adults with childhood lead exposure. PLoS Med. 2008; 5: 741–750.

11. Rizzoli SO, Betz WJ. Synaptic vesicle pools. Nat Rev Neurosci. 2005; 6: 57–69. PMID: 15611727

12. Denker A, Rizzoli SO. Synaptic vesicle pools: an update. Front Synaptic Neurosci. 2010; 2: 1–12. doi:
10.3389/neuro.19.001.2010 PMID: 21423487

13. van Spronsen M, Hoogenraad CC. Synapse Pathology in Psychiatric and Neurologic Disease. Curr
Neurol Neurosci Rep. 2010; 10: 207–214. doi: 10.1007/s11910-010-0104-8 PMID: 20425036

14. Vos M, Lauwers E, Verstreken P. Synaptic mitochondria in synaptic transmission and organization of
vesicle pools in health and disease. Front Synaptic Neurosci. 2010; 2: 1–10. doi: 10.3389/neuro.19.
001.2010 PMID: 21423487

15. Lasley SM, Gilbert ME. Rat hippocampal glutamate and GABA release exhibit biphasic effects as a
function of chronic lead exposure level. Toxicol Sci. 2002; 66: 139–147. PMID: 11861981

16. Braga MFM, Pereire EFR, Albuquerque EX. Nanomolar concentration of lead inhibit glutamatergic and
GABAergic transmission in hippocampal neurons. Brain Res. 1999; 826: 22–34. PMID: 10216193

17. Xiao C, Gu Y, Zhou CY, Wang L, Zhang MM, Ruan DY, et al. Lead impairs GABAergic synaptic trans-
mission in rat hippocampal slices: a possible involvement of presynaptic calcium channels. Brain Res.
2006; 1088: 93–100. PMID: 16630593

18. Braga MFM, Pereire EFR, Marchioro M, Albuquerque EX. Lead increases tetrodotoxin-insensitive
spontaneous release of glutamate and GABA from hippocampal neurons. Brain Res. 1999a; 826:
10–21. PMID: 10216192

19. Neal AP, Stansfield KH, Worley PF, Thompson RE, Guilarte TR. Lead exposure during synaptogenesis
alters vesicular release proteins and impairs vesicular release: potential role of NMDA receptor-depen-
dent BDNF signaling. Toxicol Sci. 2010; 116: 249–263. doi: 10.1093/toxsci/kfq111 PMID: 20375082

20. Neal AP, Guilarte TR. Molecular Neurobiology of Pb2+: effects on synaptic function. Mol Neurobiol.
2010; 42: 281–289.

21. Stansfield KH, Pilsner JR, Lu Q, Wright RO, Guilarte TR. Dysregulation of BDNF-TrkB signaling in de-
veloping hippocampal neurons by Pb(2+): implications for an environmental basis of neurodevelop-
mental disorders. Toxicol Sci. 2012; 127: 277–295. doi: 10.1093/toxsci/kfs090 PMID: 22345308

22. Zhang XL, Zhou ZY, Winterer J, Müller W, Stanton PK. NMDA-dependent, but not group I mGluR-
dependent, LTD is associated with long-term reduction in presynaptic transmitter release at hippocam-
pal Schaffer collateral-CA1 synapses, J Neurosci. 2006; 26: 10270–10280. PMID: 17021182

23. Burgdorf J, Zhang XL, Nicholson KL, Balster RL, Leander JD, Stanton PK, et al. GLYX-13, an NMDA
receptor glycine-site functional partial agonist, induces antidepressant-like effects without ketamine-
like side effects. Nat Neuropsychopharmacol. 2013; 38: 729–742.

24. Stanton PK, Winterer J, Müller W. Imaging LTP of presynaptic release of FM1-43 from the rapidly-
recycling vesicle pool at Schaffer collateral-CA1 synapses in rat hippocampal slices. Eur J Neurosci.
2005; 22: 2451–2461. PMID: 16307588

25. Stanton PK, Winterer J, Bailey CP, Kyrozis A, Raginov I, Laube G, et al. Long-term depression of pre-
synaptic release from the readily-releasable vesicle pool induced by NMDA receptor-dependent retro-
grade nitric oxide, J Neurosci. 2003; 23: 5936–5944. PMID: 12843298

26. Regehr W, Tank D. Selective fura-2 loading of presynaptic terminals and nerve cell processes by local
perfusion in mammalian brain slice. J Neurosci Meth. 1991. 37: 111–119.

