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Abstract

Prefrontal cortical (PFC) dysfunction has been linked to disorders exhibiting deficits in cognitive performance, attention, moti-
vation, and impulse control. Neurons of the PFC are susceptible to glutamatergic excitotoxicity, an effect associated with corti-
cal degeneration in frontotemporal disorders (FTDs). PFC susceptibility to environmental toxicant exposure, one possible
contributor to sporadic FTD, has not been systematically studied. Here, we tested the ability of a well-known environmental
neurotoxicant, methylmercury (MeHg), to induce hyperexcitability in medial prefrontal cortex (mPFC) excitatory pyramidal neu-
rons, using whole cell patch-clamp recording. Acute MeHg exposure (20 uM) produced significant mPFC dysfunction, with a
shift in the excitatory to inhibitory (E-lI) balance toward increased excitability. Both excitatory postsynaptic current (EPSC) and
inhibitory postsynaptic current (IPSC) charges were significantly increased after MeHg exposure. MeHg increased EPSC fre-
quency, but there was no observable effect on IPSC frequency, EPSC amplitude or IPSC amplitude. Neither evoked AMPA re-
ceptor- nor NMDA receptor-mediated EPSC amplitudes were affected by MeHg. However, excitatory synapses experienced a
significant reduction in paired-pulse depression and probability of release. In addition, MeHg induced temporal synchrony in
spontaneous IPSCs, reflecting mPFC inhibitory network dysfunction. MeHg exposure also produced increased intrinsic excit-
ability in mPFC neurons, with an increase in action potential firing rate. The observed effects of MeHg on mPFC reflect key
potential mechanisms for neuropsychological symptoms from MeHg poisoning. Therefore, MeHg has a significant effect on
mPFC circuits known to contribute to cognitive and emotional function and might contribute to etiology of neurodegenerative
diseases, such as FTD.

NEW & NOTEWORTHY Prefrontal cortical neurons are highly susceptible to glutamatergic excitotoxicity associated with neuronal
degeneration in frontal dementia and to environmental toxicant exposure, one potential contributor to FTD. However, this has
not been systematically studied. Our results demonstrate that methylmercury exposure leads to hyperexcitability of prefrontal
cortical neurons by shifting excitatory to inhibitory (E-l) balance and raising sensitivity for spiking. Our results provide a mecha-
nism by which environmental neurotoxicants may contribute to pathogenesis of diseases such as FTD.

EPSC; glutamate; methylmercury; prefrontal cortex; synapse

INTRODUCTION

Mercury is an environmental toxicant derived from both
natural and anthropogenic sources, including the burning of
coal, waste incineration and small-scale gold mining (1).
Mercury is a heavy metal element and therefore does not de-
grade. Ongoing industrial environmental release of Hg pro-
duces an ever increasing level of potential human
exposure (1-4). Exposure to mercury also occurs through
hazardous waste. As of 2022, mercury ranked third on the
US Agency for Toxic Substances and Disease Hazardous
Substance Priority List, based on a combination of the
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frequency, toxicity, and potential for human exposure at
Superfund sites on the National Priorities List (www.atsdr.
cdc.gov). Historic examples of large-scale acute mercury
poisoning occurred in Minamata, Japan (1953-1956) and
Iraq (1970s) (3, 5, 6).

The organic form of Hg, methylmercury (MeHg), is particu-
larly toxic because it is readily absorbed by the skin and gas-
trointestinal tract (7-10). Methylation by sulfate-reducing
bacteria in bodies of water converts elemental Hg to MeHg (1,
2, 11). MeHg binds to free cysteine and proteins containing
cysteine and is recognized by the body as methionine (12-14).
MeHg is especially insidious, because it is transported across
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the blood-brain barrier and is not readily eliminated by the
body (9). As a result, MeHg bioaccumulates in humans and
animals exposed to it over time, producing an additive effect
from even low-concentration exposure (15-17). Humans are
exposed to MeHg primarily through the consumption of con-
taminated fish (1, 2, 11, 18-22).

Both organic MeHg and inorganic elemental Hg are asso-
ciated with cognitive impairment (15, 23-25). Inorganic Hg is
known to produce erethism, or “Mad Hatter’s disease,” a
neuropsychological condition associated with significant
neurological deficits, including irritability, depression, apa-
thy, and timidity. In extreme cases, affected individuals also
experience delirium, personality changes, memory loss, and
impaired social interactions. Organic MeHg poisoning is
associated with chronic central nervous system impairment,
including motor, sensory, and cognitive dysfunction (1, 15,
23, 24). Neuropsychiatric symptoms of MeHg exposure over-
lap those of elemental mercury, including memory impair-
ment, mood changes, and confusion (15, 23-25). In addition,
MeHg exposure has been linked with cognitive impairment
and dementia (15, 26). Although it is known that MeHg tar-
gets the brain (27-29) more effectively than inorganic mer-
cury (15, 30), little is known about the neural mechanisms
that give rise to these complex neuropsychological symp-
toms in MeHg exposure.

MeHg exposure may also contribute to diseases such
as frontotemporal dementia or frontotemporal disorders
(FTD), which exhibit cognitive dysfunction with substan-
tial overlap with MeHg exposure. Fifty to 70% of FTD cases
are sporadic, with no identified genetic cause (31-35). Risk
genes associated with FTD, such as TDP-43, are not suffi-
cient to account for all PFC disorders (31). This has led to
the hypothesis that gene-environment interactions (gXe)
combine to attack a common target, such as prefrontal
cortical circuits, leading to their dysfunction (36-38).
MeHg is a strong candidate for the environmental factor
that could lead to these diseases. Bioaccumulation would
result in conditions that effectively increase mercury ex-
posure over time. This time course is consistent with cog-
nitive diseases affecting the adult or aging prefrontal
cortex, leading to dementia and cognitive impairment,
with symptoms increasing with age (36-38).

