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Abstract Copper plays a key role in aerobic cell

physiology mainly related to mitochondrial metabo-

lism. This element is also present at higher than basal

levels in some central nuclei and indeed, current

evidence support copper’s role as a neuromodulator in

the central nervous system. More recent data indicate

that copper may also affect peripheral neuronal

activity, but so far, there are not detailed descriptions

of what peripheral neuronal characteristics are tar-

geted by copper. Here, we studied the effect of

physiological concentration of CuCl2 (lM range) on

the activity of peripheral neurons using a preparation

of nodose ganglion in vitro. By mean of conventional

intracellular recordings passive and active electrical

membrane properties were studied. Extracellular cop-

per modified (in a redox-independent manner) the

resting membrane potential and the input resistance of

the nodose ganglion neurons, increasing the excitabil-

ity in most of the tested neurons. These results suggest

that Cu2? modulates the activity of nodose ganglion

neurons and support nodose ganglion in vitro prepa-

ration as a simple model to study the subcellular

mechanisms involved in the Cu2? effects on neuron

electrical properties.
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Introduction

Ionic copper (Cu2?) plays an essential role in cell

physiology acting as cofactor of enzymes related to

mitochondrial metabolism and therefore it is present

in every aerobic cell (Osiewacz and Borghouts 2000;

Rossi et al. 2004). This element is also present in

several regions of the central nervous system (CNS)

located within synaptic or somatic vesicles. Higher

than ‘‘basal’’ copper levels are present mainly in the

cerebellum, olfactory bulb, hippocampus and cortical

areas (Kardos et al. 1989; Sato et al. 1994; Trombley

and Shepherd 1996; Tarohda et al. 2004), suggesting

some specific role of cooper in these neural circuits.

In agreement with this, there are reports on the

effects of copper on several voltage and ligand gated

channels (Mathie et al. 2006; Huidobro-Toro et al.

2008; Gaier et al. 2013). Also, patients suffering

from Menkes and Wilson diseases, that are related to
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a deficit and an increase in copper levels, respec-

tively, present severe neurological damage (see de

Bie et al. 2007; Kodama et al. 2011). Copper

dyshomeostasis has also been associated with several

other neurodegenerative pathologies, like Alzheimer

(AD), Amyotrophic Lateral Sclerosis (ALS) or

Inclusion Body Myositis that share several aspects

with AD (Aldunate et al. 2012; Eskici and Axelsen

2012; Roos et al. 2013). This evidence has led to the

proposal that copper acts as a neuromodulator in the

CNS, but its action mechanisms are not completely

understood (Trombley et al. 2000; Horning and

Trombley 2001; Aedo et al. 2007; Gaier et al. 2013).

Evidence from our group indicates that in the CNS

copper modulation of excitability is a complex

phenomenon. In the CA1 area of the hippocampus,

nanomolar exogenous copper enhances cellular and

network excitabilities and improves temporal pro-

cessing (Maureira et al. 2006). On the CA3 area,

copper also triggers increases on spontaneous dis-

charges but in the micromolar range (Ignacio Diaz,

unpublished observations). On the other hand, more

recent data indicate that peripheral copper may also

affect neuronal and motor activity. Two relevant

examples: (a) there is evidence that copper dysho-

meostasis in motor neurons at the periphery can be

the cause of distal hereditary motor neuropathy and

probably other related motor neurons diseases

(Merner et al. 2011), and (b) copper in the micro-

molar range can alleviate some of the symptoms in a

Caenorhabditis elegans model of Inclusion Body

Myositis (Rebolledo et al. 2011). Interestingly,

copper concentration in the CNS oscillates from

0.2–1.7 lM in the extracellular compartment and

estimations for the synaptic cleft are up to 200 lM

(Mathie et al. 2006); nevertheless in the peripheral

nervous system (PNS) neurons are exposed to

different copper levels, namely: plasmatic copper is

around 15 lM (Mathie et al. 2006). To our knowl-

edge, there are no detailed reports of which could be

the effect of copper on PNS neurons excitability.

