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Unbalanced Peptidergic Inhibition in Superficial Neocortex
Underlies Spike and Wave Seizure Activity
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Slow spike and wave discharges (0.5– 4 Hz) are a feature of many epilepsies. They are linked to pathology of the thalamocortical axis and
a thalamic mechanism has been elegantly described. Here we present evidence for a separate generator in local circuits of associational
areas of neocortex manifest from a background, sleep-associated delta rhythm in rat. Loss of tonic neuromodulatory excitation, mediated
by nicotinic acetylcholine or serotonin (5HT3A) receptors, of 5HT3-immunopositive interneurons caused an increase in amplitude and
slowing of the delta rhythm until each period became the “wave” component of the spike and wave discharge. As with the normal delta
rhythm, the wave of a spike and wave discharge originated in cortical layer 5. In contrast, the “spike” component of the spike and wave
discharge originated from a relative failure of fast inhibition in layers 2/3—switching pyramidal cell action potential outputs from single,
sparse spiking during delta rhythms to brief, intense burst spiking, phase-locked to the field spike. The mechanisms underlying this loss
of superficial layer fast inhibition, and a concomitant increase in slow inhibition, appeared to be precipitated by a loss of neuropeptide Y
(NPY)-mediated local circuit inhibition and a subsequent increase in vasoactive intestinal peptide (VIP)-mediated disinhibition. Block-
ade of NPY Y1 receptors was sufficient to generate spike and wave discharges, whereas blockade of VIP receptors almost completely
abolished this form of epileptiform activity. These data suggest that aberrant, activity-dependent neuropeptide corelease can have
catastrophic effects on neocortical dynamics.
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Introduction
Spike and wave (SpW) discharges manifest on a continuum of
pathologies, increasing in severity from BECTS (benign child-
hood epilepsy with centrotemporal spikes), through to continu-
ous spike and wave discharges during sleep (CSWS). They are
also associated with a range of diagnoses, such as absence epilep-
sies, Lennox–Gastaut syndrome, Landau–Kleffner syndrome,
Rett syndrome, autistic regression and fragile-X mutations
(Kluger et al., 1996; Medeiros et al., 2010; Chhun et al., 2011;
Hughes, 2011). A robust feature of SpW is the concurrent in-
volvement of thalamic and neocortical systems (Steriade et al.,
1985, 1993; Huntsman et al., 1999; Crunelli and Leresche, 2002),

prompting detailed models of dysfunction along this axis, with an
emphasis on aberrant outputs from thalamic nuclei (Destexhe,
1998; Destexhe et al., 1999).

Some studies provide evidence that a neocortical focus may
also underlie SpW discharges. Mouse models with genetically
altered calcium channels suggest that rebound burst firing in
thalamic reticular nucleus is not required for SpW generation
(Lee et al., 2014) and neuroimaging studies show that abnormal
activity in neocortex precedes thalamus (Seneviratne et al., 2014).
The suggestion that neocortex is key to SpW generation is sup-
ported by earlier animal model work demonstrating that SpW
discharges could be generated by disinhibition of the superficial
layers of neocortex alone (Van Duijn et al., 1973): disinhibition at
the cortical surface generates SpW whereas ventriculocisternal
disinhibition does not (Fisher and Prince, 1977). Furthermore,
evidence supports a focal origin of SpW within neocortex despite
SpW discharges being associated with “primary generalized” sei-
zures (van Luijtelaar et al., 2014) and the location of the focus
correlates with the nature of cognitive deficits seen in children
(Bölsterli Heinzle et al., 2014). In general, SpW discharges are
seen within hub-regions forming part of the default mode net-
work (Archer et al., 2014), and metabolic studies show that
changes in neocortical regions involved in the default mode net-
work are not accompanied by metabolic alterations in thalamus
(Ligot et al., 2014).
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In terms of mechanism, selectively boosting GABAB receptor-
mediated inhibition generates SpW (Snead, 1991; Destexhe, 1998).
Genetic models, such as GAERS and Stargazer rodents, suggest a role
for enhanced NMDA receptor function (Lacey et al., 2012) which
correlates with genetic abnormalities in human BECTS patients
(Carvill et al., 2013). In addition, nicotinic receptor agonists reduce
or abolish ongoing SpW generation in a rat genetic models (Danober
et al., 1993) and D-tubocurarine generates SpW de novo when in-
jected intracerebroventricularly (Dajas et al., 1983).