Despite the strong association of MeHg exposure with
cognitive dysfunction (15, 17, 25), little is known about the
neural mechanisms associated with neocortical dysfunc-
tion. MeHg exposure leads to bioaccumulation specifically
in the neocortex, including cingulate and frontal cortex
(15-17). Neocortical bioaccumulation of MeHg results in
altered cognitive and emotional function prior to neurode-
generation or gross morphological brain changes (25, 39,
40). Outside the prefrontal cortical (PFC), MeHg exposure
is known to produce synaptic disruption not observable
with gross morphological methods (41, 42). Therefore, we
have used electrophysiological methods to show that MeHg
differentially affects excitatory and inhibitory synaptic path-
ways of prefrontal circuits to promote hyperexcitability dys-
function by shifting the excitatory to inhibitory (E-I) balance
toward excitation.

MeHg exposure is unavoidable in the modern world and is
likely to increase in the future. Bioaccumulation from MeHg
exposure means that even low levels could sum over one’s
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lifetime. In addition, low levels that do not promote neuronal
cell death could disrupt cognitive function or interact with
genetic risks to trigger cognitive dysfunction. Understanding
MeHg effects on circuits involved with cognitive function will
not only help explain dysfunction related to MeHg exposure
but also shed light on possible contributions to sporadic cases
of dementia and cognitive impairment, such as FTD.

METHODS

All procedures and protocols used in this study adhere to
published guidelines of the National Institutes of Health and
were approved by the Institutional Animal Care and Use
Committee at Central Michigan University or Michigan State
University.

Preparation of Acute Prefrontal Cortical Brain Slices

Mouse cortical slices were cut from young adult (25-28
days postnatal) mice (C57BL/6J). All mice used in the study
were young males to provide a consistent population of
healthy neurons and to avoid effects of estrus. Initially,
mice were deeply anesthetized with isoflurane (>5%) and
received a transcardioperfusion with artificial cerebral spinal
fluid (ACSF) containing NMDG (N-methyl-p-glucamine) and
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer, before dissection of the whole brain. The brain was
temporarily (<30 s) placed in ice-cold (1-4°C) oxygenated
(95% 02, 5% CO,) NMDG-HEPES ACSF (43), composed of the
following (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH,PO,4, 30
NaHCOj3, 20 HEPES, 25 D-glucose, 2 thiourea, 5 Na-ascorbate,
3 Na-pyruvate, 0.5 CaCl,, and 10 MgSO,. Next, the brain was
cut into a block containing the mPFC and glued to platform
supported by solid agar gel (4%). Neocortical brain slices
were then cut in oxygenated ice-cold NMDG-HEPES ASCF
into 300-um thick slices and placed in a holding chamber
with 30-35°C HEPES ACSF that gradually (<30 min) equili-
brated to room temperature (25°C). HEPES ACSF contained
the following (in mM): 92 NacCl, 2.5 KCl, 1.25 NaH,PO,, 30
NaHCOj3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3
Na-pyruvate, 2 CaCl,, and 2 MgSO,. Brain slices were trans-
ferred from the holding chamber after 1-2 h and placed in a
submersion-recording chamber. Slices were perfused with
oxygenated 30-35°C gravity-fed normal ACSF (2-4 mL/min)
composed of the following (in mM): 126 NaCl, 1 NaH,POy, 25
NaHCOj3, 25 D-glucose, 3 KCI, 2 MgSO,4 and 2 CaCl,. Neurons
were visualized using a Nikon Eclipse E600FN microscope
(Nikon Instruments Inc., Melville, NY) equipped with a water
immersion objective (x40) with infrared wavelength illumi-
nation, differential interference contrast optics (DIC) and a
Sony IR-1000 CCD camera (DAGE MTI, Michigan City, IN)
with contrast enhancement.

Whole Cell Recording in Prefrontal Cortical Slices

Membrane potentials and currents were collected using ei-
ther a Multi-clamp 700A or 700B patch clamp amplifier (Axon
Instruments, Foster City, CA) and digitized using a Digidata
1440A analog-to-digital converter which was controlled by the
pClamp 10.2 software package (Axon Instruments). In order to
measure intrinsic membrane properties and spiking activity,
recording electrodes were filled with a K-gluconate-based in-
ternal solution (41, 44, 45) composed of the following (in mM):
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parahorizontal section

caudal

Figure 1. lllustration of parahorizontal brain slice. Representative low-magni-
fication (x4) image of medial prefrontal cortex (mPFC) brain slice used to re-
cord neurons in the study. The parahorizontal section contains a large
region of mPFC prelimbic (PrL) neurons and preserves the laminar structure
of the cortical region. The corpus callosum (cc), infralimbic (IL), medial orbital
(MO), and ventral orbital (VO) brain regions are labeled for reference.
Electrical stimulation via current pulses was achieved with a bipolar stimulat-
ing electrode positioned in the white matter projecting to the mPFC.

100 K-gluconate, 20 KCIl, 10 phosphocreatine, 5 MgCl,, 10
HEPES, 4 Na-ATP, 0.3 Na-GTP (pH 7.3 and 290-300 mosmol/
L). Membrane potential recordings of action potentials were
recorded in current-clamp mode, corrected for the liquid junc-
tion potential, while synaptic currents were recorded in volt-
age-clamp mode. Spontaneous excitatory synaptic currents
(EPSCs) were recorded (46), using the following Cs-methylsul-
fonate internal electrode solution (in mM): 120 Cs-methylsul-
fonate, 12 CsCl, 0.1 EGTA, 2 MgCl,, 10 HEPES, 2 Na-ATP, 0.25
Na-GTP, 10 phosphocreatine and 5 QX314 (pH 7.3 and 290-
300 mosmol/L). Spontaneous inhibitory synaptic currents
(IPSCs) were recorded, using the following CsCl internal elec-
trode solution (in mM): 130 CsCl, 5 MgCl,, 0.2 EGTA, 10
HEPES, 4 Na-ATP, 0.3 Na-GTP, 10 phosphocreatine and 5
QX314 (pH 7.3 and 290-300 mosmol/L). Electrode resistance
ranged from 4-8 MQ when filled with internal pipette solu-
tion. Recordings were considered successful if the resting
membrane potential was —57 mV or more negative at initial
recording. Recordings with seals <1 GQ or resting potentials
more positive than —57 mV or series resistance higher than 30
MQ were not included in the analysis.

