
Systems/Circuits

Neuregulin 1 and ErbB4 Kinase Actively Regulate Sharp
Wave Ripples in the Hippocampus
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Sharp wave ripples (SW-Rs) in the hippocampus are synchronized bursts of hippocampal pyramidal neurons (PyNs), critical
for spatial working memory. However, the molecular underpinnings of SW-Rs remain poorly understood. We show that SW-
Rs in hippocampal slices from both male and female mice were suppressed by neuregulin 1 (NRG1), an epidermal growth
factor whose expression is enhanced by neuronal activity. Pharmacological inhibition of ErbB4, a receptor tyrosine kinase for
NRG1, increases SW-R occurrence rate in hippocampal slices. These results suggest an important role of NRG1-ErbB4 signal-
ing in regulating SW-Rs. To further test this notion, we characterized SW-Rs in freely moving male mice, chemical genetic
mutant mice, where ErbB4 can be specifically inhibited by the bulky inhibitor 1NMPP1. Remarkably, SW-R occurrence was
increased by 1NMPP1. We found that 1NMPP1 increased the firing rate of PyN neurons, yet disrupted PyN neuron dynamics
during SW-R events. Furthermore, 1NMPP1 increased SW-R occurrence during both nonrapid eye movement (NREM) sleep
states and wake states with a greater impact on SW-Rs during wake states. In accord, spatial working memory was attenuated
in male mice. Together these results indicate that dynamic activity of ErbB4 kinase is critical to SW-Rs and spatial working
memory. This study reveals a novel regulatory mechanism of SW-Rs and a novel function of the NRG1-ErbB4 signaling.
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Significance Statement

Sharp wave ripples (SW-Rs) are a hippocampal event, important for memory functioning. Yet the molecular pathways that
regulate SW-Rs remain unclear. Neuregulin 1 (NRG1), previously known to be increased in pyramidal neuron’s (PyNs) in an
activity dependent manner, signals to its receptor, ErbB4 kinase, that is in important regulator of GABAergic transmission
and long-term potentiation in the hippocampus. Our findings demonstrate that SW-Rs are regulated by this signaling path-
way in a dynamic manner. Not only so, we show that this signaling pathway is dynamically needed for spatial working mem-
ory. These data suggest a molecular signaling pathway, NRG1-ErbB4, that regulates an important network event of the
hippocampus, SW-Rs, that underlies memory functioning.

Introduction
The hippocampus is critical to learning and memory. Hippo-
campal activity increases and correlates with spatial related
memories and decreases in patients with temporal lobe damage
(Abrahams et al., 1997; Maguire et al., 1998). In rodents, lesion-
ing the hippocampus impairs memory (Kim and Frank, 2009;

Broadbent et al., 2010). The hippocampus produces rhythmical
slow activity during movement and large irregular activity during
immobility (Whishaw and Vanderwolf, 1971; Kay and Frank,
2019), which consist of activity bursts with negative sharp
waves, termed sharp wave ripples (SW-Rs; Buzsáki et al., 1983).
Neurons whose field assemblies reflect trajectories through space
are reactivated in a time-compressed cascade during SW-Rs
(O’Neill et al., 2006; Diba and Buzsáki, 2007). Impairing SW-Rs
disrupts, while increasing SW-R length, improves spatial work-
ing memory (Girardeau et al., 2009; Ego-Stengel and Wilson,
2010; Jadhav et al., 2012; Fernández-Ruiz et al., 2019). SW-R
replay is fundamental to memory consolidation during nonrapid
eye movement (NREM) states of sleep and to retrieval and
updating of navigational planning during wake states (Wilson
and McNaughton, 1994; Buzsáki, 2015; Joo and Frank, 2018).
Interneurons (INs) are critical to the manifestation of SW-Rs
(Klausberger and Somogyi, 2008). SW-Rs are associated with
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increased IN firing (Csicsvari et al., 1999; Klausberger et al., 2004)
and potentiated by inhibition of GABAA receptors (Maier et al.,
2003; Papatheodoropoulos et al., 2007). Optogenetic stimulation
and inhibition induce and disrupt SW-Rs, respectively (Schlingloff
et al., 2014; Gan et al., 2017). However, molecular mechanisms that
regulate SW-Rs remain poorly understood.

Neuregulin 1 (NRG1) is a growth factor that activates the re-
ceptor tyrosine kinase ErbB4 (Mei and Xiong, 2008; Mei and
Nave, 2014). NRG1 is produced mainly in PyNs in an activity-
dependent manner (Eilam et al., 1998; Ozaki et al., 2004; Liu et
al., 2011; Tan et al., 2012). ErbB4 is expressed specifically in
GABAergic INs in the hippocampus (Vullhorst et al., 2009;
Fazzari et al., 2010; Bean et al., 2014). NRG1, via ErbB4, increases
GABA release, suppresses the firing of PyNs and inhibits LTP
(Huang et al., 2000; Woo et al., 2007; Pitcher et al., 2008; Chen et
al., 2010; Tan et al., 2018). Deletion of ErbB4 in INs increased g
oscillations (Del Pino et al., 2013; Tan et al., 2018), while NRG1
increases carbachol-induced g oscillations in hippocampal slices
(Fisahn et al., 2009). Spatial working memory and contextual
fear conditioning are impaired in mutant mice where ErbB4 is
deleted in INs (Wen et al., 2010; Del Pino et al., 2013, 2017;
Wang et al., 2018) or specifically inhibited in a chemical genetic
ErbB4 mutant mouse (Tan et al., 2018). These data highlight an
important role of ErbB4 kinase activity in hippocampus-related
behaviors.

Considering that GABA release is maintained by the NRG1-
ErbB4 signaling in the hippocampus, we investigated whether it
regulates SW-Rs. We studied the effects of exogenous NRG1 and
ErbB4 inhibition on SW-Rs in hippocampal slices and explored
ErbB4 kinase’s impact in vivo on SW-Rs by recording freely
moving mice. We found that NRG1 reduces and ErbB4 inhibi-
tion increases SW-R occurrence in hippocampal slices and in
vivo. By analyzing neuronal firing, we found that acute inhibition
of ErbB4 increases the firing rate of hippocampal PyNs and dis-
rupts PyN dynamics of SW-R events. Furthermore, ErbB4 inhi-
bition increased SW-R events more in wake states than in
NREM states. Concomitantly, ErbB4 inhibition attenuates spatial
working memory. These results reveal a novel regulatory mecha-
nism of SW-Rs by the NRG1-ErbB4 signaling.

Materials and Methods
Animals
Male and female mice were maintained on a 12/12 h light/dark cycle
with ad libitum access to food and water. T796G mice were described
previously (Tan et al., 2018). Wild-type C57BL/6J mice were used (The
Jackson Laboratory, stock #000664). For genotyping, wild-type allele pri-
mers were as follows: forward, 59-GATCT GCAGA TCAAT TCAC-39,
reverse, 59-GCCAA CCAAC TGGAT AGTG-39; T796G allele primers
were as follows: forward, 59-AACTG AATTC ACTTT GTGG-39,
reverse, 59-CTGTA GCAGC AACAA TAGC-39. Mice were maintained
as described previously (Tan et al., 2018). All experiments conformed to
the guidelines of the National Institutes of Health were approved by the
Institutional Animal Care and Use Committee (IACUC) of Case
Western Reserve University.

Behavioral analysis
For behavioral experiments, 8- to 12-week male mice were used. The W-
maze was designed using an open-source 3D software (FreeCAD) that is
available on request or found online (https://github.com/heathlarsson/
w_maze_3d_design) and printed by Digilab 3D45 (Dremel). Dimensions of
the maze were 76 cm by 64cm with arms 12cm wide and 66 cm long. The
inside arm was printed black and outside arms printed white, to distinguish
inside versus outside (Frank et al., 2000). Mice were food-deprived to 85%
of the body weight with ad libitum access to food, as described previously
(Tan et al., 2018). Mice were switched from normal chow to food pellets

(LabTab 5TUL Purified Rodent Tablets, Test Diet) and maintained at target
weight throughout training and experiments. After one week on food pellet
diet with stable maintenance of 85% body weight, mice were habituated to
one arm of the W-maze with reward chambers on either side. Pellets were
spread throughout the arm for the first 2 d, and switched to reward cham-
bers for two more days. Next, animals were administered pellets at the end
of each arm until animals easily retrieved pellets at each end (;1–4d). After
training on a single arm, animals were trained to retrieve pellets on two
arms, switching outbound arms each day. After animals retrieved pellets on
both sets of two arms (;3–6d), animals were trained on the three arms
until able to perform at .85% accuracy on both inbound and outbound
arms (;10–14d). An animal was only given pellet when full body had
passed the entrance of an arm. All sessions were videotaped, including ex-
perimenter. Video data were postprocessed using ANY-maze software
(Stoelting Co) for behavioral analysis.

