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Neuregulin Directly Decreases Voltage-Gated Sodium
Current in Hippocampal ErbB4-Expressing Interneurons
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Development, Bethesda, Maryland 20892

The Neuregulin 1 (NRG1)/ErbB4 signaling pathway has been genetically and functionally implicated in the etiology underlying
schizophrenia, and in the regulation of glutamatergic pyramidal neuron function and plasticity. However, ErbB4 receptors are
expressed in subpopulations of GABAergic interneurons, but not in hippocampal or cortical pyramidal neurons, indicating that
NRG1 effects on principal neurons are indirect. Consistent with these findings, NRG1 effects on hippocampal long-term potenti-
ation at CA1 pyramidal neuron synapses in slices are mediated indirectly by dopamine. Here we studied whether NRG/ErbB
signaling directly regulates interneuron intrinsic excitability by pharmacologically isolating ErbB4-expressing neurons in rat
dissociated hippocampal cultures, which lack dopaminergic innervation. We found that NRG1 acutely attenuates ErbB4-
expressing interneuron excitability by depolarizing the firing threshold; neurons treated with the pan-ErbB inhibitor PD158780 or
negative for ErbB4 were unaffected. These effects of NRG1 are primarily attributable to decreased voltage-gated sodium channel
activity, as current density was attenuated by �60%. In stark contrast, NRG1 had minor effects on whole-cell potassium currents.
Our data reveal the direct actions of NRG1 signaling in ErbB4-expressing interneurons, and offer novel insight into how NRG1/
ErbB4 signaling can impact hippocampal activity.

Introduction
The Neuregulin1 (NRG1)/ErbB4 signaling pathway is involved in
several aspects of neurodevelopment (Mei and Xiong, 2008) and
both genes are candidate contributors to susceptibility for schizo-
phrenia (Harrison and Weinberger, 2005; Buonanno, 2010).
Much of the existing literature identifies NRG1’s functional role
on hippocampal plasticity by measuring pyramidal neuron prop-
erties (Huang et al., 2000; Kwon et al., 2005; Bjarnadottir et al.,
2007). However, the ErbB4 receptor is not expressed by excit-
atory neurons, but rather by GABAergic interneurons (Vullhorst
et al., 2009; Neddens et al., 2011). Several lines of evidence sup-
port the notion that NRG1-mediated effects on CA1 pyramidal
neuron synaptic plasticity are indirect and require ErbB4 activa-
tion in interneurons. NRG1 acutely increases extracellular dopa-
mine levels in the dorsal hippocampus and reverses long-term
potentiation (LTP) by activating D4 receptors (Kwon et al.,
2008), indicating a role for dopaminergic afferents to the hip-
pocampus. Further, targeted ablation of ErbB4 in GABAergic
parvalbumin-positive (PV�) interneurons blocks NRG1’s ef-

fects on LTP in CA1 pyramidal neurons (Chen et al., 2010;
Shamir et al., 2012), but selective ablation in excitatory neurons
does not (Chen et al., 2010). Therefore, the effects of NRG1 on
LTP induction/reversal requires intricate interactions between
GABAergic and dopaminergic transmission at hippocampal net-
works (Buonanno, 2010).

Because ErbB4 is expressed in the somatodendritic region of
GABAergic interneurons, it is important to investigate how
NRG1 directly regulates the intrinsic excitability and firing prop-
erties of ErbB4-expressing (ErbB4�) interneurons. Modulation
of action potential (AP) waveform and firing rates shape in-
terneuron output, and voltage-gated sodium (Nav) channels reg-
ulate the activation and depolarizing phases of an AP (Bean,
2007), as well as spike frequency (Yu et al., 2006; Milescu et al.,
2010b). Modulation of these currents affects AP threshold, and
decreased Na� currents augment AP threshold and reduce neu-
ronal excitability (Matzner and Devor, 1992). Voltage-gated po-
tassium (Kv) channels also modulate several aspects of neuronal
excitability including firing rate and spike duration (Lawrence et
al., 2006).