Only one cell was recorded per slice. All recordings were
continuous before and during MeHg application. All cells
were recorded for at least 45 min total, allowing us to make
within-cell comparisons for before and after MeHg exposure.

J Neurophysiol » doi:10.1152/jn.00049.2024 - www.jn.org

MeHg was added to normal ACSF to achieve a final concen-
tration of 20 uM. After collecting the baseline recordings,
the perfusion was switched to MeHg-containing ACSF.
After 15 min of MeHg exposure, recordings were made for
comparison to control (pre-MeHg exposure). The MeHg
concentration (20 uM) was chosen because it is consistent
with concentrations known to produce toxicity in humans
and provides a useful time frame for in vitro effects to be
observed (1, 41, 42, 47). In addition, this concentration is
consistent with previous studies of other types of neurons
in the brain and spinal cord, providing the opportunity for
direct comparison of the effect of MeHg exposure across
neuron types (41, 48-51).
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Figure 2. Excitatory and inhibitory synaptic charge were estimated before
and after MeHg exposure in mPFC excitatory pyramidal neurons. A: illustra-
tion of charge measurements for a representative postsynaptic current re-
cording before and after MeHg treatment. Charge is shown as the summed
gray region under the curve. Postsynaptic current charge was calculated as
the sum of the current response over time to produce the net area under
the curve in units of pico coulombs (pC). B—E: boxplots are shown to provide
illustration of statistical spread of quartiles and outliers. Barplots are also
shown for mean estimates. B and C: across the population of sampled neu-
rons (n = 10), the excitatory glutamatergic charge was significantly (indicated
by **) increased after MeHg exposure (control = —46+13 pC, MeHg =
—98+26 pC; P = 0.0132, Wilcoxon ranksum test). D and E: the inhibitory
charge was also significantly increased (indicated by **) after MeHg treat-
ment (control = —645 + 61pC, MeHg = —943 + 117 pC; P = 0.0133, Wilcoxon
ranksum test) across the population of sampled neurons (n = 11). EPSC, exci-
tatory postsynaptic current; IPSC, inhibitory postsynaptic current; MeHg,
methylmercury; mPFC, medial prefrontal cortex.
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Figure 3. In mPFC excitatory pyramidal neurons, acute MeHg exposure
produced increased frequency, but not amplitude, of pharmacologically
isolated AMPA EPSCs. A: representative current traces of EPSCs recorded
in an mPFC neuron before and after MeHg exposure (15 min). B and E: cu-
mulative distributions for both event ISI and EPSC amplitude were signifi-
cantly different between control and MeHg conditions (P = 8.6e-42; P =
7e-98 for amplitude and ISl respectively; Kolmogorov—Smirnov test, n = 11
neurons). C and D: EPSC event IS (inverse of frequency) displayed a con-
sistent significant (indicated by **) reduction across the population of
sampled neurons (n = 11). EPSC mean ISI (control = 264 + 23 ms, MeHg =
154 £11) was highly significantly different (P = 0.001004, Wilcoxon rank-
sum test), with a consistent increase in EPSC frequency after MeHg expo-
sure. Arrows indicate distribution median. F and G: across the population
(n = 11 neurons), the mean amplitude of EPSCs was not significantly
affected by MeHg (control = 12.3+0.7 pA, MeHg = 11.8 £1.7 pA). The sig-
nificant difference in the cumulative distribution reflects an increase in
smaller EPSC events as frequency increases, without a shift in the mean
amplitude. EPSC, excitatory postsynaptic current; ISI, intersynaptic inter-
val; MeHg, methylmercury; mPFC, medial prefrontal cortex.

EPSCs and IPSCs

Recordings of AMPA receptor-mediated currents were
made using whole cell voltage-clamp techniques (Vi,o1qg = —60
mV) in normal ACSF in the presence of the GABAergic blocker
picrotoxin (100 uM). GABAergic IPSCs were collected (Viyo1q =
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—70 mV) in the presence of glutamate receptor antagonists,
CNQX (10 uM; 6-cyano-7-nitroquinoxaline-2,3-dione) and
APV (50 uM; (2 R)-amino-5-phosphonovaleric acid).

Electrical Stimulation

Electrical evoked responses were achieved, using bipolar
electrodes placed in the white matter projecting to the adjacent
neurons of the medial prefrontal cortex (mPFC). Temporal
synchronized current pulses were delivered through the bipo-
lar electrodes to evoke synaptic responses. Seven to ten repeats

IPSC
control
IPSC,,..c
5 10 _ > 1.0 =
i 3
3 05 305
o [
< % 0o
0.0 - T T T T T ) . i ; . !
0 16 32 64 128 256 512 1024 16 32 64 128
amplitude
ISI (ms)
500
| no‘
o * 500 1000
1SI (ms)
500
nOA‘
0 * 500 1000
ISI (ms) amplitude
D 10, G 1 [
T | ~40 1 I
T < i 1
R
2100 1 ° h
£ P
- = 20 A
- Q -
= 50 IS ]
@
0 T T 0 T T
con MeHg con MeHg

Figure 4. Acute MeHg does not alter spontaneous inhibitory synaptic event
frequency or amplitudes in mPFC excitatory pyramidal neurons. A: repre-
sentative IPSC recording traces both before and after (15 min) MeHg expo-
sure. B and E: both IPSC event ISI and amplitude show significant differences
(P = 2.6e-6, P = 5e-14 for ISI and amplitude, respectively; Kolmogorov—
Smirnov test) in their cumulative distributions across the population of
sampled mPFC pyramidal neurons (n = 10), reflecting small differences in the
inhibitory synaptic event composition. However, the mean population statis-
tics show no significant difference. C and D: across the population (n = 10)
IPSC event ISI (control = 37.8+ 3 ms, MeHg = 40.8 + 3.6 ms) were statistically
identical, indicating that frequency was not significantly increased by MeHg
exposure (control = 7.2 £ 0.4 Hz, MeHg = 7.8 + 0.4 Hz). Arrows indicate distri-
bution median. F and G: IPSC event amplitude was also not significantly
altered by MeHg treatment (control = 37.8+3 pA, MeHg = 40.8+3.6 pA).
IPSC, inhibitory postsynaptic current; ISI, intersynaptic interval, MeHg, methyl-
mercury; mPFC, medial prefrontal cortex.
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of currents were delivered with sufficient temporal delay (15 s)
to avoid adaptation. Mean synaptic responses were estimated
across repeats.