Slice recording
For slices recording, 4- to 12-week-old male and female mice were used.
Mice were anesthetized with isoflurane and subjected to cardiac perfu-
sion with ice-cold highly oxygenated (95% O2 and 5% CO2) artificial
CSF (ACSF) before decapitation. Brains were rapidly removed and
placed in ice-cold oxygenated ACSF. ACSF contains the following: 125
mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2, 1.3 mM NaH2PO4,
25 mM NaHCO3, and 10 mM glucose. Horizontal slices (;450mm) were
cut on agarose gel at an angle (;12°) using a vibratome (VT1200, Leica)
and incubated in oxygenated ACSF at 34°C for 1.5 h before recording
(Norimoto et al., 2012).

Slices were transferred from incubation chamber to dual superfusion
chamber that exposed both sides of horizontal slices to flowing, oxygen-
ated ACSF at 34°C. ACSF flowed continuously and directly onto slices at
6 ml/min (Maier et al., 2003; Norimoto et al., 2012, 2018). Slices were
visualized using infrared video microscopy and differential interference
contrast optics under a microscope (BX51W1, Olympus). Recording
electrodes were made from borosilicate glass capillaries (B-120-69-15,
Sutter Instruments) with resistance in the range 0.5–1 MX) filled with
ACSF. They were inserted into the superficial portion of the pyramidal
layer of the CA1, where positive deflections of SW-Rs were largest
(Maier et al., 2003; Norimoto et al., 2012). Field potentials (FPs) were
recorded with an Axon 700B patch clamp amplifier and Axon Digidata
1550B sampled at 10 kHz (Molecular Devices LLC). Signals were band-
pass filtered to 0.5–1000Hz using Clamplex 9.0 (Molecular Devices
LLC). Slices were allowed at least 10min of acclimation once transferred
to recording chamber and SW-R events were readily observable after re-
cording electrodes were positioned.

Tetrode construction and implantation
For in vivo recording, 8- to 12-week male animals were used. Electrodes
(eight) were made by first constructing tetrodes folded, twisted, and fas-
tened together with low heat (Lin et al., 2006; Fox et al., 2017; Tan et al.,
2018; 10% iridium, 90% platinum, California Fine Wire Company).
Tetrodes (eight tetrodes) were inserted into polyimide tubing (inner di-
ameter 200.5mm; outer diameter 254.1mm, Polymicro Technologies)
that were directly attached to microdrivable system (Lin et al., 2006; Tan
et al., 2018). The insulation of the tetrodes to be attached to 36-pin con-
nector array (NPD-36-DD-GS, Omnetics) were removed and then
attached via individual soldering to each pin. After soldering of all tetro-
des and reference wires (copper wire) to open four pins on end of con-
nectors, epoxy glue was used to immobilize and protect wires (Loctite).
The other end of tetrode was pushed through polyamide tubing, then
secured by glue when in desired position.

To implant tetrodes, mice were anaesthetized with ketamine/xylazine
(0.1 ml/10 g bodyweight, i.p.; Sigma), then head shaved before immobi-
lizing in stereotaxic apparatus (model 38528, RWD Life Science Co).
The scalp was treated with betadine solution before being removed and
exposing the skull. The skull was then cleaned with 1% hydrogen perox-
ide to expose suture lines so that they could be easier to observe and
identify bregma. The dorsal hippocampus (dHPC; 2.0 mm anterior, 1.5
mm lateral, 1.15 mm ventral) was identified and a circular 1-mm diame-
ter burr hole made in the skull. Before the removal of the dura, five
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screws were implanted around the burr hole, including one in the center
of the cerebellum that was used to attach the reference via soldering
(Gillespie et al., 2016; Fox et al., 2017; Tan et al., 2018; Oliva et al., 2020).
The electrode for surgical implantation was more dorsal to the intended
region in order that the electrodes might be advanced to location before
recording. Animals were allowed oneweek postsurgery to recover.
Before recording, tetrodes were advanced down until SW-Rs were read-
ily observable during periods of immobility (Fig. 6C, Fig. 7B). Post hoc
histologic verification was done to ensure recording location, especially
anterior-posterior and medial-lateral positioning of electrodes.

In vivo recording
Neuronal activity was recorded by OmniPlex Neural Recording
Data Acquisition System, while animal location and movement
were recorded from by CinePlex Behavioral Research System (both
Plexon Inc.). Signals were amplified and local FPs (LFPs) sampled
at 1 kHz and digitally filtered between 0.5 and 500 Hz. Spikes were
detected using an adjustable online thresholding system that when
triggered sampled spikes at 40 kHz. Offline, spikes were sorted by
first loading into MClust (MClust-4.4; Redish and Schmitzer-
Torbert, 2002) and specifically sorted using the unsupervised clus-
tering algorithm KlustaKwik (Harris et al., 2000). Spikes were
sorted for energy, peak and valley(Spellman et al., 2015; Tan et al.,
2018), then verified by visual inspection, interspike interval (ISI)
distribution and isolation distance (Harris et al., 2001; Schmitzer-
Torbert and Redish, 2004; Schmitzer-Torbert et al., 2005; Fox et
al., 2017).

Electromyography (EMG) recording, sleep recording, and sleep bout
classification
After electrode insertion (see above), insulated wires were inserted into
the neck musculature, where wire endings were exposed at the end (Ma
et al., 2019; Zhong et al., 2019). Muscle electrodes were immobilized by
attachment to skull and headcaps described previously. Animals were
recorded during light phase in 2- to 4-h increments at least once during
each the morning, afternoon and evening. Sleep states were analyzed by
converting LFP and EMG recordings to .EDF before being loaded into
Sirenia Sleep Pro 2.1.1 (Pinnacle Technology Inc). Sleep bouts were ana-
lyzed in 10 s bouts by taking a fast Fourier transform (FFT) with a Hann
window, where wake states was classified when EMG was above thresh-
old, NREM states when EMG was below threshold and d frequency
(0.5–4Hz) was high and u frequency (4–12Hz) and REM states when d
frequency was low and u frequency high (Levenga et al., 2018).

Waveform analysis and firing rate
All analysis were performed in MATLAB (MathWorks) with custom
written scripts. Sorted units were averaged across tetrodes and then cal-
culated for two measures to assess the size of the waveform that is the
half-valley width and the width from trough to peak (Mizuseki et al.,
2011; Stark et al., 2013; Fox et al., 2017) . Waveforms for each neuron
were then taken and clustered using a Gaussian mixture model (k= 2).
Those clustered in the group with smaller wave were called “putative
INs,” whereas those with clustered into larger waveforms “putative
PyNs” (Stark et al., 2013; Spellman et al., 2015). Burst analysis was per-
formed by investigating the ISI 20-ms around SW-R events in 0.5-ms
bins with a Gaussian filter of 1.5ms.

SW-R analysis
For both in vitro and in vivo signals were loaded into MATLAB (abfload
https://github.com/fcollman/abfload in vitro, Neuroexplorer-Plexon Inc.
in vivo). For in vivo, SW-Rs were detected offline and channel was cho-
sen with largest ripple amplitude and SW-R could be observed on all
other wires of the tetrode (Csicsvari et al., 1999; Cheng and Frank, 2008;
Jadhav et al., 2012; Kay et al., 2016; Nitzan et al., 2020). For in vivo, sig-
nals were filtered between 150 and 250Hz using a fourth order
Butterworth filter (Nitzan et al., 2020). An envelope from the signal root
mean square using a 4-ms sliding window was calculated and upper en-
velope taken (Csicsvari et al., 1999; Cheng and Frank, 2008; Jadhav et al.,
2012; Kay et al., 2016; Nitzan et al., 2020). Signals from the upper enve-
lope was taken as the ripple envelope for signals larger than 3 SDs above

mean lasting longer than 15-ms (Karlsson and Frank, 2009; Gillespie et
al., 2016; Kay et al., 2016; Rothschild et al., 2017). For in vitro SW-R
detection, signals were filtered between 1 and 50Hz using a second order
Butterworth filter, then taking the envelope from the root mean square
as the ripple envelope, where events 3–4 SDs above the mean lasting lon-
ger than 15 ms were extracted as SW-R events (Maier et al., 2011;
Norimoto et al., 2012, 2013, 2018; Schlingloff et al., 2014; Caccavano et
al., 2020).