This diversity of systems implicated in SpW generation, both
in terms of anatomy and neuromodulation/transmission, makes
the interpretation of an underlying mechanism for SpW genera-
tion difficult. This is particularly the case when considering ge-
netic animal models in which SpW can dominate but occur at
higher frequencies than typically seen in humans (6 –9 Hz vs
0.5–3 Hz; Sasa et al., 1988; Niedermeyer, 2005; Pearce et al.,
2014), suggesting a potentially different mechanism. Here we use
an isolated neocortex slice preparation, allowing ablation of
thalamocortical dialogue (Crunelli and Hughes, 2010), to show
that rat local neocortical networks are capable of generating slow
(�1 Hz) SpW under selective perturbation of predominantly
superficial-layer interneurons coreleasing VIP and NPY. Fur-
thermore, the spike and wave components of SpW are shown to
be interrelated but generated by different laminar subcircuits.

Materials and Methods
For all data SpW were defined according to the originally described “dart
and dome” waveform structure (Lennox and Davis, 1950; Fig. 1D).

In vitro methods
Electrophysiology. All surgical procedures were performed in accordance
with the regulations of the United Kingdom Animals (Scientific Proce-
dures) Act, 1986. Secondary somatosensory/parietal area coronal slices
(450 �m thick) were prepared from adult male Wistar rats (�200 g).
Slices were maintained at 34°C in a standard interface recording chamber
containing oxygenated ACSF consisting of the following (in mM): 126
NaCl, 3 KCl, 1.25 NaH2PO4, 1 MgSO4, 1.2 CaCl2, 24 NaHCO3, and 10
glucose. Persistent, spontaneous delta oscillations were generated as de-
scribed previously (Carracedo et al., 2013). Further perfusion of the
following antagonists was performed in certain experiments; �Tubocu-
rarine chloride (10 �M, nicotinic acetylcholine and 5-HT3 receptors),
MDL72222 (10 �M, 5-HT3 receptors), BMS193885 (10 �M, NPY recep-
tors), [D-p-Cl-Phe6, Leu17]-VIP (1 �M, VIP receptors). In addition a
range of nicotinic receptor subunit-specific agents was used: MG624
(N, N,N-triethyl-2-[4-(2-phenylethenyl)phenoxy]ethanaminium), �7-
containing nicotinic acetylcholine receptors (nAchR; Gotti et al., 1998);
pancuronium (�7*-containing nAchR; neuromuscular junction-sub-
type; Tsuneki et al., 2003); dihydro-�-erythroidine (�4-containing
nAchR; Williams and Robinson, 1984); ACV1 (conotoxin Vc1.1, �9/10-
containing nAchR; Halai et al., 2009); �-conotoxin Pn1A (�3�2 nAchR;
Luo et al., 1999); �-conotoxin Au1B (�3�4 nAchR; Luo et al., 1998; see
Fig. 4). Drugs were obtained from Santa Cruz Biotechnology, Tocris
Bioscience, or Sigma-Aldrich.

Extracellular field recordings were obtained using micropipettes (2–5
M�) filled with ACSF and were bandpass filtered at 0.1–300 Hz. Intra-
cellular recordings were obtained using micropipettes (50 –150 M�)
filled with 2 M potassium acetate and 2– 4 M biocytin (Santa Cruz Bio-
technology) and were recorded DC �2.5 kHz. Power spectra were de-
rived from Fourier transform analysis of 120 s epochs of data and results
were presented as mean � SEM. Spike detection was performed using
Axograph and based on transient deflections from the mean membrane
voltage. Fast and slow inhibition estimates were calculated by using a
Savitzky–Golay differential filter of membrane potential changes at �30
mV for each SpW event. Filter settings were tuned to separate high-
frequency events (rise time/decay time � 2–30 ms) from lower frequency
events (rise time/decay time 30 –1000 ms). Resulting waveforms were

then integrated below an envelope of local peak positivities for the dura-
tion of each delta/SpW event. Example outputs are shown in Figure 7Aii.