Because NRG1 mediates dopamine release in brain slices
(Kwon et al., 2008), which can directly affect neuronal excitability
(Govindaiah et al., 2010), it is difficult to study NRG1-mediated
intrinsic effects in slices where afferent terminals express neuro-
modulators. Therefore, we have used dissociated hippocampal
cultures that are devoid of extrinsic inputs, in combination with
pharmacological blockade of synaptic glutamate and GABAA re-
ceptors, to study the acute effects of NRG1 on intrinsic, excitable
properties of ErbB4� interneurons. We sought to assess the most
direct effects of NRG1 on ErbB4� interneuron excitability to
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further our understanding of how this pathway functions to reg-
ulate network activity.

Materials and Methods
Hippocampal cultures and live labeling of ErbB4� neurons
Dissociated hippocampal cultures, essentially glia free, were prepared
from embryonic day 19 Sprague Dawley rats of either sex as described
previously (Brewer, 1995). Cells were plated (5 � 10 4 cells/ml) on 22 mm
coverslips and cultured for 15–21 d in Neurobasal Medium supple-
mented with B27 (Gibco Invitrogen). For antibody live-labeling experi-
ments of ErbB4� neurons, coverslips were incubated for 10 min (36°C)
with mouse monoclonal antibody mAb77 raised against the extracellular
N terminus of ErbB4 (Thermo Scientific; Chen et al., 1996), diluted
1:1000 in artificial CSF (ACSF; 1 �g/�l final concentration). Coverslips
were transferred to ACSF with secondary goat anti-mouse antibody (di-
luted 1:1000) conjugated to Alexa Fluor 488 (Invitrogen) for 10 min and
washed by transferring the coverslip into ACSF.

Drugs
The epidermal growth factor-like domain of human NRG-1�1 (R&D Sys-
tems) was stabilized in 0.1% bovine serum albumin. The ErbB receptor

inhibitor 4-6-(methyl-amino)-pyrido[3,4-d]pyrimidine (PD158780; Cal-
biochem) was dissolved in dimethyl sulfoxide. CNQX disodium salt, D-AP5,
tetrodotoxin (TTx) citrate (all from Tocris Bioscience), and CdCl2 (Sigma)
were dissolved in water. Picrotoxin (Tocris Bioscience) and other drugs were
diluted �1000-fold to final concentrations in ACSF.

Electrophysiology
Coverslips were transferred to a submerged recording chamber contin-
uously perfused at 2 ml/min at 30 –35°C with ACSF containing (in mM):
124 NaCl, 25 Na2HCO3, 11 glucose, 2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1.25
NaH2PO4, bubbling with carbogen. Multiclamp 700A and 700B and
Axopatch 200B amplifiers equipped with Digidata 1322A or 1440 data
acquisition boards and pCLAMP10 software (all from Molecular De-
vices) were used. Bridge balance and access resistance were monitored
during recordings and experiments with �20% change were discarded.
Synaptic currents were blocked with CNQX (10 �M), AP5 (25 �M), and
picrotoxin (100 �M). NRG1 (1 nM) and PD158780 (10 �M) were diluted
immediately before bath application.

Current clamp. Whole-cell recordings were performed with borosilicate
glass microelectrodes (3–5 M�) filled with internal solution containing (in
mM): 125 K-gluconate, 20 KCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3
Na-GTP, 10 phosphocreatine, at pH 7.2 adjusted with KOH. Membrane

Figure 1. NRG1 decreases ErbB4� neuron excitability. A, Neurons live-labeled with mAb77 viewed in the recording chamber using phase contrast (left) or fluorescent (right) microscopy;
ErbB4� (arrow) and ErbB4� (arrowhead) neurons are marked (magnification 63�). B, Representative traces of current injection steps, showing the rheobase current (red) and one subsequent
trace (black). Below each trace is the accompanying current injection protocol (50 pA steps, not to scale). C, Summary graph of normalized current threshold to evoke an AP at 20 min (E�N, n � 9;
E �N, n � 5; E�V, n � 6; E�NPD, n � 6); **p � 0.005 comparing E�N to E�V and E�NPD; #p � 0.05 comparing E�N to E �N. D, Summary graph of normalized ISI at 20 min averaged over all
current injections (E�N, n � 5; E �N, n � 3; E�V, n � 3; E�NPD, n � 4); **p � 0.005 comparing E�N to E �N, E�V, and E�NPD. Inset shows example of ErbB4� cell firing at baseline (black)
and 20 min (red) after NRG1 application at 700 pA injection. Calibration: 20 mV, 10 s.
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potential was set at �65 mV before injection protocols and input resis-
tance was calculated from steady-state voltage in response to current
injections. Rheobase current was measured with a series of 500 ms, 50 pA
hyperpolarizing and depolarizing current steps (�150 to �900 pA), and
defined as the smallest current injection needed to elicit an AP. To mea-
sure AP waveform, a suprathreshold depolarizing current was injected
for 5 ms. All baseline APs overshot 0 mV. Absolute AP amplitude was
measured from onset to peak. AP duration was measured at the half-
maximal amplitude. Threshold voltage was calculated from the first peak
on d 3V/dt 3 versus Vm plots (Henze and Buzsaki, 2001). Data were nor-
malized to their own baseline values.