For in vitro SW-R analysis, sharp wave amplitude was the peak of
events from the 1- to 50-Hz filtered frequency. For the size of SW-R
events for both in vitro and in vivo, the size of SW-R events were consid-
ered those that before above the mean, once the threshold was crossed
(Cheng and Frank, 2008; Karlsson and Frank, 2009; Carr et al., 2012).
The power of ripples events were the squared signal from SW-R
events in the 100- to 300-Hz filtered (as previous) frequency range.
For power spectrum density (PSD) plots, PSD quantification, PSD
event triggered quantification and event-triggered heatmaps, the
MATLAB toolbox Chronux (http://chronux.org; Gillespie et al.,
2016) was used. For all calculations, the time-bandwidth was three
and tapers five (Chronux default).

Software accessibility
Custom MATLAB code is available on request for any and all code used
for previously described analysis.

Immunohistochemistry and confocal imaging
Adult male mice (twomonths, either wild-type or T796G) were anesthe-
tized with isoflurane perfused transcardially with 0.1 M PBS (pH 7.4).
After blood flushed, 4% paraformaldehyde (PFA) dissolved in the same
PBS were perfused. Brains were removed and postfixed in 4% PFA for
6–8 h. Coronal sections were cut on a vibratome (50mm, Leica
VT1000S). Slices were then switched to Tris base saline (0.05 M TBS, pH
7.2). Slices were first permeabilized with 0.5% Triton X-100 in TBS for 1
h. Slices were then blocked via incubation in 10% donkey serum albumin
solution in permeabilization solution for 1.5–2 h at 4°C. Primary anti-
bodies were made with blocking solution anti-PV (1:1000, Synaptic
Systems, polyclonal) and anti-Neun (1:1000, EMD Millipore, monoclo-
nal). Slices were incubated with primary antibody for 24 h at 4°C.
Secondary antibodies (1:500, Jackson ImmunoResearch) were incubated
in blocking solution (5% donkey serum albumin) for 2 h at room tem-
perature, then incubated for 10min with DAPI (1:1000) before mount-
ing with aqueous mounting solution (Aqua-Mount Lerner Laboratories,
Thermo Fisher Scientific).

Chemicals and antibodies
Recombinant NRG1 was prepared as previously described (Huang
et al., 2000; Woo et al., 2007; Tan et al., 2018). The EGF domain of
the b -type NRG1 (rHRG b 177-2444) was prepared as a recombi-
nant polypeptide and prepared as 10 mM stock in PBS with 1% bo-
vine serum albumin (BSA) in PBS before diluting to 10 nM

concentration again with 1% BSA in PBS (Huang et al., 2000).
1NMPP1 was purchased from EMD Sigma (product #529581).
Rabbit anti-PV antibody was purchased from Synaptic Systems
(product #195004, polyclonal). Mouse anti-Neun antibody was
purchased from EMD Millipore (product #MAB377, monoclonal).
For slice recording, NRG1 and 1NMPP1 were added the perfusion
reservoir of bubbled ACSF. For in vivo experiments, 1NMPP1 or
DMSO (as control) was injected intraperitoneally at 0.1 mg/g body
weight or delivered consecutively by two osmotic pumps (Model
1004, ALZET) that were implanted in the abdomen. 1NMPP1 was
delivered at flow rate 0.11ml/h each pump, for a total 0.1 mg/g body
weight every 2 h.

Statistical analysis
Two-tailed paired or un-paired Student’s t test was used for analyzing
data set with two groups, when normality data test (Kolmogorov–
Smirnov) was met. When not, nonparametric two-tailed paired
(Wilcoxon rank-sum test) and unpaired (Mann–Whitney) were used;
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p, 0.05 is considered significant. Data graphically were represented
with mean6 SEM unless otherwise noted.

Results
NRG1 decreases SW-R occurrence
To determine whether SW-Rs are regulated by NRG1, thick
(;450mm) horizontal hippocampal slices were prepared from 4-
to 12-week-old mice. Sections were sliced at a 12° angle to pre-
serve hippocampal structures such as the DG, CA1-3 and
Schaffer-collateral projections (Fig. 1A), as described previously
(Norimoto et al., 2012). Slices were incubated in 34°C, oxygen-
ated ACSF for 1.5 h, and recorded in a dual superperfusion
chamber perfused with ACSF at 6 ml/min at 34°C (Fig. 1A;
Maier et al., 2003; Norimoto et al., 2018). FPs were recorded in
different layers of the CA1 region (Fig. 1B,C), which dis-
played laminar voltage changes characteristic of SW-Rs
(Buzsáki, 1986; Ylinen et al., 1995; Maier et al., 2003). In par-
ticular, there were positive deflections in the stratum oriens
and stratum pyramidales, but negative deflections in the stra-
tum radiatum and stratum lacunosum border (Maier et al.,
2003, 2009). Filtering FPs by 1–50 Hz generated sharp waves
with durations of .15ms and amplitudes of 3–4 SD above
the baseline (Fig. 1D). On average, the duration of sharp
waves was 32.26 0.44ms and amplitudes of 0.036 0.002mV
(Fig. 1E), in agreement with previous studies (Maier et al.,
2003, 2009; Norimoto et al., 2012, 2013, 2018). Within the
sharp waves were ripple events, revealed by 150- to 250-Hz
filtration (Maier et al., 2003). When the ripple power in each
deflection was analyzed, a peak in the PSD was observed
around the 150- to 250-Hz range; the averaged ripple power
of bandpassed filtered signal between 150 and 250Hz was
�48.16 0.18 10plog10 (Fig. 1F). As shown in Figure 1G,

sharp-wave and/or ripples were most dominant in the stra-
tum pyramidale. Furthermore, filtering of high-frequency
components revealed an increase in units discharging during
SW-Rs (Fig. 1G; Maier et al., 2003; Both et al., 2008;
Schlingloff et al., 2014). These characteristics were in agree-
ment with previous reports (Maier et al., 2003; Norimoto et
al., 2012, 2018). Unless otherwise indicated, we focused on
positive deflections and SW-Rs in the pyramidal layer
(Norimoto et al., 2012, 2018; Schlingloff et al., 2014).

To investigate the impact of NRG1 on SW-Rs, hippocampal
slices were treated with NRG1 (at 10 nM, final concentration) as
indicated in Figure 2A. Interestingly, NRG1 acutely reduced the
frequency of SW-R-containing positive deflections in the pyram-
idal layer (0.286 0.07 to 0.216 0.07Hz, t(5) = 3.25 p= 0.02,
paired t test; Fig. 2B,C). This effect was reversible because the
SPW-R occurrence after NRG1 washout returned to comparable
levels of the pretreatment baseline (0.216 0.07 to 0.276
0.07Hz, t(5) = 2.94 p= 0.03, paired t test). These results indicate a
role of NRG1 in regulating SW-Rs in the hippocampus. We
determined whether NRG1 altered SW-R components. The
length of sharp waves after NRG1 treatment were similar to base-
line and washout (40.66 2.86ms for baseline, 46.66 4.87ms for
NRG1, and 41.566 3.25ms for washout; baseline t(5) = 1.86
p= 0.12, t(5) = 2.00 washout p=0.10, paired t test; Fig. 2D). Next,
we measured the amplitude of sharp wave events. As shown in
Figure 2E, NRG1 had little effect on the amplitude of sharp
waves compared with baseline and washout (0.026 0.002ms for
baseline, 0.026 0.001mV for NRG1, and 0.026 0.001ms for
washout; base t(5) = 2.45 p=0.06, washout t(5) = 1.20 p=0.28
paired t test). To determine whether the ripple components were
altered by NRG1, we analyzed the ripple power in each deflection
against 150- to 250-Hz spectrum. The PSD curves superimposed
across the frequencies of the baseline, NRG1 or washout group

Figure 1. Spontaneously occurring SW-Rs, SW-R laminar validation, and differing SW-R components. A, Schematic diagram of recording. B, Representative image of a hippocampal slice
where an electrode (red) was placed in stratum pyramidal (Str. Pyr).; stratum oriens (Str. Or.); stratum radiatum (Str. Rad.); stratum lacunosum (Str. L.M.). C, Laminar profiles of sharp wave rip-
ples (SW-Rs) in the CA1 region. Shown were a representative positive deflection (left) and corresponding sharp wave (middle) and ripples (right) after filtration at 1–50 and 50–250 hertz Hz,
respectively. D, Representative field potentials (FPs) and SW-Rs. A positive deflection and related SW-Rs were shown in the bottom. E, Quantitative analysis of sharp wave length and ampli-
tude. F, Ripple power spectrum density (PSD) across ripple frequencies. Averaged ripple power from 150 to 300 Hz was shown in the histogram. G, Raw traces (top) from SW-R event filtered
sharp wave (1–50 Hz), ripple (150–250 Hz) and single units [500–3 kHz, displaying single unit activity (tick marks)]. Error bars indicate SEM.
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displayed similar PSD distributions (Fig. 2F). Quantitatively the
PSD showed no statistical difference among the three groups
(�64.16 2.70 10plog10 for baseline, �66.06 2.97 10plog10 for
NRG1, and �65.06 2.99 10plog10 for washout, baseline t(5) =
1.95 p=0.11, washout t(5) = 0.82 p= 0.45, paired t test; Fig. 2G).
This finding was further supported by heatmaps showing similar
ripple power from 100 to 300Hz of the three different groups
(Fig. 2H). Together, these results indicate that NRG1 reduces the
frequency of SW-Rs without altering characteristic components
and reveal a novel mechanism of NRG1 in regulating an impor-
tant hippocampal function.