27. Nikonenko AG, Skibo GG. Technique to quantify local clustering of synaptic vesicles using single sec-
tion data. Microsc Res Tech. 2004. 65: 287–91. PMID: 15662622

Presynaptic Mechanisms of Lead Neurotoxicity

PLOS ONE | DOI:10.1371/journal.pone.0127461 May 26, 2015 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/16002379
http://www.ncbi.nlm.nih.gov/pubmed/14746518
http://dx.doi.org/10.1289/ehp.10424
http://www.ncbi.nlm.nih.gov/pubmed/18288325
http://www.ncbi.nlm.nih.gov/pubmed/11071492
http://www.ncbi.nlm.nih.gov/pubmed/16717205
http://www.ncbi.nlm.nih.gov/pubmed/15611727
http://dx.doi.org/10.3389/neuro.19.001.2010
http://www.ncbi.nlm.nih.gov/pubmed/21423487
http://dx.doi.org/10.1007/s11910-010-0104-8
http://www.ncbi.nlm.nih.gov/pubmed/20425036
http://dx.doi.org/10.3389/neuro.19.001.2010
http://dx.doi.org/10.3389/neuro.19.001.2010
http://www.ncbi.nlm.nih.gov/pubmed/21423487
http://www.ncbi.nlm.nih.gov/pubmed/11861981
http://www.ncbi.nlm.nih.gov/pubmed/10216193
http://www.ncbi.nlm.nih.gov/pubmed/16630593
http://www.ncbi.nlm.nih.gov/pubmed/10216192
http://dx.doi.org/10.1093/toxsci/kfq111
http://www.ncbi.nlm.nih.gov/pubmed/20375082
http://dx.doi.org/10.1093/toxsci/kfs090
http://www.ncbi.nlm.nih.gov/pubmed/22345308
http://www.ncbi.nlm.nih.gov/pubmed/17021182
http://www.ncbi.nlm.nih.gov/pubmed/16307588
http://www.ncbi.nlm.nih.gov/pubmed/12843298
http://www.ncbi.nlm.nih.gov/pubmed/15662622


28. Nihei MK, Desmond NL, McGlothan JL, Kuhlmann AC, Guilarte TR. N-methyl-D-asparatate receptor
subunit changes are associated with lead-induced deficits of long-term potentiation and spatial learn-
ing. Neuroscience. 2000; 99: 233–242. PMID: 10938429

29. Verina T, Rohde CA, Guilarte TR. Environmental lead exposure during early life alters granule cell neu-
rogenesis and morphology in the hippocampus of young adult rats. Neuroscience. 2007; 145: 1037–
1047. PMID: 17276012

30. Kuhlmann AC, McGlothan JL, Guilarte, T.R. Developmental lead exposure causes spatial learning defi-
cits in adult rats. Neurosci Lett. 1997; 233: 101–104. PMID: 9350842

31. McGlothan JL, Karcz-Kubicha M, Guilarte TR. Developmental lead exposure impairs extinction of con-
ditioned fear in young adult rats. NeuroToxicology. 2008; 29: 1127–1130. doi: 10.1016/j.neuro.2008.
06.010 PMID: 18662719

32. Andersen P, Lømo T. Control of hippocampal output by afferent volley frequency, in: T. Tokizane, RW
Adey (Eds.), Structure and Function of the Limbic System. Prog Brain Res. 1967; 27: 400–412. PMID:
6077740

33. Zucker RS. Short-term plasticity. Annu Rev Neurosci. 1989; 12: 13–31. PMID: 2648947

34. Neher E. Vesicle pools and Ca2+ microdomains: new tools for understanding their roles in neurotrans-
mitter release. Neuron. 1998; 20: 389–399. PMID: 9539117

35. Zalutsky RA, Nicoll, RA. Comparison of two forms of long-term potentiation in single hippocampal neu-
rons. Science. 1990: 248:1619–1624. PMID: 2114039

36. Clements JD, Silver RA. Unveiling synaptic plasticity: a new graphical and analytical approach. Trends
Neurosci. 2000; 23: 105–113. PMID: 10675910

37. Silver RA. Estimation of nonuniform quantal parameters with multiple-probability fluctuation analysis:
theory, application and limitations. J Neurosci Meth. 2003; 130: 127–141. PMID: 14667542

38. Silver RA, Momiyama A, Cull-Candy SG. Locus of frequency-dependent depression identified with mul-
tiple-probability fluctuation analysis at rat climbing fibre-Purkinje cell synapses. J Physiol. 1998; 510:
881–902. PMID: 9660900

39. Reid CA, Clements JD. Postsynaptic expression of long-term potentiation in the rat dentate gyrus dem-
onstrated by variance-mean analysis. J Physiol. 1999. 518: 121–30. PMID: 10373694

40. Oleskevich S, Clements J, Walmsley B. Release probability modulates short-term plasticity at a rat
giant terminal. J Physiol. 2000; 524: 513–523. PMID: 10766930

41. Foster KA. & Regehr WG. Variance-mean analysis in the presence of a rapid antagonist indicates vesi-
cle depletion underlies depression at the climbing fiber synapse. Neuron. 2004; 43: 119–131. PMID:
15233922

42. Peng S, Hajela RK, Atchison WD. Characteristics of block by Pb2+ of function of human neuronal L-, N-,
and R-type Ca2+ channels transiently expressed in human embryonic kidney 293 cells. Mol Pharm.
2002; 62: 1418–1430. PMID: 12435810

43. Brustein E, Marandi N, Kovalchuk Y, Drapeau P, Konnerth A. "In vivo" monitoring of neuronal network
activity in zebrafish by two-photon Ca(2+) imaging. Pflug Arch. 2003; 446: 766–773.