Voltage clamp. To measure Nav channel currents, pipettes were
coated with Sylgard to reduce capacitive transients and filled with
internal solution containing (in mM): 130 CsCH3SO3, 8 NaCl, 10
HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, at
pH 7.2 adjusted with CsOH. TEA (10 mM) and 5 mM 4AP were sup-
plemented in this solution to reduce K � currents and avoid effects of
Cl � conductance (modified from Milescu et al., 2010b). Pipette and
whole-cell capacitance as well as series resistance were compensated
by �85%. Somatic Na � current was evoked with a 5 ms depolarizing
pulse (�20 mV), to induce the activation of uncontrolled axial Na �

currents, followed by a 0.5 ms step to �65 mV and 5 mV steps from
�80 to �60 mV (Milescu et al., 2010a); cells were held at �80 mV. All
Na � currents were confirmed with TTx (1 �M). Kv channel currents
were measured with the K-gluconate-based internal solution in the
presence of TTx (1 �M), holding the cell at �80 mV, and applying

300 ms, 20 mV steps to �80 mV. Activation
curves were fitted to Boltzmann relation-
ships as previously described (Yu et al.,
2006).

Statistics. Data are represented as mean 	
SEM. Statistical analyses were performed using
SigmaPlot. All data were analyzed with one-
way ANOVA with Bonferroni-Holm’s cor-
rected post hoc tests for comparisons between
groups, or paired Student’s t test when com-
paring two groups, unless otherwise noted.

Results
ErbB4-expresssing GABAergic interneu-
rons constitute only �10% of neurons in
dissociated hippocampal cultures (Longart
et al., 2007). To differentiate ErbB4-positive
(ErbB4�) interneurons from ErbB4 immu-
nonegative (ErbB4�) neurons before re-
cording (Fig. 1A), cultures were live-labeled
with mAb77 as described previously (Fen-
ster et al., 2012). Importantly, in initial char-
acterization experiments, we blindly
recorded from neurons first, and subse-
quently added mAb77, to confirm that
prelabeling with low concentrations of
mAb77 did not affect neuronal properties
(data not shown). As previously reported
(Longart et al., 2007; Fenster et al., 2012), we
found no effects of mAb77 at these low con-
centrations. Four experimental conditions
were used to determine direct NRG1/ErbB4
signaling effects on neuronal excitability:
E�N: ErbB4� interneurons treated with
NRG1, E�N: ErbB4� neurons treated with
NRG1, E�V: ErbB4� interneurons treated
with vehicle, and E�NPD: ErbB4� in-
terneurons treated with NRG1 and
PD158780, a pan-ErbB antagonist.

NRG1 decreases ErbB4� interneuron excitability
We initially assessed the effects of acute NRG1 application on
neuronal rheobase current, firing pattern, and interspike interval
(ISI) using whole-cell current-clamp recordings. Figure 1B shows
neuronal responses to the rheobase current step (red) and an
additional step that elicited multiple APs (black) to confirm neu-
ron viability. As shown in the current steps below the raw traces
(Fig. 1B), NRG1 application significantly increased the rheobase
current in ErbB4� neurons, but not ErbB4� neurons or
ErbB4� cells also treated with PD158780 (Fig. 1C). Importantly,
input resistance was not affected by NRG1 application (data not
shown; p � 0.15). These data reveal that NRG1/ErbB4 signaling
directly affects interneuron intrinsic excitability. The effects of
NRG1 on ISI were analyzed during periods of repetitive firing.
We found that NRG1 increased the ISI, and reduced firing fre-
quency, in ErbB4� neurons (Fig. 1D, inset), while these param-
eters were not affected in control conditions.