Considering that there are different levels of copper

in the PNS compared to CNS it appears important to

characterize Cu effects in PSN neurons. Here we

report that copper, in concentrations within the

physiological range, modifies the electrical properties

of sensory neurons from the rabbit nodose ganglion-in

a redox-independent way- increasing the excitability

in most of the tested neurons.

Methods

Animals and surgery

White New Zealand male rabbits (2.2 ± 0.1 kg;

N = 7) were anesthetized with ketamine/xylacin (75/

7.5 mg/Kg, i.m.). Nodose ganglia (NG; n = 11) were

excised and placed in ice-cold Hanks balanced salt

solution (HBSS). The capsule and connective tissue

were carefully removed from over the ganglion before

it was placed in a chamber and continuously super-

fused (1.2–1.5 mL/min) with HBSS, supplemented

with HEPES buffer (5 mM, pH 7.43, 22 �C), equili-

brated with air at room temperature (22 �C). At the

end of surgery, animals were sacrificed with a sodium

pentobarbital overdose (120 mg/kg, i.p.). All experi-

mental procedures were approved by the Bioethical

Committee of the Facultad de Ciencias of the

Universidad de Chile, and were conducted in accor-

dance to the guidelines of the Fondo Nacional de

Desarrollo Cientı́fico y Tecnológico (FONDECYT,

Chile).

Experimental preparation and Intracellular

recording

Conventional intracellular electrodes were pulled (P-

87 Puller, Sutter Instruments, USA) from borosilicate

glass and backfilled with KCl 3 M (25–30 MX). The

electrodes were connected through an Ag/AgCl elec-

trode to an electrometer (IE-210, Warner Instruments,

USA). The signal was amplified, filtered (DC-

10 kHz), acquired at 10 kHz (Axotape, Molecular

Devices, USA) and recorded using an analog-to-

digital converter (Digidata 1200, Molecular Devices,

USA). A reference (Ag/AgCl) electrode was con-

nected to the recording bath, and junctional voltage,

electrode series resistance and capacity were compen-

sated in the chamber before cell impaling. The

microelectrode was located over the ganglion and

advanced through the tissue with a hydraulic micro-

manipulator (Narishige, Japan) until a neuron was

reached. Impalement was accomplished by a brief

decompensation of the electrode capacitance. Once a

stable recording (at least 5 min) of a neuron was

obtained, resting membrane potential (Vrest) was

measured and seven depolarizing current pulses

(1 ms, 1 Hz) were applied in order to trigger action

potentials (AP), from which amplitude (APa), duration
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(APd) and threshold (APth) values as well as afterhy-

perpolarization amplitude (Hypa) and duration (Hypd)

were obtained. To measure input resistance (Rin) and

membrane capacitance (Cm), five long-lasting hyper-

polarizing pulses (90 ms, 1 Hz) were applied after the

depolarizing pulses (Fig. 1). Rin was calculated from

the voltage change induced by the current at the end of

the pulse. The membrane time constant (s) was

calculated from the simple exponential curve fitted

to the trace of the voltage change, and Cm calculated

from the relation s = RinCm. Only cells presenting a

stable initial Vrest B -40 mV and an action potential

overshoot C ? 10 mV were included in the analyses.

Increasing concentrations of CuCl2 (0.1, 0.2, 0.5, 1,

10, 20, 50, 70 and 100 lM) were applied over the

recording site through a gravity perfusion system.

We performed an estimation of the effective Cu2?

concentration sensed by the recorded cells by com-

paring the experimental curve for Vrest changes

induced by known different extracellular KCl

concentrations with the theoretical expected curve,

when KCl was applied with the same system.

Considering that reported diffusion coefficients for

KCl (1.8–1.9 m2/s-1) and CuCl2 (1.2–1.6 m2/s-1) are

similar in our experimental conditions (Harned and

Nuttall 1947; Lobo et al. 1998; Ribeiro et al. 2005), we

obtained a dilution factor of 7. The values for copper

shown are not corrected by this dilution factor.

In some experiments dithiothreitol (DTT) 10 mM

was applied in the superfusion medium. All chemicals

were obtained from Sigma-Aldrich Co. (USA).