Analysis of Action Potential Dynamics and Input-Output
Curves

Voltage measurements were collected using current-
clamp of layer 5 excitatory pyramidal neurons. Action poten-
tials were identified based on voltage deviation above the
threshold (>10 mV). The time of occurrence of action poten-
tials was determined as peak voltage. Firing rates were esti-
mated over 3 s. Quantification of f-I curves was estimated
based on action potential firing rate versus injected current
pulse amplitude (pA). Each current step was presented once,
with a 15 s blank between steps. Spontaneous background fir-
ing rates were determined during periods of no current injec-
tion over a defined temporal period.

Data Analysis

Offline data analysis was performed on time-locked cur-
rent or voltage responses. Intrinsic membrane properties
were estimated through pClamp and postprocessing using
custom-written analysis routines in Matlab. All data are
expressed as the means * SE unless otherwise stated. All
within-subject analyses used paired comparisons. Statistical
significance was determined using either the Wilcoxon rank-
sum test with P value given by the Mann-Whitney U test for
nonparametric data or the Kolmogorov-Smirnov test for cu-
mulative distributions. Estimates were considered signifi-
cantat P < 0.05.

RESULTS

Methylmercury Exposure Differentially Affects mPFC
Excitatory and Inhibitory Synaptic Activity

To understand how mercury exposure affects prefrontal
cortical circuit function, we first asked whether mercury ex-
posure alters synaptic properties of excitatory pyramidal
neurons in prelimbic mPFC. To record excitatory and inhibi-
tory synaptic responses, whole cell patch-clamp recordings
were performed in acute parahorizontal mouse brain slices
(Fig. 1). Since they are made normal to the mPFC surface,
parahorizontal slices provide optimal preservation of pyram-
idal neuron dendrites and afferent inputs and produce active
mPFC networks (46). Pyramidal neurons within layer 5 were
targeted for recording. In all cases, responses were compared
in the same neuron before and after 15 min exposure to
MeHg (20 uM bath application). Based on previous studies,
20 uM MeHg shows significant effects within 15 min of bath
application, which allows for before and after recording of
neurons within the time span allowed by the brain slice
preparation. This concentration is also consistent with acute
toxicity known to produce symptoms observed in humans
(1, 15, 23).

To estimate overall levels of spontaneous excitatory and
inhibitory synaptic activity, synaptic charge was estimated
for pharmacologically isolated excitatory and inhibitory cur-
rents (Fig. 2). Synaptic current charge is estimated as the
integrated area under the curve, for either excitation or inhi-
bition, over a given time sample. An example of synaptic
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Figure 5. Neither EPSC nor IPSC event decay times were significantly
affected by MeHg treatment. A-C: EPSC event decay times for control
(1.24+£0.23 ms) were statistically identical to MeHg treated estimates
(1.28 £0.26 ms). However, the cumulative distributions were significantly
different (P = 4.5e-4, Kolmogorov—Smirnov test), indicating a shift in the
shapes of the decay distributions. D—F: similarly, IPSC event decay times
were not significantly different for control (7.9 £ 0.22 ms) vs. MeHg treated
conditions (8.2 + 0.2 ms). The cumulative distributions for IPSCs were also
not significantly different. EPSC, excitatory postsynaptic current; IPSC, in-
hibitory postsynaptic current; MeHg, methylmercury.
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charge estimation is shown in Fig. 2A. Synaptic current
charge allows estimation of glutamatergic and GABAergic
synaptic activity, regardless of the source of potential activ-
ity changes (e.g., changes in synaptic response amplitude,
frequency, Kinetics, or temporal organization).

For both excitation and inhibition, synaptic charge was
markedly increased in the presence of MeHg compared with
control (Fig. 2). Across the population of sampled neurons,
mean excitatory synaptic charge (Fig. 2, B and C) was signifi-
cantly increased after MeHg exposure (—67+13 pA and
—136 £26 pA, control and MeHg exposure, respectively; n =
10 neurons; P = 0.0013, Wilcoxon ranksum). Mean inhibitory
charge (Fig. 2, D and E) was also significantly increased after
MeHg exposure (—646 61 pA and —917 116 pA, control vs.
MeHg; n = 11 neurons; P = 0.013, Wilcoxon ranksum).

Since excitatory synaptic activity was increased, individual
synaptic responses were analyzed to determine whether
increased excitatory charge results from changes in the fre-
quency and/or amplitudes of spontaneous EPSCs (Fig. 3). To
do so, fast excitatory glutamatergic AMPA currents were
recorded using a Cs-methylsulfonate internal electrode solu-
tion and normal ACSF (see METHODS) containing picrotoxin
(100 uM) to suppress GABAergic responses. After MeHg expo-
sure, AMPA currents displayed a significant increase in their
rate of occurrence, across the population of sampled neurons
(Fig. 3, B-D; n = 11). The distribution of AMPA EPSC intersy-
naptic interval (ISI) was significantly shifted (Fig. 3, B and C;
P = 7.0655e-98, Kolmogorov-Smirnov test). Consistent with
this left-ward shift in the ISI distribution, the frequency
of AMPA EPSC events was significantly increased (P =
0.001004, Wilcoxon ranksum test) after MeHg exposure
(6.5+0.5 Hz) compared with control (3.7+0.3 Hz). Although
the cumulative distributions were significantly different for
amplitude (P = 8.67e-42, Kolmogorov-Smirnov test; Fig. 3E),
the mean EPSC amplitudes were not significantly different
before (12+0.7 pA) and after (11.78+1.7 pA) MeHg exposure
(Fig. 3, F and G). MeHg appears to bias the EPSC amplitude dis-
tribution toward an increase in smaller amplitude events. This
explains the change in the shape in the cumulative distribu-
tion; however, the increased variability in amplitude appears
to make the overall mean non-significant between control and
MeHg-treated AMPA-based EPSCs (Fig. 3, F and G).