AP threshold depolarizes with NRG1 application
Changes in neuronal excitability are due to many factors in-
cluding AP threshold and waveform (Rutecki, 1992). To iso-
late intrinsic AP waveform characteristics, we evoked a single

Figure 2. NRG1 depolarizes action potential threshold. A–D, Representative traces of a single AP evoked from a suprathreshold
current injection (left) and corresponding phase plots (dV/dt vs Vm; right) measured at baseline (black), and following 10 min
(gray) and 20 min (red) of treatment. Inset magnifies threshold in E�N phase plot. Calibration: 2 mV, 10 mV/s. E, Summary graph
for normalized AP threshold, as determined by d 3V/dt 3 plots, at 20 min (E�N, n � 5; E �N, n � 5; E�V, n � 5; E�NPD, n � 6).
**p � 0.005 comparing E�N to E�NPD; #p � 0.05 comparing E�N to E �N and E�V.
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AP with a brief suprathreshold current
injection. As shown in representative
traces and corresponding dV/dt phase
plots (Fig. 2A–D), NRG1 depolarized
the AP threshold in ErbB4� neurons.
Notably, in two of seven E�N experi-
ments, 20 min of NRG1 application de-
polarized the AP threshold such that no
AP was evoked. Although these cells
were not considered for AP threshold or
duration to avoid artificially skewing
the data, they support a substantial shift
in threshold. As summarized in Figure
2E, firing threshold was significantly
more depolarized in ErbB4� interneu-
rons with NRG1 application (E�N:
88.4 	 1.2%; E �N: 101.4 	 3%; E�V:
102.8 	 5.2%; E�NPD: 106 	 3.1%). In
addition to these changes, NRG1 appli-
cation decreased AP amplitude in
ErbB4� interneurons, while minor
changes were seen with vehicle or in
ErbB4� neurons (Fig. 2A–D). On aver-
age, AP amplitude tended to decrease
with NRG1 application (E�N: 82.7 	
7.7%, n � 7; p � 0.06), while this trend
was not observed in control conditions
(E �N: 97.3 	 0.8%, E�V: 99.1 	 2.6%,
E�NPD: 99.8 	 2.7%, n � 5– 6; p �
0.7). AP duration was not affected (data
not shown), a parameter attributed to
Kv channel activity (Jaffe et al., 2011).

In some experiments, PD158780 ap-
peared to decrease threshold and in-
crease AP amplitude (Fig. 2D),
suggesting a potential role for endoge-
nous NRG1 activity as previously re-
ported (Kwon et al., 2005; Kaphzan et
al., 2011; Shamir et al., 2012), although
these effects were not significant.

Our results show that NRG1 reduces
the intrinsic excitability and depolarizes
AP threshold in ErbB4� interneurons.
These effects are specific to ErbB4� in-
terneurons because they are absent in
ErbB4� cells and ErbB4� neurons per-
fused with vehicle or PD158780. Having
shown NRG1 specificity for ErbB4� in-
terneurons, we compared NRG1 to vehicle application for the
remaining experiments.

Acute NRG1 treatment dramatically decreases
sodium currents
We sought to determine whether NRG1 affected Nav channels,
based on their pivotal role in AP generation and peak. We measured
Nav channel current in whole-cell voltage-clamp mode using a pro-
tocol (Fig. 3, inset) to isolate somatic Na� currents (Milescu et al.,
2010a), in the presence and absence of the voltage-gated calcium
channel blocker, CdCl2 (0.2 mM). Data were pooled as no differences
were seen between these groups. Figure 3A shows representative
traces from an ErbB4� interneuron where NRG1 application dra-
matically decreased the total, TTx-sensitive Na� current. On aver-
age, NRG1 decreased the maximum Na� current density (baseline:

�16.1 	 1.5 pA/pF, 10 min: �9.1 	 0.8 pA/pF; 20 min: �6.6 	 0.7
pA/pF; Fig. 3C,E). The normalized maximum Na� current density
was just 42.4 	 4.9% of baseline after 20 min of NRG1 application
(Fig. 3F). Vehicle did not affect maximum Na� current density
(baseline: �23.4 	 1.6 pA/pF; 10 min: �23.6 	 2.4 pA/pF; 20 min:
�23.5 	 1.7 pA/pF; p � 0.9) or normalized maximum Na� current
(101.3 	 8.8%; p � 0.9; Fig. 3D–F).