Requirement of ErbB4 kinase activity for SW-Rs
Neuronal activity in the hippocampus is regulated by homeo-
static NRG1-ErbB4 activity (Mei and Xiong, 2008; Mei and
Nave, 2014). In particular, neutralizing endogenous NRG1 or in-
hibiting ErbB4 reduces GABA release, impairs synaptic plasticity
and alters behaviors in mice (Li et al., 2007; Fazzari et al., 2010;
Del Pino et al., 2013, 2017; Tan et al., 2018). Therefore, we deter-
mined whether SW-Rs are altered by pharmacological inhibition
of ErbB4. To this end, hippocampal slices were treated with 10
mM PD168393, an inhibitor that is relatively specific for ErbB4
among receptor tyrosine kinases (Koprivica et al., 2005). SW-Rs
were analyzed before and 20min after the addition of PD168393
as shown in Figure 3A. Interestingly, the frequency of SW-R-
containing positive deflections was increased by PD168393
(from 0.366 0.09 to 0.436 0.09Hz, t(7) = 4.43 p=0.003, paired t
test; Fig. 3B,C). These results reveal a novel regulatory mecha-
nism of SW-Rs. However, PD168393 had little effect on the
length of SW-Rs (43.56 3.14 ms for baseline, 44.26 2.97 ms
for PD168393, t(7) = 0.29 p = 0.78, paired t test; Fig. 3D), or
the amplitude of sharp waves (0.026 0.003 mV for baseline,
0.03 6 0.004 mV for PD168393, t(7) = 0.84 p = 0.43, paired t
test; Fig. 3E). Lastly, we investigated whether PD168393
altered the ripple power. As quantified in Figure 3F, PD168393
had no effect on the ripple power (�65.96 295 10plog10 for
baseline, �65.16 3.50 10plog10 for PD168393, t(7) = 0.99
p=0.36, paired t test; Fig. 3F). Together, these results suggest a

role of ErbB4 in regulating the frequency of SW-Rs without alter-
ing characteristic components.

To further test this hypothesis, we studied SW-Rs in a chemi-
cal genetic mutant strain of ErbB4, T796G mice (Tan et al.,
2018). In T796G mice, the ATP binding pocket of ErbB4 was
enlarged by mutating threonine 796 (T796) to glycine that allows
for access by the bulky inhibitor 1NMPP1 (Fig. 4A; Bishop et al.,
2000). Unlike ErbB4 null mice that die at embryonic stages
because of cardiac deficits, T796G mice are viable with similar
gross anatomic structures in the brain (Gassmann et al., 1995;
Tan et al., 2018). The hippocampal organization or the number
of PV1 and NeuN1 cells were similar to those of wild-type
mice (Fig. 4B–D; PV, 87.76 2.60 cells per mm2 for wild type,
83.96 5.48 cells per mm2 for T796G, t(10) = 0.63 p= 0.54,
unpaired t test, NeuN, 12386 156 cells per mm2 for wild type,
12636 100 cells per mm2 for T796G, t(12) = 0.14 p= 0.89,
unpaired t test; Tan et al., 2018). SW-Rs recorded in T796G hip-
pocampal slices were similar to those in wild-type slices includ-
ing SW-R occurrence rate (0.356 0.05Hz for wild type,
0.336 0.04Hz for T796G, t(11) = 0.30 p=0.88, unpaired t test;
Fig. 4E), the length of SW-Rs (44.76 1.95ms for wild type,
44.86 2.33ms for T796G, t(11) = 0.03 p=0.97, unpaired t test;
Fig. 4F,G) amplitudes of sharp waves (0.026 0.002mV for wild
type, 0.026 0.002mV for T796G, t(11) = 0.15 p= 0.88, unpaired t
test; Fig. 4H) and ripple power (�65.46 1.44 10plog10 for wild
type, �65.06 1.88 10plog10 for T796G, t(11) = 0.14 p= 0.89,
unpaired t test; Fig. 4I). These data indicate that the T796G
mutation has no effect on hippocampal structure or SW-R
production.

We showed previously that 1NMPP1 was able to acutely in-
hibit ErbB4 kinase activity in the brain of T796G mice and
reduces GABA release in hippocampal slices (Tan et al., 2018).
To specifically inhibit ErbB4, hippocampal slices of T796G mice
were treated with 1NMPP1 (Fig. 3G). As shown in Figure 3H,
SW-R occurrence increased by 1NMPP1; the increase returned
to baseline levels after washout, indicating that the effect is re-
versible (baseline, 0.306 0.07Hz; 1NMPP1, 0.366 0.06Hz,
washout, 0.306 0.07Hz, baseline t(5) = 3.00 p= 0.03, washout

Figure 2. NRG1 decreases SW-R occurrence in wild-type hippocampus in vitro. A, Neuregulin 1 (NRG1) treatment paradigm. B, Representative filed potentials (FPs) in CA1
region at baseline, NRG1 treatment, and washout. C, Decreased sharp wave ripple (SW-R) occurrence by NRG1 (10 nM, blue), compared with baseline (black) and washout (pur-
ple). D, E, No effect on sharp wave length (D) or amplitude (E) by NRG1 (blue), compared with baseline (black) or washout (purple). F, Overlapped power spectrum density (PSD)
distribution curves across different frequencies. Shown were representative curves of baseline (black), NRG1 (blue), and washout (purple). G, No effect of NRG1 on ripple power
between 150 and 300 Hz. H, Similar heatmap of (PSD) of SW-R events from baseline (left), NRG1 (center), and washout (right; n = 6 slices, 6 wild-type mice). Error bars indicate
SEM. n.s., not significant. *p, 0.05.
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t(5) = 4.19 p= 0.01, paired t test; Fig. 3I). These results provide
compelling evidence for a role of dynamic ErbB4 kinase activity
in regulating SW-Rs. As observed for PD168393, SW-R length
was not altered by 1NMPP1 (41.66 2.79ms for baseline, 41.06
4.54ms for 1NMPP1, 43.26 5.02, baseline t(5) = 0.25 p=0.81,
washout t(5) = 1.10 p= 0.32, paired t test; Fig. 3J). Furthermore,
no change was observed in the amplitude of sharp waves after
1NMPP1 administration (0.026 0.002mV for baseline, 0.02 6
0.002mV for 1NMPP1, 0.02 6 0.004mV, baseline t(5) = 0.09
p=0.93, washout t(5) = 0.81 p= 0.45, paired t test; Fig. 3K) nor
did 1NMPP1 have any effect on the ripple power (�57.26 1.72
10plog10 for baseline, �55.86 2.13 10plog10 for 1NMPP1,
�57.26 3.02 10plog10, baseline t(5) = 0.77 p=0.18, washout t(5)
= 1.56 p= 0.48, paired t test; Fig. 3L). These results support a
model that dynamic ErbB4 activity is necessary for normal exhi-
bition of SW-Rs.