To understand whether changes in IPSC frequency and/or
amplitude underlie increased inhibitory synaptic charge, in-
hibitory GABAergic synaptic currents were recorded using
pharmacological blockage of EPSCs via CNQX and APV (see
METHODS). In addition, IPSCs were amplified by reversing the
chloride gradient through use of a CsCl-based internal re-
cording electrode solution. Surprisingly, neither IPSC ampli-
tude (37.8 2.9 pA and 40.7 +3.6 pA before and after MeHg,
respectively) nor frequency of synaptic events (7.2+0.4 Hz
and 7.8 + 0.4 Hz before and after MeHg) was significantly dif-
ferent across the population (n = 10) of recorded neurons
(Fig. 4). Although the ISI distributions appeared similar
before and after MeHg treatment, a small leftward shift was
statistically significant (P = 2.6504e-06, Kolmogorov-
Smirnov test; Fig. 4B). Consistent with this limited change in
the ISI distribution, the mean synaptic event ISIs were not
significantly different after mercury exposure (Fig. 4, C and
D). Similarly, the cumulative distributions of IPSC amplitude
were statistically different before and after MeHg exposure
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Figure 6. Representative electrically evoked AMPA current response in an
mPFC excitatory pyramidal neuron before and after MeHg treatment. A: con-
trol (black) current trace shown overlapping post-MeHg-exposed (15 min)
current trace (gray) for two consecutive white matter evoked responses.
Inset to the right shows illustrations of the first (thick) vs. second (thin) current
response for control (black) and MeHg exposed (gray) conditions. B—E:
evoked AMPA population responses (n = 9) are shown for statistical aver-
ages of first EPSC amplitude and EPSC PPR (second/first amplitude ratio) to
consecutive electrical stimulus pulses across the sample of neurons
recorded in mPFC before (control) and after MeHg treatment. There was no
significant difference in median first pulse amplitude (control = 268+ 24 pA,
MeHg = 125161 pA), but the PPR was significantly (control = 0.38+0.04,
MeHg = 0.79+0.07; P = 0.010325, Wilcoxon ranksum test) increased (indi-
cated by *) after MeHg exposure. EPSC, excitatory postsynaptic current;
IPSC, inhibitory postsynaptic current; MeHg, methylmercury; mPFC, medial
prefrontal cortex; PPR, paired-pulse amplitude ratio.

(P = 4.9777e-14, Kolmogorov-Smirnov test), apparently as a
result of fewer high amplitude events after MeHg (Fig. 4E).
However, the mean amplitudes were not significantly differ-
ent (Fig. 4, F and G), consistent with a non-Gaussian distri-
bution of the events, also evident from the histograms of
IPSC amplitudes.

Changes in excitatory or inhibitory charge could result
from changes in the excitatory or inhibitory synaptic decay
time constant, producing either longer or shorter temporal
summation. To determine the effects of MeHg on synaptic
temporal properties, the decay time constants for excitation
and inhibition were also examined (Fig. 5). MeHg show no sig-
nificant effect on EPSC decay time (1.23+0.23 ms and
1.28+0.26 ms for control and MeHg, respectively), although
there was a small, but significant shift in the cumulative dis-
tribution (P = 4.5e-4, Kolmogorov-Smirnov test). In addition,
there was no significant difference in IPSC decay time con-
stant as a result of MeHg treatment (7.9+0.2 ms and 8.2+ 0.2
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Figure 7. Electrically evoked NMDA responses of excitatory
pyramidal mPFC neurons in response to acute MeHg expo-
sure. A: representative current trace of a pharmacologically
and electrically (Vioiding = + 10 mV) isolated NMDA current
both before (black) and after (15 min) MeHg treatment (gray).
Paired pulse analysis was achieved through consecutive
current pulses stimulating afferent mPFC inputs within the
white matter. Paired pulse ratios (second/first pulse) were
analyzed for control (red/black) vs. MeHg treated (blue/gray)
: conditions. Inset to the right shows first to second overlays

for control (first = black, second = red) and MeHg treated
- (first = gray, second = blue) current recordings. B: the first
NMDA-evoked current response to the pair of consecutive
stimuli was not significantly different (control = 110 £42 pA,
MeHg = 62+20 pA) across the sampled neurons (n = 7).

con MeHg con

*%

C—-E: across the population of sampled neurons (n = 7), the
NMDA PPR was significantly (indicated by **) increased
(control = 0.53+0.1, MeHg = 0.81+£0.1; P = 0.0342,
Wilcoxon ranksum test) in excitatory pyramidal mPFC neu-
rons after MeHg exposure. EPSC, excitatory postsynaptic
current; IPSC, inhibitory postsynaptic current; MeHg, methyl-
mercury; mPFC, medial prefrontal cortex; NMDA, N-methyl-
D-aspartate; PPR, paired-pulse amplitude ratio.

MeHg

éon MéHg con

ms for control and MeHg, respectively). Therefore, changes in
the temporal dynamics of individual synaptic responses can-
not account for the increased synaptic charge induced by
MeHg exposure.

Methylmercury Exposure Reduces Paired-Pulse
Depression and Probability of Release

Since mercury induced an increase in EPSC frequency, we
next asked whether this increase in EPSC frequency is a
result of increased probability of release. To test this, the
effects of MeHg on paired-pulse plasticity were determined
(Fig. 6 and Fig. 7) through electrical stimulation of afferent
white matter-originating inputs (Fig. 1) and recording of
evoked AMPA receptor EPSCs. Consecutive electrical pulses
were applied via extracellular bipolar electrode stimulation,
to determine paired-pulse amplitude ratios (PPRs). Paired-
pulse stimulation was averaged over repeats (n = 7) with suf-
ficiently long delay periods (15 s) to avoid adaptation.
Surprisingly, MeHg exposure (Fig. 6A, gray) significantly
(P = 0.010, Wilcoxon ranksum) altered synaptic plasticity by
increasing PPR (0.42+0.04 and 0.69+0.06 control vs.
MeHg, Fig. 6, C-E). The amplitude of the current response to
the first pulse was not significantly different in response to
MeHg exposure (270+24 pA vs. 194+ 61 pA, Fig. 6B); how-
ever, the variability in the amplitude of the first pulse was
increased. The observed increase in PPR suggests that MeHg
exposure reduces the probability of release, thereby altering
presynaptic plasticity. Given that probability of evoked
release decreased, this type of stimulus-evoked synaptic
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plasticity appears distinct from the increases in spontaneous
EPSC frequency induced by MeHg (Fig. 3).