Furthermore, NRG1 depolarized the Na� V0.5 (�20.98 	 1.6
to �17.15 	 1.7 mV, n � 8; p � 0.05), with no change in charge
movement. No effects were seen with vehicle application
(�21.59 	 0.9 to �21.67 	 2.4 mV, n � 6; p � 0.3). These
results support the NRG1-mediated shift to more depolarized
AP thresholds observed in our current-clamp experiments
(Fig. 2).

Figure 3. NRG1 application dramatically reduces voltage-gated sodium channel currents. A, B, Representative traces of Nav

currents from an ErbB4� interneuron before (baseline) and after NRG1 (A) or vehicle (B) application for 10 and 20 min. Far right
shows overlaid maximum Na � currents. Inset shows voltage-clamp protocol used to evoke somatic Na � channel current. C, D,
Averaged I/V relationship for Nav channel activation showing the NRG1-specific decrease in Na � channel density (n � 8; C)
compared with vehicle (n � 6; D). E, Individual Na � channel current responses to NRG1 (left) or vehicle application (right) at 20
min are plotted with their own baseline (gray lines). Average response depicted with black line. F, Averaged normalized maximum
current density from E�N and E�V cells. *p � 0.05 comparing E�N 10 min to E�V 10 min; **p � 0.005 comparing E�N 20 min
to E�V 20 min, two-way ANOVA.
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Because Kv channels are also active at near-threshold voltages
and participate in AP waveform and neuronal excitability, we
assessed whether NRG1 also affected Kv currents. As shown in
Figure 4, A and B, Kv channels were activated with voltage steps in
the presence of TTx. In contrast to Na� currents, a 20 min appli-
cation of NRG1 or vehicle did not affect K� channel current
density (Fig. 4C) or normalized maximum K� currents (E�N:
67.6 	 17.4 to 66.8 	 9.3 pA; E�V: 70.6 	 3.5 to 68.4 	 15.4 pA;
p � 0.2; Fig. 4E).

Furthermore, using whole-cell conductance to plot the
AP’s net ionic current (�C*dV/dt vs t) (Carter and Bean,
2009), we saw a decrease in Nav current and no changes to Kv

current (data not shown), consistent with our voltage-clamp
experiments. These data demonstrate that NRG1 affects Nav

channels to increase AP threshold and decrease ErbB4� in-
terneuron excitability.

Discussion
Experiments in dissociated cultures are extremely valuable be-
cause they are one of the few approaches to study how ErbB4

activation modulates the intrinsic proper-
ties of GABAergic neurons, in absence of
afferents that release neuromodulators.
By recording from pharmacologically iso-
lated and labeled ErbB4� interneurons in
dissociated hippocampal cultures, we de-
termined the direct effects of NRG1/
ErbB4 signaling. We show that NRG1
reduces the excitability of dissociated
ErbB4� interneurons, depolarizes the AP
threshold, and decreases maximum Nav

channel somatic current, without affect-
ing K� currents or passive membrane
properties. These results identify the di-
rect effects of NRG1/ErbB4 signaling as
changes were not seen with PD158780 or
in ErbB4� neurons.

Depolarized AP threshold and de-
creased AP amplitude have been corre-
lated to decreased whole-cell Nav current
and excitability (Zhan et al., 2007). Our
results also support an interaction be-
tween altered Na� channel current, AP
waveform, and neuronal excitability. Al-
though further studies are needed, it is
plausible that ErbB4 receptor activation of
Src family tyrosine kinases (Pitcher et al.,
2011) may selectively reduce Nav channel
activity (Ahn et al., 2007). Furthermore,
NRG1 may regulate Nav channel surface
distribution and/or trafficking, as re-
ported for �7-containing acetylcholine
receptors in interneurons (Chang and Fis-
chbach, 2006).