Data analysis and statistic

Data were analyzed with Clampfit (Molecular

Devices, USA) and GraphPad Prism (GraphPad

Software Inc., USA) software. Electrophysiological

parameters were compared using paired Student’s

t test or Mann–Whitney test (for two group compar-

isons) or one way parametric or nonparametric

ANOVA (for multiple comparisons) according to the

structure of data. Curves were adjusted using a

Pearson or Spearman correlation test pursuant to data

structure. Significant level was set at P \ 0.05. All

values given as mean ± SEM; n corresponds to the

number of neurons in each experimental series.

Results

Copper effect on evoked electrical activity

A total of 39 quiescent and 10 spontaneously active

NG neurons were recorded. Of the quiescent neurons,

34 (87.2 %) responded to the brief (1 ms) depolarizing

pulses with a broad action potential that presented a

large overshoot, an inflection (hump) in the repolar-

izing phase and a long lasting afterhyperpolarization

(Fig. 2a; Table 1). The remaining neurons (5; 12.8 %)

discharged brisk action potentials with a smaller

overshoot and a shorter afterhyperpolarization

(Fig. 2b; Table 1).

The action potential amplitude was significantly

larger (P \ 0.05, Mann–Whitney test) and duration of

the spike and of the afterhyperpolarization were

significantly longer (P \ 0.05, Mann–Whitney test)

in the neurons that presented action potentials with an

inflection in the repolarizing phase (‘‘humped’’). The

rest of the passive (Vrest, Rin, Cm, s) and active

properties (APth, Hypa, Hypd) were no significantly

different between the two neuronal populations

(P [ 0.05, Mann–Whitney test; Table 1).

The application of copper in the micromolar range

(20–100 lM) to quiescent neurons affected differen-

tially Vrest and Rin. We found no noticeable effects in

Fig. 1 Intracellular recording from a nodose neuron showing

evoked activity in response to depolarizing (1 ms, 1 Hz) and

hyperpolarizing (90 ms, 1 Hz) currents. Insets show the time

course of the action potential (left inset) and hyperpolarizing

response (right inset)
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the low micromolar range (Fig. 3). The other passive

and active parameters measured did not change

significantly (P [ 0.05, paired Student’s t test;

n = 39) during copper application.

According to the effect of copper on Rin and Vrest,

the recorded neurons (n = 39) could be ascribed to

one of four different groups. In most neurons (53.8 %;

n = 21; Fig. 3a) copper application induced a signif-

icant depolarization (r = 0.93; P \ 0.05, Pearson

correlation test) and a decrease of Rin (r = 0.99;

P \ 0.05, Pearson correlation test). Conversely, in

20.5 % of the neurons CuCl2 application produced a

significant hyperpolarization (r = -0.91; P \ 0.05,

Spearman correlation test) and an increase of Rin

(r = 0.97; P \ 0.05, Pearson correlation test, n = 8;

Fig. 3b). A third group (n = 8; Fig. 3c), representing

20.5 %, showed a depolarization that correlated

significantly (r = 0.95; P \ 0.05, Pearson correlation

test) with increasing copper concentration, but unlike

of first group with a significant increase in Rin

(r = 0.91; P [ 0.05, Pearson correlation test). Finally,

only two neurons (5.2 %, Fig. 3d) were unresponsive

to the application of copper, with no significant

changes in Vm (r = -0.01; P [ 0.05, Pearson corre-

lation test) or Rin (r = -0.27; P [ 0.05, Pearson

correlation test) with increasing copper concentration.

In order to explore whether redox reactions are

involved in the effect of copper action, DTT a strong

reducing agent, was added to the bath solution (final

concentration 10 mM) before and during copper

application. Fig. 4a shows almost 8 min of continuous

recording of membrane potential for a NG cell. The

application of 50 lM copper caused a 16 mV depo-

larization. Application of DTT to the superfusion

medium had no noticeable effect on this new resting

membrane potential (Fig. 4a) or any of the other

Fig. 2 Action potentials (continuous line) and its temporal

derivative (segmented line) from nodose neurons evoked by

brief (1 ms) depolarizing current pulses. a A neuron with a

broad spike ([ 1.5 ms) and an inflection in the repolarizing

phase (arrow at derivative record). b A neuron showing a brisk

action potential with a rapid repolarization and spike duration

shorter than 1 ms. Upper traces membrane potential. Lower

traces dV/dt. Dotted line Vrest

Table 1 Mean passive and active electrical properties of nodose ganglion neurons

Neuron AP type Vrest

(mV)