Methylmercury Exposure Does Not Alter NMDA
Receptor Responses in mPFC

N-methyl-p-aspartate (NMDA) receptors are abundant at
excitatory synapses in mPFC and are thought to play a role
in pathogenesis of some forms of cognitive dysfunction and
dementia (52-56); therefore, it is important to determine
whether NMDA receptor responses are altered by MeHg expo-
sure. To do so, NMDA synaptic currents were recorded in the
presence of CNQX, with the cells voltage-clamped at +10 mV
holding potential. NMDA synaptic responses were evoked via
extracellular bipolar stimulation of afferent inputs originating
in the adjacent white matter (Fig. 7, and see Fig. 1). NMDA
synaptic currents were then analyzed in response to consecu-
tive pulses, as described above for AMPA receptor responses.
The amplitudes of the NMDA synaptic currents (first pulse
amplitudes: 110 £ 42 pA vs. 62 =20 pA, control vs. MeHg; n =7
neurons) were not significantly different (Fig. 7, A and B).
Interestingly, the variability of the NMDA synaptic current
amplitude to the first pulse was reduced in response to MeHg
exposure. There were also no observable changes in the
kinetics of the NMDA responses, consistent with no change in
NMDA receptor subunit composition. As expected based on
what was observed with AMPA synaptic currents, NMDA cur-
rents displayed a marked increase in PPR (Fig. 7, C-E; P =
0.034, Wilcoxon ranksum; 0.54 +0.07 and 0.81+0.08, control
vs. MeHg; n = 7).
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Figure 8. MeHg-induced synchrony is revealed by the autocovariance func-
tion of the inhibitory synaptic currents. A: representative whole cell voltage-
clamp recording of IPSCs in an mPFC pyramidal neuron. The autocovar-
iance function was used to calculate the mean subtracted autocorrelation
of the IPSC traces before and after MeHg treatment. Periodic temporal pat-
terns within the IPSC current traces are evident after MeHg treatment
through peaks in the autocorrelation at nonzero times. If the IPSC traces
were purely random signals, then the autocorrelation would display a peak
at time zero and would otherwise be flat. Arrows highlight synchrony within
the IPSC traces, resulting in bursting events. B and C: autocovariance func-
tions are shown for the IPSC current traces of five representative neurons
before (black) and after (red) MeHg exposure. IPSC, inhibitory postsynaptic
current; MeHg, methylmercury; mPFC, medial prefrontal cortex.

Mercury Exposure Synchronizes mPFC Inhibitory
Synaptic Activity

Since the change in inhibitory charge could not be explained
by increased IPSC amplitude or frequency, statistical analysis
of inhibitory current traces was used to determine whether
the temporal structure of GABAergic inhibition is altered by
MeHg exposure. This analysis revealed changes in temporal
correlation of IPSCs upon mercury exposure (Fig. 8). The
mean-subtracted autocorrelation function, also known as the
autocovariance, is a useful statistical tool to determine tempo-
ral structure within a signal. For a completely random signal,
the autocovariance will be simply a peak at zero time delay
and otherwise flat at all other time delays (similar to Fig. 8B).
Figure 8 shows the autocovariance function for the inhibitory
current traces of three representative neurons before and after
MeHg exposure. In the control condition, the IPSC traces
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displayed relatively random temporal structure, similar to
what has been reported for synaptic events from neocortical ex
vivo recordings (Fig. 8B). In the presence of MeHg, there was a
marked change in the temporal structure of the inhibitory sig-
nal (Fig. 8C, red curves). The symmetric oscillations observed
in the autocovariance functions reveal frequency-specific oscil-
lations in the occurrence of IPSCs after mercury exposure. This
reflects a change in the temporal pattern of IPSCs converging
onto excitatory pyramidal neurons in mPFC, from random to
synchronous, after MeHg exposure. Interestingly, the fre-
quency of the oscillations appears slow for each representative
recording (Fig. 8C), reflecting slow bursting patterns. This tem-
poral network synchrony represents a unique network pertur-
bation as a result of MeHg exposure that would induce
significant changes in neocortical function.

In contrast to IPSCs, EPSCs did not show significant
changes in the degree of temporal synchrony, as seen in the
autocovariance function (Fig. 9). Although EPSCs showed a
significant increase in the frequency of occurrence (Fig. 9A
and Fig. 3D), the autocovariance before and after MeHg ex-
posure is more consistent with a random process (Fig. 9, B
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Figure 9. Autocovariance functions for EPSC recordings show no signifi-
cant changes in temporal synchrony despite increases in mean frequency
of events after MeHg treatment. A: representative EPSC current record-
ings for control (black) and MeHg treated (red) conditions in the same
mPFC excitatory layer 5 neuron. B and C: the autocovariance function of
EPSC recordings is shown before and after MeHg treatment for five repre-
sentative neurons. Despite changes in mean frequency, the autocovar-
iance functions are relatively unaffected. EPSC, excitatory postsynaptic
current; MeHg, methylmercury; mPFC, medial prefrontal cortex.
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Figure 10. Statistical analysis revealed significant differences in the degree
of synchrony in IPSC, but not EPSC recordings. The Ljung-Box, Q factor was
used to quantify the degree of cumulative synchrony within the autocovar-
iance functions for IPSC and EPSC recordings, before and after MeHg treat-
ment. A and B: across the population of sampled neurons (n = 10), the
Ljung-Box Q factor for EPSCs was not significantly different between control
(6.4e8 + 3.6e7) and MeHg treated conditions (6.8e8 + 5.2e7). C and D: how-
ever, IPSCs for the sampled neurons (n = 13), showed that the degree of
synchrony, as measured by the Ljung-Box Q factor, was significantly greater
(P = 0.037, ANOVA, indicated by *) in the MeHg conditions (9.6e8 + 1.1e8)
compared with control (7.0e8 + 4.8e7). EPSC, excitatory postsynaptic cur-
rent; IPSC, inhibitory postsynaptic current; MeHg, methylmercury.

and C) with no sign of low-frequency synchrony, as observed
in the IPSC traces.