Requirement of ErbB4 activity for NRG1 regulation of SW-R
The increase in SW-R occurrence by acute treatment with
PD168393 and 1NMPP1 suggests an important role of endoge-
nous NRG1-ErbB4 activity in regulating SW-Rs. To further test
this hypothesis, we next determined whether NRG1 suppression
of SW-Rs requires ErbB4 activity. NRG1 reduced the frequency
of SW-R-containing positive deflections in T796G hippocampal
slices; however, this effect was blocked by 1NMPP1 (baseline,
0.366 0.04Hz; NRG1, 0.226 0.05, NRG11 1NMPP1, 0.346
0.03Hz, washout, 0.356 0.03Hz, baseline-NRG1 t(18) = 2.34
p=0.03, baseline-NRG11 1NMPP1 t(20) = 0.40 p=0.69, NRG1-
washout t(18) = 2.54 p=0.02, NRG1-NRG11 1NMPP1 t(12) =
2.15 p=0.05, unpaired t test; Fig. 5A), indicating that NRG1 reg-
ulates SW-R occurrence by activating ErbB4. As observed in

Figure 2, NRG1 had no effect on the length of SW-Rs, the ampli-
tude of sharp waves, or the ripple power in wild-type mice.
Similarly, these parameters (except the SW-R frequency) were
not altered by 1NMPP1 in T796G mice (Fig. 3). Likewise, we did
not observe a difference between baseline, NRG1, NRG11
1NMPP1 or washout in the length of sharp waves (baseline,
44.16 3.25ms, NRG1, 49.76 6.79ms, NRG11 1NMPP1, 40.46
2.02ms, washout, 44.86 3.98ms, baseline-NRG1 t(18) = 0.85
p=0.41, baseline-NRG11 1NMPP1 t(20) = 0.80 p=0.44, NRG1-
washout t(18) = 0.65 p=0.53, NRG1-NRG11 1NMPP1 t(12) = 1.48
p=0.16, unpaired t test; Fig. 5B), the amplitude (baseline,
0.026 0.001mV, NRG1, 0.026 0.002mV, NRG11 1NMPP1 –
0.026 0.001mV, washout, 0.026 0.01mV, baseline-NRG1 t(18) =
0.22 p=0.83, baseline-NRG11 1NMPP1 t(20) = 0.21 p=0.84,
NRG1-washout t(18) = 0.03 p=0.97, NRG1-NRG11 1NMPP1
t(12) = 0.05 p=0.96, unpaired t test; Fig. 5C), or the ripple power
(baseline, �60.76 1.78 10plog10, NRG1, �58.56 3.78 10plog10,
NRG11 1NMPP1, �62.86 1.43 10plog10, washout, �60.86
1.78 10plog10, baseline-NRG1 t(18) = 0.61 p=0.55, baseline-
NRG11 1NMPP1 t(20) = 0.79 p=0.441, NRG1-washout t(18) =
0.64 p=0.53, NRG1-NRG11 1NMPP1 t(12) = 1.18 p=0.262,
unpaired t test; Fig. 5D). Together, these results demonstrate that
NRG1 reduces the frequency of SW-Rs in a manner that requires
ErbB4 kinase activity.

1NMPP1 increases SW-R occurrence in vivo
To determine whether SW-Rs require ErbB4 kinase activity in
vivo, we examined 1NMPP1’s effect on SW-Rs in freely moving
mice. Tetrodes were implanted into the dHPC as described pre-
viously (Tan et al., 2018; Fig. 6A). Filtering LFPs at 150–250Hz
revealed ripples that exceeded 3 SDs above baseline mean and

Figure 3. Blocking endogenous ErbB4 kinase increases SW-R occurrence A, PD168393 treatment paradigm. B, Representative filed potentials (FPs) in CA1 region at baseline and PD168393
treatment. C, Increased SW-R occurrence by PD168393 (blue, 10mM) compared with baseline (black). D, E, No effect on sharp wave length (D) or amplitude (E) by PD168393 (blue), compared
with baseline (black). F, No effect of PD168393 (blue) on ripple power between 150 and 300 Hz (n= 7 slices, 7 wild-type mice). G, 1NMPP1 treatment paradigm of T796G hippocampal slices.
H, Representative FPs in CA1 region at baseline, 1NMPP1 treatment and washout. I, Increased SW-R occurrence by 1NMPP1 (10mM, red), compared with baseline (black) and washout (green).
J–L, No effect on sharp wave length (J) or amplitude (K) by 1NMPP1 (red), compared with baseline (black) or washout (green). L, No effect of 1NMPP1 on ripple power between 150 and
300 Hz (n= 6 slices, 6 T796G mice). Error bars indicate SEM. n.s., not significant. *p, 0.05. **p, 0.01.
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persisted for.15ms (Karlsson and Frank, 2008; Carr et al.,
2012; Kay et al., 2016). These ripple events were readily detecta-
ble during immobility (Fig. 7B). Because in vivo ripples are influ-
enced by novelty (such as novel environments; Karlsson and

Frank, 2009; Fernández-Ruiz et al., 2019), we habituated mice to
an enclosed chamber with bedding (Figs. 6A, 7A) for 1 h/d for
5 d and to injection procedure with vehicle at days 6 and 7 (Fig.
7A; Gillespie et al., 2016). LFPs were recorded on day 8, 20min

Figure 4. Normal NeuN1 and PV1 cells and SW-Rs in T796G mice. A, Cartoon of enlarged ATP binding pocket by T796G mutation (left, bottom) compared with wild-type (left, top). T796
is conserved among indicated kinases (yellow) and targeted for mutation to glycine. B, No global changes in global structure and neuron numbers. Hippocampus of wild-type and T796G mice
were stained for NeuN (green, left) and PV (purple, right). C, Quantification of A, B PV immunohistochemistry per mm2. No alteration between wild-type [black, n= 6 slices (3 animals)] and
T796G [blue, n= 6 slices (3 animals)]. D, Quantification of A, B NeuN immunohistochemistry per mm2. No alteration between wild-type [black, n= 6 slices (3 animals)] and T796G [blue, n= 6
slices (3 animals)]. E, No difference between sharp wave ripple (SW-R) occurrence in wild-type (black) and T796G (blue) mice. F, Example SW-R traces from wild-type (black) and T796G (blue)
recordings. G–I, No difference of sharp wave length (G), amplitude (H), and ripple power (I) between wild-type (black) and T796G [blue; wild-type n= 7 slices (7 mice), T796G n= 6 slices (6
mice)]. Error bars indicate SEM. n.s., not significant.

Figure 5. 1NMPP1 blocks NRG1 dependent decrease in SW-R occurrence in the CA1 hippocampus in vitro. A, Inability of Neuregulin 1 (NRG1) to decrease SW-R occurrence in presence of
1NMPP1 in T796G slices. B, C, No effect on sharp wave length (B) or amplitude (C) by NRG1 (pink) or NRG11 1NMPP1 (green), compared with baseline (black) or washout (green). D, No
effect of NRG1 (pink) or NRG11 1NMPP1 (green) on ripple power between 150 and 300 Hz compared with baseline (black) or washout (green; NRG1 n= 6 slices, 6 T796G mice;
NRG11 1NMPP1 n= 8 slices, 8 T796G mice). Error bars indicate SEM. n.s., not significant. *p, 0.05.
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after vehicle injection and on day 9, 20min after 1NMPP1
(0.1mg/g), at a dosage previously shown to inhibit ErbB4 phos-
phorylation and disrupt top-down attention (Fig. 6B; Tan et al.,
2018). Remarkably, 1NMPP1 increased the occurrence of ripples

(0.216 0.03Hz for vehicle, 0.286 0.03Hz for 1NMPP1, t(5) =
3.13 p=0.03, paired t test; Fig. 6C,D). Note that 1NMPP1 had no
effect on baseline (0.016 0.001mV for vehicle, 0.016 0.001 for
1NMPP1, t(5) = 1.29 p= 0.26, paired t test; Fig. 8A) or SD of

Figure 6. 1NMPP1 increases SW-R occurrence in the dHPC CA1 in vivo. A, Schematic of electrode implantation and recording. Tetrodes were implanted into the dorsal hippocampus (dHPC)
of T796G mice. B, Schematic of treatment and recording paradigms. C, Example traces of raw LFP (1–500 Hz, top) and ripples after filtering at 150–250 Hz (bottom). D, Increased SW-R occur-
rence by 1NMPP1 (red) compared with vehicle (black). E, No effect on SW-R length by 1NMPP1 (red) compared with vehicle (black). F, Overlapped power spectrum density (PSD) distribution
curves across different frequencies. G, No effect by 1NMPP1 (red) compared with vehicle (black) on SW-R power. H, PSD heatmap of SW-R events from vehicle (top) and 1NMPP1 (bottom).
Error bars indicate SEM. n.s., not significant. *p, 0.05.