AP waveform, duration, and firing fre-
quency can also be affected by Kv channel
currents (Lawrence et al., 2006; Jaffe et al.,
2011). Although chronic or long-term
NRG1 application was reported to regu-
late Ca 2�-activated K� channel surface
expression in parasympathetic ganglia
(Chae et al., 2005), we failed to observe an

effect of acute NRG1 treatment on either macroscopic K� cur-
rent or AP duration. While this work was in progress, acute
NRG1 application in cortical slices was reported to increase the
intrinsic excitability of PV� interneurons by decreasing AP
threshold via Kv1.1 channel blockade (Li et al., 2012). These find-
ings, although they initially may appear disparate, may be due to
several experimental differences. (1) Importantly, we assessed
NRG1 effects on both Na� and K� currents, while Li et al. (2012)
did not investigate NRG1-mediated changes to Nav channels. (2)
Our experimental conditions in dissociated hippocampal cul-
tures are devoid of afferents, whereas the previous study was
conducted in slices where NRG1-mediated release of dopamine
or other neuromodulators may affect Kv channels and increase
excitability (Govindaiah et al., 2010). (3) The former study was
restricted to PV� neurons, whereas we recorded from identified
ErbB4� interneurons that encompass a heterogeneous popula-
tion of GABAergic neurons (Neddens and Buonanno, 2010).
Comparison of ErbB4 effects in cultured versus in vivo adult neu-
rons has limitations because dissociated neurons are at early mat-
uration stages that fail to express high levels of biochemical
markers typical of mature GABAergic subtypes. (4) Our study

Figure 4. NRG1 does not affect potassium currents. A, B, Representative traces of Kv channel currents from ErbB4� interneu-
rons with NRG1 (A) or vehicle application (B) for baseline, 10 min, and 20 min recordings. C, D, Averaged I/V relationship for K �

current density showing a lack of effects with NRG1 (n � 8; C) or vehicle (n � 6; D). E, Individual K � channel current responses to
NRG1 (left) or vehicle application (right) at 20 min are plotted with their own baseline (gray lines). Average response depicted with
a black line.
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was performed in the hippocampus, while the prior study was
primarily performed in cortex. (5) We showed that interneuron
excitability is directly affected by ErbB4 activation because neu-
rons expressing receptor, but not those devoid of ErbB4, re-
sponded to NRG1; the Li et al. (2012) study did not analyze
non-ErbB4-expressing GABAergic interneurons. When attempt-
ing to compare these two studies, it is important to consider that
an initial reduction of ErbB4� GABAergic neuron excitability in
response to NRG1 could affect dopamine levels (Kwon et al.,
2008) and subsequently modify neuronal excitability. Therefore,
the results obtained in these two studies are not directly compa-
rable; rather, they may identify direct and/or indirect effects of
NRG1 signaling or may also differ due to the other aforemen-
tioned experimental conditions.

We have shown that NRG1 directly reduces the excitability
of ErbB4� interneurons and depolarizes the AP threshold by
notably decreasing Nav currents; we cannot exclude the pos-
sibility that the small change in V0.5 could contribute to these
effects. Because increased inhibitory drive onto pyramidal
neurons results from acute NRG1 application in hippocampal
slices (Woo et al., 2007), for the aforementioned reasons, it
will be important to determine how this NRG1-mediated de-
crease in ErbB4� interneuron firing plays a role in hippocam-
pal network activity. In addition to indirect effects of NRG1 on
neuromodulators, our data are also consistent with a NRG1/
ErbB4-mediated disinhibition of other interneurons, result-
ing in increased GABA release onto pyramidal neurons.
Studies focusing on how NRG/ErbB4 signaling affects the ex-
citability of hippocampal PV� and cholecystokinin-
expressing basket cells will be exceptionally interesting; these
neurons modulate gamma oscillations (Holderith et al., 2011),
a form of network activity that is regulated by NRG1 (Fisahn et
al., 2009) and is altered in schizophrenia and other psychiatric
disorders (Gonzalez-Burgos et al., 2010).
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