44. Zhang XL, Upreti C, Stanton PK. Gβγ and the C-terminus of SNAP-25 are necessary for long-term de-
pression of transmitter release, PLoS ONE. 2011; 6: e20500. doi: 10.1371/journal.pone.0020500
PMID: 21633701

45. Saghatelyan AK, Nikonenko AG, Sun M, Rolf B, Putthoff P, Kutsche M, Bartsch U, Dityatev A, Schach-
ner M. Reduced GABAergic transmission and number of hippocampal perisomatic inhibitory synapses
in juvenile mice deficient in the neural cell adhesion molecule L1. Molecular and Cellular Neuroscience.
2004; 26, 191–203. PMID: 15121190

46. Ly CV, Vertreken P. Mitochondria at the synapse. Neuroscientist. 2006; 12: 291–299. PMID:
16840705

47. Shupliakov O, Haucke V, Pechstein A. How Synapsin I may cluster synaptic vesicles. Sem Cell Dev
Biol. 2011; 22: 393–399. doi: 10.1016/j.semcdb.2011.07.006 PMID: 21798362

48. Pechstein A, Shupliakov O. Taking a seat back: synaptic vesicle clustering in presynaptic terminals.
Front Synaptic Neurosci. 2011; 2: 1–7.

49. Bykhovskaia M. Synapsin regulation of vesicle organization and functional pools. Semin Cell Dev Biol.
2011; 22: 387–392. doi: 10.1016/j.semcdb.2011.07.003 PMID: 21827866

50. Li L, Chin LS, Shupliakov O, Brodin L, Sihra TS, Hvalby O, et al. Impairment of synaptic vesicle cluster-
ing and of synaptic transmission, and increased seizure propensity, in synapsin I-deficient mice. P Natl
Acad Sci. U.S.A. 1995; 92: 9235–9239. PMID: 7568108

51. Verstegen AM, Tagliatti E, Lignani G, Marte A, Stolero T, Atias M, et al. Phosphorylation of Synapsin I
by cyclin-dependent kinase-5 sets the ratio between the resting and recycling pools of synaptic vesicles

Presynaptic Mechanisms of Lead Neurotoxicity

PLOS ONE | DOI:10.1371/journal.pone.0127461 May 26, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/10938429
http://www.ncbi.nlm.nih.gov/pubmed/17276012
http://www.ncbi.nlm.nih.gov/pubmed/9350842
http://dx.doi.org/10.1016/j.neuro.2008.06.010
http://dx.doi.org/10.1016/j.neuro.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18662719
http://www.ncbi.nlm.nih.gov/pubmed/6077740
http://www.ncbi.nlm.nih.gov/pubmed/2648947
http://www.ncbi.nlm.nih.gov/pubmed/9539117
http://www.ncbi.nlm.nih.gov/pubmed/2114039
http://www.ncbi.nlm.nih.gov/pubmed/10675910
http://www.ncbi.nlm.nih.gov/pubmed/14667542
http://www.ncbi.nlm.nih.gov/pubmed/9660900
http://www.ncbi.nlm.nih.gov/pubmed/10373694
http://www.ncbi.nlm.nih.gov/pubmed/10766930
http://www.ncbi.nlm.nih.gov/pubmed/15233922
http://www.ncbi.nlm.nih.gov/pubmed/12435810
http://dx.doi.org/10.1371/journal.pone.0020500
http://www.ncbi.nlm.nih.gov/pubmed/21633701
http://www.ncbi.nlm.nih.gov/pubmed/15121190
http://www.ncbi.nlm.nih.gov/pubmed/16840705
http://dx.doi.org/10.1016/j.semcdb.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21798362
http://dx.doi.org/10.1016/j.semcdb.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21827866
http://www.ncbi.nlm.nih.gov/pubmed/7568108


at hippocampal synapses. J Neurosci. 2014; 34: 7266–7280. doi: 10.1523/JNEUROSCI.3973-13.2014
PMID: 24849359

52. Stansfield K.H. et al. Early life lead exposure recapitulates the selective loss of Parvalbumin-positive
GABAergic interneurons and subcortical dopamine system hyperactivity present in Schizophrenia.
Transl Psy. 2015.

53. Guilarte TR, Toscano CD, McGlothan JL, Weaver SA. Environmental enrichment reverses cognitive
and molecular deficits induced by developmental lead exposure. Ann Neurol. 2003; 53: 50–56. PMID:
12509847

Presynaptic Mechanisms of Lead Neurotoxicity

PLOS ONE | DOI:10.1371/journal.pone.0127461 May 26, 2015 21 / 21

http://dx.doi.org/10.1523/JNEUROSCI.3973-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24849359
http://www.ncbi.nlm.nih.gov/pubmed/12509847