Figure 7. Habituation protocol, validation of SW-R detection and electrode location. A, Schematic diagrams of habituation and recording. B, Example traces of animal motion (top, black)
and sharp wave ripple (SW-R) events during periods of immobility (bottom, blue). Expanded traces (above) displaying events shown in blue marks (below). C, D, Electrode locations (red) and
animal in number (black).
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the threshold (0.016 0.001mV for vehicle, 0.016 0.0004 for
1NMPP1, t(5) = 0.93 p= 0.40, paired t test; Fig. 8B). This result
was in agreement with in vitro data, and together, it indicates a
role of ErbB4 kinase in regulating ripple number. This effect
appeared to be specific because the ripple length was comparable
between the groups of 1NMPP1 and vehicle (57.66 4.74ms for
vehicle, 63.36 6.87 for 1NMPP1, t(5) = 0.84 p= 0.44, paired t
test; Figs. 6E, 8C), suggesting a dispensable role of ErbB4 kinase.
Furthermore, 1NMPP1 had little effect on PSD distribution
across frequencies and ripple-triggered heatmaps from individ-
ual recording sessions (�53.26 0.34 10plog10 for vehicle,
�53.66 0.67 10plog10 for 1NMPP1, t(5) = 0.73 p= 0.49, paired t
test; Figs. 6F–H, 8D).

SW-Rs are believed to be generated by neurons critical to
learning and memory, we next investigated whether 1NMPP1
alters the firing of INs and PyNs during SW-R events. PyNs and
INs were differentiated by analyzing waveform characteristics:
half-valley width and trough-to-peak width (Fig. 9A). Neurons
with larger half-valley width and larger trough-to-peak width
were clustered as PyNs, in contrast to INs based on clustering
using a Gaussian mixture model (Mizuseki et al., 2009; Stark et
al., 2014; Fig. 9B). The autocorrelogram (the correlation of spike
frequency plotted in both positive and negative directions)
showed that PyNs displayed a peak with smaller correlation in
time (;5ms), consistent with the bursty firing property of PyNs
(Fig. 9C, top panel). In contrast, INs lack a peak within the 5-ms
window but with high levels of correlation outside the window,
consistent with continuous firing of INs (Fernández-Ruiz et al.,
2017, 2021; Oliva et al., 2018). These results validate the cluster-
ing of PyNs and INs. As shown in Figure 9D, the overall firing

rate of all neurons was increased by 1NMPP1, compared with ve-
hicle (3.276 0.38Hz for vehicle, 4.316 0.41Hz for 1NMPP1,
U= 2968 p=0.026, Mann–Whitney test). Neuron type analysis
indicated that 1NMPP1 had little effect on the firing rates of INs
(3.346 0.74Hz for vehicle, 4.056 0.62Hz for 1NMPP1, U= 752
p= 0.23, Mann–Whitney test; Fig. 9E). In contrast, it increased
baseline PyN firing (Fig. 9F; 3.266 0.36Hz for vehicle,
4.646 0.48Hz for 1NMPP1, U=601 p=0.01, Mann–Whitney
test). Intriguingly, 1NMPP1 had little effect on the firing rate of
PyNs during SW-Rs (38.36 1.74Hz for vehicle, 38.66 2.08Hz
for 1NMPP1, U=865 p=0.88, Mann–Whitney test; Fig. 9G). To
determine whether 1NMPP1 alters the temporal dynamics of
PyN firing during SW-Rs, we investigated the PyN bursting
across different ISI during SW-Rs to identify ISI maximal proba-
bility (Fig. 9H). Remarkably, it was reduced by 1NMPP1 (Fig.
9I). In addition, the fold change of PyN firing rates during SW-R
events were reduced by 1NMPP1 (Fig. 9J). These results suggest
that ErbB4 activity is necessary for temporal dynamics of PyN
spikes.

Differential effects by 1NMPP1 on SW-R occurrence in
NREM and wake states
Next, we investigated effects of 1NMPP1 on SW-Rs at different
functional states. SW-Rs occur preferably during NREM states
(Buzsáki, 2015) or immobile periods of wake states (Karlsson
and Frank, 2009). Therefore, we compared SW-R occurrence
between NREM and wake states which were determined by
EMG of neck muscles (Fig. 10A). NREM states were classified as
epochs where EMG activity was low and dHPC LFP d frequency
(0.5–4Hz) high whereas wake states as epochs with high EMG

Figure 8. Unaltered dHPC PSD, baseline, SD, and isolation distance after 1NMPP1. A, No alteration of 1NMPP1 (red) compared with vehicle (black) on baseline voltage. B, No alteration
of 1NMPP1 (red) compared with baseline (black) on SD. C, Example traces of raw local field potential (LFP) (1–500 Hz, top) and ripple filtered LFP (150–250 Hz, bottom, gray sharp wave ripple
(SW-R)) of vehicle (black, top) and 1NMPP1 (red, bottom). D, Example SW-R event heatmap from baseline (black) compared with 1NMPP1 (red). E, power spectrum density (PSD) (10plog10)
per frequency (1–100 Hertz, Hz) of baseline (black) and 1NMPP1 [red; n= 6 recordings (6 T796G mice)]. F, Quantification of E. No effect of 1NMPP1 (red) compared with baseline (black) on
delta (magenta, 0.5–4 Hz), theta (light-blue, 4–12 Hz), beta (orange, 12–30 Hz), low gamma (purple, 30–50 Hz), gamma (green, 50–70 Hz), high gamma [blue, 70–100 Hz; n= 6 recordings
(6 T796G mice), paired t test, delta: n.s. = 0.7953; theta: n.s. = 0.4395; beta: n.s. = 0.7590; low gamma: n.s. = 0.4198; gamma: n.s. = 0.3137; high gamma: n.s. = 0.0881; n= 6 animals, 6
recordings vehicle, 6 1NMPP1]. G, Cumulative probability distribution percentage of isolation distance. No effect of 1NMPP1 (red) compared with vehicle (black) on isolation distance red of sin-
gle units from Figure 6 (27.06 8.691 Hz for vehicle, 30.16 7.63 Hz for 1NMPP1, U= 3363 p= 0.32, Mann–Whitney test). Error bars indicate SEM. n.s., not significant.
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activity (Levenga et al., 2018; Ma et al., 2019; Zhong et al., 2019;
Fig. 10Bi,Bii). 1NMPP1, administrated by two osmopumps at
0.1mg/g every 2 h (Fig. 10A), increased SW-Rs during NREM
states (0.176 0.02Hz for vehicle vs 0.246 0.02Hz for 1NMPP1,
t(37) = 2.17, p=0.04, unpaired t test) and wake states (0.13 6
0.02Hz for vehicle vs 0.25 6 0.01Hz for 1NMPP1, t(37) = 5.52,
p, 0.0001, unpaired t test; Fig. 10C). Interestingly, 1NMPP1-
mediated increase in SW-R occurrence was greater during wake
states, compared with NREM states (0.066 0.02 vs 0.01, t(40) =
2.54 p= 0.02, unpaired t test; Fig. 10D). In agreement, the ratios
of SW-R occurrence of NREM states over that of wake states
were reduced by 1NMPP1, compared with vehicle (1.336 0.11
for vehicle vs 0.97 6 0.07 for 1NMPP1, t(37) = 2.74 p= 0.01,
unpaired t test; Fig. 10E). Together these data indicate that
1NMPP1 increases SW-R rates during wake states more than
in NREM, suggesting that ErbB4 kinase dynamically differ-
entially regulates SW-R occurrence at different functional
states.

1NMPP1 impairs spatial working memory
To determine whether ErbB4-regulation of SW-Rs plays a role in
hippocampal function, we established a W-maze (also referred to
as M-maze) paradigm that tests “reference memory (inbound)
and spatial working memory (outbound)” (Frank et al., 2000;
Kim and Frank, 2009; Jadhav et al., 2012; Fernández-Ruiz et al.,
2019). Previous studies of rats indicate that the spatial alteration
task in W-maze is dependent on SW-Rs in the hippocampus
(Frank et al., 2000; Kim and Frank, 2009; Jadhav et al., 2012;
Fernández-Ruiz et al., 2019). We created a W-maze by 3D print-
ing, where the two outbound arms were white and the inbound
arm was black (Frank et al., 2000; Figs. 11A, 12A). T796G mice