In order to quantify the degree of temporal synchrony
within the synaptic current traces, the Ljung-Box Q-factor
metric (57) was calculated for EPSC and IPSC traces (Fig. 10).

h R2

Q=nln+2)y —,

T

where n is the sample size, R is the sample autocorrelation at
lag j, h is the number of lags being tested. When control
(6.4e8 + 3.6e7) and MeHg exposed (6.8e8 + 5.2¢7) EPSC
recordings were compared (n = 10 neurons), there is no sig-
nificant difference in the cumulative synchrony, as esti-
mated by the Ljung-Box Q-factor (Fig. 10, A and B). However,
IPSCs (Fig. 10, C and D) showed a significantly greater (P =
0.037, ANOVA, n = 13 neurons) degree of synchrony as
measured by the Ljung-Box Q factor for MeHg conditions
(9.6€8 = 1.1e8) compared with control (7.0e8 + 4.8¢7).

Mercury Exposure Increases Excitability of mPFC
Pyramidal Neurons

In addition to synaptic mechanisms that lead to hyperexci-
tation, changes in the ability of a neuron to generate action

J Neurophysiol » doi:10.1152/jn.00049.2024 - www.jn.org

potentials in response to inputs can alter excitability. Previous
work showed that intrinsic excitability was increased in spinal
motor neurons exposed to acute MeHg (41). Therefore, intrin-
sic action potential firing was also determined in the presence
of MeHg, using whole cell current-clamp recording of mPFC
excitatory pyramidal neurons. Responses from representative
neurons are shown in Fig. 11. Firing rate versus current
responses (f-I) were collected across a range of amplitudes of
injected current steps (Fig. 11, A and B). MeHg significantly
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Figure 11. Acute MeHg exposure alters both spontaneous and evoked
spiking in excitatory pyramidal mPFC neurons. A: whole cell current clamp
recording of a representative neuron before (black) and after 15 min
MeHg exposure (red). Voltage traces illustrate action potential discharge
before and after current pulses of increasing amplitude. B: the f-l response
curves are shown for estimates of firing rate during the current step peri-
ods for a representative neuron. Action potential firing rate as a function
of current injection (f-I response gain; slope), was increased as a result of
MeHg exposure (black is control, red is MeHg treated). MeHg, methylmer-
cury; mPFC, medial prefrontal cortex.
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enhanced the intrinsic excitability of layer 5 excitatory pyram-
idal neurons of the prelimbic mPFC (Figs. 11 and 12), as
revealed through analysis of action potential firing. Voltage
traces were compared before and after MeHg to determine the
effects on both spontaneous spiking and evoked spiking in
response to current pulse injections delivered via the record-
ing electrode (Figs. 11 and 12). Spontaneous spiking signifi-
cantly increased after MeHg exposure (Fig. 12, D and E;
0.14+0.08 Hz and 0.6+ 0.3 Hz, control vs. MeHg; P = 0.002,
Wilcoxon ranksum).

To analyze neuronal spiking in response to current pulses,
the current-to-firing rate transfer function (f-I) was esti-
mated by delivering a range of current amplitudes via the re-
cording electrode. The slope of the f-I curve increased in
response to MeHg exposure (Figs. 11B and 12, B and C;
0.35+0.03 Hz/pA and 0.50+0.07 Hz/pA for control and
MeHg, respectively; P = 6.3864e-05, Wilcoxon ranksum; n =
10 neurons), in addition to an increase in variability. These
data indicate that the intrinsic excitability of mPFC pyrami-
dal neurons is increased upon MeHg exposure.

Increased intrinsic excitability could stem from changes
in the action potential itself. Therefore, we quantified popu-
lation averages of action potential metrics for amplitude,
duration, and resting potential (Fig. 13). Individual action
potential properties were unaltered by MeHg exposure
(Fig. 13). The mean resting membrane potential for control
(-67+1.8 mV) was not significantly depolarized after
MeHg treatment (—65 +1.4 mV). In addition, neither action
potential amplitude (79.2+5.9 mV and 77.1+5.6 mV for
control and MeHg, respectively) nor duration (3.5+0.3 ms

and 3.7+ 0.3 ms for control and MeHg, respectively) were
significantly different as a result of MeHg exposure.
Therefore, the increased excitability observed above is not
a result of direct changes in action potential properties.

DISCUSSION

Disorders affecting the PFC exhibit a range of symptoms,
including deficits in cognitive performance, attention, motiva-
tion, and emotional impulse control. Although some condi-
tions such as bipolar disorder have been linked to particular
genes, other forms of frontotemporal disorder do not correlate
with known genetic mutations. Sporadic cases of FTD are 50—
70% of those reported (31-35, 58). Environmental toxicant ex-
posure is a known risk factor for symptoms overlapping FTD
(59, 60). Mercury exposure has been linked to symptoms
expressed in FTD and could either trigger or accelerate
FTD symptoms (15, 23-25, 61). Here, we report specific
actions of MeHg on mPFC excitatory neurons that indicate
a significant shift toward hyperexcitability and synaptic
E-I balance disruption.