Rin

(MX)

Cm

(pF)

s
(ms)

APa

(mV)

APd

(ms)

APth

(mV)

Hypa

(mV)

Hypd

(ms)

Humped (n = 34) Mean -55.1 17.4 198.4 2.2 81.2a 3.5a -27.9 7.5 90.1a

SEM 1.3 4.7 52.2 0.2 5.4 0.3 1.8 1.0 18.0

Non humped (n = 5) Mean -52.1 19.1 96.6 2.0 69.9 1.6 -28.8 8.6 23.7

SEM 4.7 5.1 27.9 0.3 1.3 0.1 3.7 2.7 6.8

Vrest mean resting membrane potential, Rin mean input resistanc, Cm mean membrane capacitanc, s mean membrane time constant,

APa, APd, APth mean action potential amplitude, duration and threshold, respectivel, Hypa, Hypd mean afterhyperpolarization

amplitude and duration, respectively
a P \ 0.05, Mann–Whitney test
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measured parameters. Moreover, DTT was unable to

prevent a further 10 mV depolarization induced by

70 lM copper (Fig. 4a, b; P [ 0.05; Bonferroni test

after Friedman test, n = 10).

Copper effect on spontaneous neuron activity

Copper effect was studied on ten NG neurons that

presented basal spontaneous activity. In 8 (80 %) of

these neurons the application of CuCl2 (50 and 70 lM)

induced a depolarization and increased the frequency

of discharge, a proportion of neurons similar to those

quiescent neurons depolarized by cooper application

(29/39; 74 %; Fig. 3a, c). The frequency of spontane-

ous discharges increased in a dose-dependent manner

after copper application (Fig. 5; P \ 0.05; one way

ANOVA). Moreover, the discharge pattern changed

from an almost regular pattern in control conditions

(Fig. 5ai) to a doublet burst pattern (Fig. 5aii, aiii) that

was quite noticeable at the largest cooper concentra-

tion (70 lM; Fig. 5aiii). In this condition, the presence

of DTT (10 mM) had no significant effect on the

responses induced by maximal copper concentration

(Fig. 5b; P [ 0.05; Tukey test after one way

ANOVA). The additional 2 tested neurons were

unresponsive to copper.

Discussion

Several studies report that copper and zinc, among

other trace metals, play a role in central nervous

system as modulators of both synaptic transmission

and neuronal excitability (Horning and Trombley

2001; Colvin et al. 2003; Quinta-Ferreira and Matias

2004; Delgado et al. 2006; Gaier et al. 2013). Here,

Fig. 3 Extracellular copper modifies both membrane potential

(DVm, filled circles, solid line) and input resistance (DRin, open

circles, dashed line). Cells were grouped according to the

copper effect. Cells in a and c were depolarized by copper while

cells in b and d were hyperpolarized. Group size in panels

a–d were n = 21, n = 8, n = 8 and n = 2, respectively.

Correlation coefficient (r) for most curves, obtained using

Pearson correlation test, were significant (P \ 0.05), except for

changes in Vm and Rin in d (P [ 0.05, Pearson correlation test)
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using NG as model, we show that in neurons from the

peripheral nervous system copper modifies resting

membrane potential, input resistance and intrinsic

burst properties in a concentration range that most

probably is physiological.

Considering that our in vitro experimental prepa-

ration is the whole NG composed by several layers of

cells and connective tissue, the concentration of

copper that the cells receive is probably lower than

what is added to the chamber. From our calibration

with KCl and considering that copper could be bound

we estimated that the copper concentration that

reached the cells is at least seven times lower than

the applied concentration. Thus, our data correspond

to the effects of Cu2? in *1–15 lM range. The

reported values for plasmatic copper levels vary

among species, ages, metabolic state and several other

variables that not always are explicit. For rabbits

values go from &4–23 lM (Reddy et al. 1965; Alissa

et al. 2004). For humans the highest reported value is

51 lM (Reyes et al. 2000) and plasmatic copper is

around 15 lM for the healthy normal population

(Mathie et al. 2006). Based in these reports, the

concentration range of Cu2? used in this study would

correspond to the physiological range.