were trained progressively to perform the W-maze behavior
(Fig. 12B; for details, see Materials and Methods). Briefly,
food-deprived mice (Fig. 11B) were trained to retrieve a food
pellet at either end of one arm for 12min/d until the mouse
was able to retrieve food pellets without a mistake (Fig. 11C,
usually 1–4 d). Mice were then trained to retrieve food pellets in a
two-arm maze for 12min/d from days 4 to 8 and in the W-maze
beginning at day 8 until mice were able to retrieve food pellets at
.85% accuracy within 12min (Fig. 11D,E). One day after this crite-
rium was achieved, T796G mice were scored for arm entries in W-
maze without 1NMPP1 treatment, and on the following day,
20min after 1NMPP1 treatment (Fig. 12C). As shown in Figure
12D–G, 1NMPP1 reduced the outbound accuracy by 18% (91.5 6
0.02% and 73.9 6 0.03% without and with 1NMPP1, respectively;
t(6) = 5.82 p=0.001, paired t test; Fig. 12E). 1NMPP1 had no
effecton total outbound or inbound entries within 12min (out-
bound-base 22.76 1.21, outbound-NMPP1 21.16 2.41, inbound-
base 23.16 1.39, inbound-1NMPP1 24.06 3.56, outbound t(6) =
0.72 p=0.50, inbound t(6) = 0.28 p=0.79, paired t test; Fig. 12F,G).
Note that the inbound accuracy was not altered by 1NMPP1 (93.2
6 0.03% and 85.3 6 0.04% without and with 1NMPP1, respec-
tively; t(6) = 1.79 p=0.12, paired t test; Fig. 12D). 1NMPP1 had little
effect on overall distance or speed (distance, 58.36 7.56 and
64.16 13.96 m without and with 1NMPP1, respectively; t(6) = 1.29
p=0.24, paired t test; speed, 0.086 0.004 and 0.096 0.01m/s with-
out and with 1NMPP1, respectively; t(6) = 1.38 p=0.22, paired t test;
Fig. 12H,I). 1NMPP1 had no effect on inbound distance, time or
speed (inbound distance, 25.16 1.54 and 25.36 2.08 m without
and with 1NMPP1, respectively; t(6) = 0.12 p=0.91, paired t test;
inbound time, 367.16 11.82 and 345.26 11.97 s without and with
1NMPP1, respectively; t(6) = 1.82 p=0.12, paired t test; inbound

Figure 9. 1NMPP1 increases overall neuronal firing, PyN baseline, SW-R burstiness, and SW-R fold change. A, Schematic waveform characteristics. B, Pseudocolored heatmap of spike wave-
form characteristics [firing rate Hertz (Hz), trough-to-peak milliseconds (ms), and half-valley width (ms)] of putative PyN probability (Gaussian mixture model, k = 2, n= 175). C, Example of
autocorrelograms of putative pyramidal (PyN) (red, top) and putative interneurons (INs) (blue, bottom), as well as waveform from putative PyN (red) and putative INs (blue). D, Increased over-
all firing rate after 1NMPP1 (red) addition compared with vehicle (black). E, No effect of 1NMPP1 (red) on IN overall firing compare to vehicle (black). F, Increased PyN firing rate after 1NMPP1
(red) compared with vehicle (black). G, No alteration of PyN neuron per SW-R of 1NMPP1 (red) compared to vehicle (black). H, Probability of PyN interspike interval (ISI) during SW-R events
of vehicle (black) and 1NMPP1 (red). I, Decreased maximal PyN SW-R ISI probability of 1NMPP1 (red) compared with vehicle (black). J, Decreased PyN SW-R firing fold change of 1NMPP1 (red)
compared with vehicle (black).Error bars indicate SEM. n.s., not significant. *p, 0.05. **p, 0.01. ***p, 0.001.

Robinson et al. · NRG1-ErbB4 Kinase Actively Regulates SW-R J. Neurosci., January 19, 2022 • 42(3):390–404 • 399



Figure 10. 1NMPP1 increases SW-R occurrence during NREM states and wake states with the largest increase during wake states. A, Schematic of electrode, electromyography (EMG), and
osmotic pump. Bi, Example recordings of corresponding LFP, sleep stages, and EMG. Heatmap of power frequency (0–20 Hertz (Hz), top), classified sleep stages (non rapid eye movement
(NREM) states, green; rapid eye movement (REM) states, blue; wake states, cyan, middle) and EMG (bottom). Bii, Example traces of local field potential (LFP) (top) and EMG (bottom) for
NREM states (green, top), REM states (blue, middle), and wake states (cyan, bottom). C, Increased sharp wave ripple (SW-R) rate of 1NMPP1 (blue) compared with vehicle (gray) for NREM
states (green, left) and wake states (cyan, right). D, Increased D baseline SW-R rate of NREM states (green) compared with wake states (cyan) of 1NMPP1 compared to vehicle. E, Decreased
NREM-wake SW-R rate ratio of 1NMPP1 (blue) compared with vehicle (gray; vehicle: 18 recordings, 4 animals, 4–6 recordings per animal; 1NMPP1: 22 recordings, 4 animals, 4–6 recordings
per animal). Error bars indicate SEM. n.s., not significant. *p, 0.05. **p, 0.01. ***p, 0.001.

Figure 11. W-maze design, experimental paradigm and training for mice. A, Schematic diagrams of W-maze. B, Schematic diagram of mouse dieting plan. Mouse ad libitum body weight
and after food reduction when animals body weight is 85% ad libitum weight (top). Body weight of animals from beginning of diet until first day of training (bottom). C, Schematic diagrams
of W-maze training program. Days 1–4, single arm (left) retrieval of rewards at each end. Days 4–8, two-arms alternating (center) retrieval of rewards at center and outbound arm (switching
outbound arm each days 4–8). Day 8 to 85% accuracy (right) retrieval of W-maze tests as described in B. D, Accuracy over three arm training of inbound (gray) and outbound (red) of animals
until both inbound and outbound accuracy exceeded 85%. Inset is graphical representation of days to 85% accuracy in outbound performance (red). E, Graphical representation of animals’
speed (purple) overlaid with arm choice (center arm, pink; right arm, blue; and left arm, green) across 5-min period of animal with.85% outbound accuracy (top). Example trace (bottom,
left) in center arm, pink; right arm, blue; and left arm, green and heatmap (bottom, right) of animal with.85% outbound accuracy during 1-day behavioral test. Error bars indicate SEM.
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speed, 0.07 6 0.01 and 0.07 6 0.01 m/s without and with
1NMPP1, respectively; t(6) = 0.89 p=0.41, paired t test; Fig. 12J–L).
1NMPP1 had no effect on outbound distance, time and speed (out-
bound distance, 25.16 1.37 and 28.56 2.37 m without and with
1NMPP1, respectively; t(6) = 1.46 p=0.19, paired t test; outbound
time, 304.36 11.00 and 319.46 7.22 s without and with 1NMPP1,
respectively; t(6) = 1.57 p=0.17, paired t test; outbound speed, 0.08
6 0.004 and 0.09 6 0.01 m/s without and with 1NMPP1, respec-
tively; t(6) = 0.84 p=0.43, paired t test; Fig. 12M–O). These findings
indicate that 1NMPP1 disrupts outbound performance in the W-
maze, similar to disruption of SW-Rs (Jadhav et al., 2012) and sug-
gest that ErbB4 kinase activity is actively needed for spatial working
memory tasks.

Discussion
Our study provides evidence for a role of the NRG1-ErbB4 sig-
naling in regulating SW-Rs. First, NRG1 decreased the occur-
rence of SW-Rs in hippocampal slices (Fig. 2). Second,
pharmacological inhibition of ErbB4 increases the occurrence of
SW-Rs in vitro (Fig. 3). Third, specific inhibition of chemical
genetic mutant ErbB4 provides convincing evidence of
increased occurrence of SW-Rs both in vitro and in vivo (Figs.
3, 6). Furthermore in vivo, ErbB4 also increased the firing rate
of PyNs, yet decreased SW-R burstiness and SW-R firing rate
fold change (Fig. 9). Interestingly, ErbB4 increased SW-Rs
during both NREM states and wake states with a larger impact
during wake states (Fig. 10). Importantly, acute inhibition of
ErbB4 by 1NMPP1 impaired spatial working memory (Fig.
12). These findings indicate a critical role of the NRG1-ErbB4

signaling in regulating SW-Rs and reveals a novel, endogenous
molecular mechanism that dynamically controls a specific net-
work function.