Intrinsic excitability of prelimbic mPFC layer S excitatory
neurons was significantly increased in the presence of MeHg.
Both spontaneous and electrically evoked action potentials
were upregulated after MeHg treatment. Intracellular current
injection-evoked action potentials revealed an increase in f-I
slope after MeHg exposure, reflecting an increase in action
potential discharge in response to the same level of input cur-
rent. This increase in f-I response gain would result in a
greater spiking rate for the same input, producing an overall
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Figure 13. Action potential properties were not significantly altered by
MeHg exposure. A: representative action potentials for a sample neuron
in mPFC before (black) and after MeHg treatment (red). Across all sampled
neurons (n = 10), action potential duration, amplitude, and resting mem-
brane potential were estimated. B: the mean resting membrane potential
for control (—67+1.8 mV) was not significantly depolarized after MeHg
treatment (—65+1.4 mV). C: action potential amplitude was not signifi-
cantly different after MeHg exposure (79.2+5.9 mV and 77.1+5.6 mV,
respectively). D: the duration, or full-width at half-height, of the action
potentials were also not significantly different in control (3.5+0.3 ms) and
MeHg (3.7 £ 0.3 ms) conditions. MeHg, methylmercury; mPFC, medial pre-
frontal cortex.

increase the excitability across the mPFC. This shift to-
ward hyperexcitability is independent of changes in syn-
aptic inputs, because depolarization was achieved through
current-clamp rather than extracellular stimulation. Individual
action potentials were unaffected by the presence of MeHg
with no apparent change in action potential properties.
Inspection of phase portraits (not shown) also support the idea
that action potential dynamics were unchanged. One interest-
ing possibility is that increased spike frequency could stem
from a MeHg-induced reduction in a hyperpolarizing or shunt-
ing current. We did not observe a depolarization of the resting
potential, arguing against a reduction in tonic hyperpolarizing
conductances, but it will be interesting in the future to deter-
mine whether MeHg regulates an activity-dependent hyperpo-
larizing or shunting conductance as a mechanism for the
increased spike rates observed here.

Acute MeHg exposure also shifted E-I balance in prelimbic
mPFC layer 5 excitatory pyramidal neurons. E-I balance—the
ratio of excitatory to inhibitory synaptic drive—helps estab-
lish the intrinsic excitability of the cortex (62-65). After 15
min of MeHg treatment, synaptic E-I balance was shifted to-
ward increased excitation, since EPSC frequency was
increased without a concomitant change in IPSC frequency.
Neither EPSC nor IPSC amplitudes were changed by mercury
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exposure. Together, these data are consistent with a presynap-
tic rather than postsynaptic mechanism, raising the question
of whether the increased EPSC frequency is a consequence of
increased probability of release. Arguing against this potential
mechanism, changes in release probability are unlikely to
account for the observed increase in spontaneous EPSC fre-
quency since PPR was increased after acute exposure to
MeHg, suggesting a decrease in release probability. Given that
increased EPSC frequency appeared after only 15 min of expo-
sure to MeHg, it is also unlikely that these effects were a result
of formation of new synapses.

The observed increase in EPSC event frequency in the ab-
sence of elevated probability of release could be a result of
MeHg-induced effects on spontaneous but not evoked gluta-
mate release. Evoked release is tightly coupled to presynaptic
action potentials, while spontaneous release occurs in the ab-
sence of presynaptic action potentials. Spontaneous and evoked
synaptic transmission are mechanistically separable and can be
modulated independently (66). Both forms of transmitter
release depend on presynaptic calcium; however, spontaneous
and evoked events differ in the timing of release in response to
calcium, levels of presynaptic calcium required, and mecha-
nisms of presynaptic calcium increase. Interestingly, spontane-
ous release at excitatory and inhibitory synapses appears to be
sensitive to different sources of intracellular calcium (66).
Spontaneous and evoked glutamate release also activate dis-
tinct populations of postsynaptic glutamate receptors in the
postsynaptic density (67, 68). The data presented here show
that EPSC amplitude was unchanged by MeHg for both sponta-
neous and evoked release, arguing against a postsynaptic effect
for either type of synaptic transmission. The relationship
between spontaneous and evoked release appears to vary across
different types of synapses (66), which could contribute to dif-
ferences observed between the effects of MeHg on different
types of neurons.

Overall synaptic activity in mPFC was increased in the pres-
ence of MeHg since both EPSC and IPSC charge were signifi-
cantly increased. However, there was no observable effect on
spontaneous or evoked EPSC or IPSC amplitude, suggesting
that individual synaptic responses were unchanged. Analysis
of synaptic current charge does not rely on measuring individ-
ual, isolated current deflections. Therefore, higher synaptic
charge could result from increased overlap of synaptic events,
without an apparent change in amplitudes of single events.
For excitatory synapses, increased EPSC frequency contributes
to increased excitatory charge. Since inhibitory currents did
not display increased frequency, inhibitory charge must be
produced through an alternative mechanism. Interestingly, in-
hibitory currents displayed significant increases in synchrony
after MeHg exposure: this represents a plausible mechanism
for increased inhibitory charge. Together, these observations
demonstrate that MeHg exposure alters the temporal organiza-
tion of synaptic activation in mPFC.

We do not yet know the underlying mechanisms of the
observed MeHg-induced increase in IPSC synchrony. One
interesting possibility is that MeHg could regulate gap junc-
tions to increase efficiency of electrical coupling between in-
hibitory neurons. Inhibitory interneurons in the cerebral
cortex are coupled to other inhibitory neurons of the same
subtype through both chemical and electrical synapses (69—
71). It is well-established that gap junctions contribute to
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synchronization of electrically coupled interneurons (69). In
addition, gap junction-mediated electrical coupling is plastic
and can be regulated by a variety of mechanisms, including
calcium signaling, neuronal activity, and some psychostimu-
lants (71). It would be interesting in the future to determine
whether acute MeHg exposure increases IPSC frequency
through modulation of electrical coupling between specific
types of inhibitory neurons.

Overall, the data presented here are consistent with the
idea that acute MeHg exposure interferes with prelimbic
mPFC network function through disruption of normal pat-
terns of synaptic activity, E-I balance and input-output rela-
tionships within layer 5 excitatory neurons. This represents a
significant impairment to mPFC circuits that underlie emo-
tion and cognition and are likely to contribute to the develop-
ment of symptoms of erethism and similar MeHg-induced
neuropsychological pathologies. These disruptions in mPFC
networks may also contribute to cognitive dysfunction in
other disorders, such as frontotemporal disorders and demen-
tia, with cognitive impairment linked to mPFC dysfunction.
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