According to its electrical properties, the NG is

constituted by a heterogeneous intermingled popula-

tion of neurons. This heterogeneity probably reflects

the different sensory modalities conveyed by NG

neurons to the CNS that arise from different territories

such as gastrointestinal tract, cardiac and pulmonary

tissue. Similar differences have been found in other

visceral sensory ganglion, like the petrosal ganglion

(Belmonte and Gallego 1983). The effect of copper

addition was not identical for every quiescent cell

tested but most neurons (29 of 39) were depolarized in

response to increasing copper concentrations and

73 % of those (21 of 29) also showed a decrease in

Rin. Likewise, in 8 out of 10 spontaneously discharg-

ing cells, copper application caused a depolarization

and an increase in their frequency of action potential

discharges. Taken together, our data indicate that

copper‘s main effect is to increase NG neurons

excitability.

In this regard, some reports show that copper

inhibits inward synaptic receptor currents, like the

ones carried by NMDA or AMPA receptors in

hippocampal or cortical neurons (Weiser and Wien-

rich 1996; Salazar-Weber and Smith 2011) and closer

to our model, enhances ATP-evoked current through

P2X receptors in rat NG neurons (Li et al. 1996). Since

we recorded neurons from the isolated NG in vitro, we

can rule out that observed effects are explained in

terms of synaptic input modulation. Thus, the under-

lying mechanism involved in a depolarization with a

decrease in Rin could be the onset or increase of some

inward current, like—in classical view—sodium,

calcium or—at resting membrane potential—a chlo-

ride conductance. However, previous reports show

that copper in the micromolar range blocks or inhibits

calcium, sodium and chloride channels (Degnan 1985;

SkulskiiI and Lapin 1992; Copello et al. 1993; Castelli

et al. 2003; Delgado et al. 2006; Lu et al. 2009; Chen

et al. 2011). Interestingly, Aedo et al. (2007) proposed

that in toad olfactory neurons, where copper has a

biphasic effect, there are nanomolar and micromolar

Fig. 4 Copper effects are not modified by dithiothreitol. a An

*8 min continuous recording of Vrest. Fifty micromolar copper

added to the chamber (first arrowhead) induced a *16 mV

depolarization. DTT (10 mM) did not recover the depolarized

state of the cell nor avoided a further 10 mV depolarization

induced by increasing copper to 70 lM. b Mean effects

(n = 10) on Vrest of 70 lM CuCl2 either alone or in the

presence of DTT (10 mM). The application of CuCl2 produced a

significant depolarization (#P \ 0.01, Bonferroni test after

Friedman Test), that was unaffected by DTT (ns no significant

difference, P [ 0.05, Bonferroni test after Friedman test)
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affinity Cu2?-binding sites in voltage-gated sodium

channels through which copper could in turn activate

or inhibit this sodium current (Delgado et al. 2006;

Aedo et al. 2007). In NG neurons it is possible that

copper in most cells activates a sodium or calcium

current; this would explain the observed depolariza-

tion with an increase in membrane conductance

(decrease in Rin) and the increase in the frequency of

action potential discharge. Our group had previously

reported that copper effect on the olfactory epithelium

(1–5 lM induced a reduction of the discharge rate) is

reversed by DTT 1 mM (Aedo et al. 2007). In

addition, in the same study, 10 mM of DTT applied

alone triggered a maximal increase in the discharge

rate, indicating that in this system copper effect is

partly mediated by redox modifications (Aedo et al.

2007). However, in our preparation, DTT 10 mM

(concentration which has been shown to have a potent

reducing effect; Niu et al. 2013) modifies neither Vrest

nor neuronal discharge frequency by itself, or the

copper effects. Thus, the action mechanism of the

copper effect over the majority of the tested cells

reported here does not involve a redox modification of

membrane conductances. Although it is still necessary

to identify the copper molecular target(s) in rabbit NG,

the herein reported results suggest that Cu2? modu-

lates excitability of NG neurons and also support NG

experimental preparation as a simple model to study

mechanism underlying physiological Cu2? effect on

neuron electrical properties.
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