SW-Rs involve a complex interaction between PyN and INs
(Csicsvari et al., 1999; English et al., 2014; Stark et al., 2014; Gan
et al., 2017). The activity of specific GABAergic INs in CA1 is up-
regulated during SW-Rs (Klausberger et al., 2004; Royer et al.,
2012; Stark et al., 2014; Varga et al., 2014). However, exactly how
GABAergic transmission contributes to SW-Rs is hard to piece
apart because its blockage quickly leads to an epileptic state
(Maier et al., 2003; Stark et al., 2014). Nevertheless, SW-Rs are
thought to be inhibited and enhanced by GABAergic agonists
and antagonists, respectively. In the cortex and hippocampus,
70% of INs express ErbB4 (whereas almost all ErbB41 cells are
GABAergic INs; Woo et al., 2007; Vullhorst et al., 2009; Neddens
et al., 2011; Bean et al., 2014). NGR1 promotes GABA release in
the hippocampus as well as the cortex (Woo et al., 2007; Chen et
al., 2010; Wen et al., 2010). ErbB4 null as well as PV1 IN-spe-
cific mutations prevent NRG1 from increasing GABA release in
the hippocampus (Li et al., 2007, 2011; Wen et al., 2010).
Importantly, acute perturbation of ErbB4 kinase activity reduces
homeostatic GABAergic activity, suggesting that proper E-I bal-
ance requires endogenous NRG1-ErbB4 signaling in the brain.
In accord, inhibition of ErbB4 rapidly reduces LTP, LFP local
power and hippocampal-prefrontal cortical connectivity (Del
Pino et al., 2013; Tan et al., 2018). The reduction of SWR occur-
rence by ErbB4 inhibition is likely because of disrupted E-I bal-
ance in the hippocampus. ErbB4 is expressed in a variety of INs
including PV1, CCK1, and VIP1 INs (Bean et al., 2014;
Batista-Brito et al., 2017), ErbB4 deficiency in these cells has

Figure 12. 1NMPP1 decreases outbound but not inbound performance in the W-maze spatial working memory tests. A, Schematic diagram of W-maze spatial memory task apparatus. B,
Schematic diagrams of inbound and outbound behavior. C, Schematic diagram of 1NMPP1 treatment and behavioral tests. D, No effect of 1NMPP1 (red) on Inbound Performance compared
with baseline (black). E, Decreased outbound performance by 1NMPP1 (red) compared with baseline (black). F, No effect of 1NMPP1 (red) on inbound entries compared with baseline (black).
G, No effect of 1NMPP1 (red) on outbound entries compared with baseline (black). H, No effect of 1NMPP1 (red) on overall distance compared with baseline (black). I, No effect of 1NMPP1
(red) on overall speed compared with baseline (black). J, No effect of 1NMPP1 (red) on inbound distance compared with baseline (black). K, No effect of 1NMPP1 (red) on inbound time com-
pared with baseline (black). L, No effect of 1NMPP1 (red) on inbound speed compared with baseline (black). M, No effect of 1NMPP1 (red) on outbound distance compared with baseline
(black). N, No effect of 1NMPP1 (red) on outbound time compared with baseline (black). O, No effect of 1NMPP1 (red) on outbound speed compared with baseline [black; n= 7 tests baseline,
7 tests 1NMPP1 (7 mice)]. Error bars indicate SEM. n.s., not significant. **p, 0.01.
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been shown to decrease u power and place field dynamics and
synchrony of cortical activity (Batista-Brito et al., 2017; Del Pino
et al., 2017). SW-Rs are likely regulated by ErbB4 in these INs
although exact microcircuity that NRG1-ErbB4 regulates war-
rants future investigation. Indeed, in vivo PyN firing was
increased in T796G mice after 1NMPP1 treatment (Fig. 9). This
is in agreement with an earlier report that acute inhibition of
ErbB4 increases PyN firing by reducing GABA release (Tan et
al., 2018). Intriguingly, 1NMPP1 had no detectable effect on the
firing rate of INs (Fig. 9). Interpretation of this result should be
careful, considering the enormously heterogeneous populations
of INs and heterogenous expression of ErbB4 in each population.
It is possible that ErbB4 regulates the excitability of a subset of
INs via activating Kv1.1, as shown in PFC slices (Li et al., 2011).
In another study, ErbB4 inhibition reduces the excitability of dis-
associated ErbB41 hippocampal INs via reducing sodium chan-
nel currents and not potassium channels (Janssen et al., 2012).
Also worth noting is that NRG1 was shown to increase tritium-
labeled GABA release from synaptosomes (Woo et al., 2007),
suggesting that GABA release could be regulated by NRG1-
ErbB4 signaling via a mechanism independent of neuronal
excitability.

Our findings that ErbB4 inhibition increases the firing rate of
PyNs indicate that the E-I balance in the hippocampus is crit-
ically dependent on the endogenous levels of NRG1-ErbB4 sig-
naling. SW-Rs are associated with an increase in firing rate of
PyNs (Mizuseki and Buzsáki, 2013). In accord, optogenetics acti-
vation of PyNs in the CA1 induces ripples (Stark et al., 2014).
Excitatory inputs have been proposed to elicit recurrent inhibi-
tion via high-frequency oscillations (Traub et al., 1992; Ylinen et
al., 1995; Taxidis et al., 2012; Malerba et al., 2016) either by feed-
back from local CA1 PyNs or feedforward inhibition (Schlingloff
et al., 2014; Donoso et al., 2018) driven by high excitatory drive
from the CA3 (Stark et al., 2014). Such high excitatory drive is in
alignment with PyN first models (Maier et al., 2011), thought to
involve either chemical or axonal gap junctions (Draguhn et al.,
1998; Memmesheimer, 2010). In light of increased SW-R occur-
rence by ErbB4 inhibition, we posit that SW-Rs are critically
regulated by the NRG1-ErbB4 signaling in the hippocampus.
SW-Rs mainly result from CA3 population bursts that excite
CA1 PyNs via Schaffer collaterals (Ylinen et al., 1995; Csicsvari
et al., 2000). ErbB4 is also expressed in the CA3 region (Bean et
al., 2014) and may thus regulates the firing of CA3 PyNs by facil-
itating GABA release. We speculate that NRG1-ErbB4 signaling
may regulate neuronal activity of PyNs in both CA3 and CA1
regions for reliable manifestation of SW-Rs.

The ability of exogenous NRG1 to increase and ErbB4 inhi-
bition to reduce GABA release in hippocampal slices suggest
that GABAergic activity is maintained at appropriate levels by
the NRG1-ErbB4 signaling. Intriguingly, the maximal effects
of NRG1 or ErbB4 inhibition on GABA activity are within
;30% elevation and reduction, respectively, of normal levels.
Even when ErbB4 is mutated or completely inhibited, GABA
activity is maintained at ;75% of normal levels in the hippo-
campus and PFC (Woo et al., 2007; Chen et al., 2010; Fazzari
et al., 2010; Del Pino et al., 2013; Tan et al., 2018; Wang et al.,
2018). Yet, ErbB4 mutation or inhibition impairs various
region-specifical behaviors including working memory for
PFC, contextual fear conditioning for the hippocampus and
tone-cued fear conditioning for the amygdala (Lu et al., 2014;
Tan et al., 2018; Wang et al., 2018). These results suggest the
importance of maintaining a proper level of NRG1-ErbB4
signaling.

Hippocampal activity during novelty or memory processing
increases SW-R occurrence during periods of wake state immo-
bility and NREM states of sleep (Axmacher et al., 2008; Cheng
and Frank, 2008; Eschenko et al., 2008; Oliva et al., 2020). The
occurrence of longer SW-Rs were found to correlate with both
novelty and learning and memory (Fernández-Ruiz et al., 2019).
However, molecular mechanisms that regulate SW-Rs are not
well understood. SW-R occurrence increases after learning and
memory tests; this change is a transient and SW-Rs return to
normal levels within 60min (Eschenko et al., 2008). These obser-
vations suggest a molecular mechanism to regulate SW-R levels.
Our results indicate that the NRG1-ErbB4 signaling serves a spa-
tial or temporal control of SW-Rs in the hippocampus. PyN ac-
tivity increased during learning and memory processes (Cheng
and Frank, 2008). The transcription of the NRG1 gene and
release of mature NRG1 are activity dependent (Eilam et al.,
1998; Liu et al., 2011; Tan et al., 2012; Mei and Nave, 2014).
mRNA levels of NRG1 increase more in the CA3 region after
long-term potentiation induction (Eilam et al., 1998). In particu-
lar, NRG1 Type III is expressed relatively high in the CA3 region
(Fazzari et al., 2010), a region that has been implicated in origi-
nating synchronous inputs to CA1 PyNs for SW-Rs (Ylinen et
al., 1995; Csicsvari et al., 2000). An increase in CA3 NRG1 would
likely promote ErbB4 dependent GABA release controlling the
firing of CA1 PyNs. In agreement, 1NMPP1 increases both SW-
Rs (Figs. 3, 6) and CA1 PyN firing rate (Fig. 9). Additionally,
1NMPP1 impairs spatial working memory (revealed by out-
bound performance deficits) but had little effect on reference
memory (revealed by inbound performance deficits; Fig. 12).
These data allude to the need of dynamic ErbB4 kinase during
spatial working memory, but not for reference memory (Wen et
al., 2010; Del Pino et al., 2017).
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