Immunohistochemistry. Upon termination of electrophysiological ex-
periments, slices were immediately fixed in 4% buffered paraformalde-
hyde/15% picric acid solution and stored for at least 48 h at 4°C. Slices
were washed, then resectioned at 40 – 60 �M with a vibratome (VT1000S;
Leica Microsystems). Sections were permeabilized then incubated with
primary antibodies for 5-HT3A (AbCam), NPY (AbCam), and VIP (Mil-
lipore) in a blocking solution overnight. The following day sections were
washed and incubated with secondary antibodies; AlexaFLuor 488 Goat-
anti-Rabbit, AlexaFluor 568 sheep-anti-donkey and AlexaFluor 647
goat-anti-guinea-pig respectively for 2 h. Biocytin filled cells were visu-
alized by using AlexaFluor 405 Streptavidin conjugate (AbCam). Slices
were mounted using VectaShield (Vector Laboratories) and fluorescence
pictures were taken using a Zeiss 780 upright confocal microscope. Once
fluorescence was measured, biocytin-filled cells were revisualized for
light microscopy using the standard DAB peroxidase method (Vector
Laboratories).

In vivo methods
Surgery. Four male Wistar rats (250 –350 g) were implanted with a 22
gauge stainless steel infusion guide (Bilaney) and pairs of stainless steel
electrodes insulated, except at the tip (125 �m, Science Products), glued
alongside the medial and lateral side of the guide in the secondary so-
matosensory ( parietal) cortex (AP �2.0, ML 4.0, DV 5.0 mm, lateral
angle of 25°); an association area known to generate strong delta rhythms
in rodent and human (Ioannides et al., 2009; Carracedo et al., 2013).
Skull screws, for ECoG recordings, were placed above the frontal and
parietal cortex. One rat was implanted with an electrode/guide complex
consisting of an array of six stainless steel electrodes each tip separated by
�400 �m in the horizontal plane. In all cases, a skull screw posterior to
the bregma was used as ground/reference electrode.

Recording. Recordings of freely moving rats were taken from 9:00
A.M.– 4:00 P.M. Local field potentials (LFPs) and ECoGs were recorded
through a JFET preamplifier. The signal was relayed through a commu-
tator (Crist Instruments), filtered at DC �1.2 kHz and digitized at 2.8
kHz (AlphaLab, Alpha-Omega). For infusion, cannulae (28 gauge, Bi-
laney) that extended 2 mm below the tip of the guide were inserted and
left in place for 60 s, followed by infusion of tubocurarine (0.2 or 0.5 �g;
1 �l; 0.5 �l/min) and left in place for a further 60 s. Rats were then
reconnected and LFP/ECoG’s were recorded until cessation of SpW
activity.

Analysis. SpW events were extracted from LFPs by wavemark template
matching with threshold �4 SD from baseline (Spike 2, Cambridge Elec-
tronic Design and MATLAB). Correct identification of SpW was con-
firmed by an experimenter. The summed degree of template-matching
over a 10 s epoch during continuous SpW events was used as an estimate
of SpW intensity in human EEG data and color mapped to generate the
spatial localization figure shown in Figure 1Aii. In rats tubocurarine-
induced SpW could be separated into two stages: an initial stage where
SpW occur almost continuously (frequency close to 2 Hz, CSWS-like
activity; Fig. 1) and a later stage (�30 min postinfusion) where their
occurrence was more sporadic. Rate of SPW events was related to four
behavioral states: (1) active waking (AW) was characterized by explor-
atory behavior, such as rearing and locomotion and was accompanied by
desynchronized frontal ECoG and theta oscillations in the parietal ECoG.
(2) Quiet waking (QW) was characterized by stereotypic behavior, such
as grooming, or inactivity with eyes open, which was accompanied by
slow oscillatory activity in frontal and parietal ECoGs. (3) Slow-wave
sleep (SWS) was characterized by high voltage slow oscillatory activity in
frontal and parietal ECoGs. (4) Rapid eye movement (REM) sleep was
characterized by desynchronized frontal ECoGs and theta in the parietal
ECoG.

Computational model
We simulated a cortical column (without the thalamic portion), based on
a program described by Traub et al. (2005). The present model included
1000 superficial regular spiking (RS) pyramids, 50 superficial fast rhyth-
mic bursting (or chattering) pyramids, 90 superficial basket cells, 90
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superficial axoaxonic interneurons, 90 superficial LTS (low-threshold
spiking) interneurons, 240 spiny stellate cells, 2000 deep tufted IB (in-
trinsic bursting) pyramids, 500 deep nontufted RS pyramids, 100 deep
basket cells, 100 deep axoaxonic cells, 100 deep LTS interneurons; all with
intrinsic properties similar to the previous paper. We did not include

deep tufted RS cells in the present model. In addition, we now added 90
superficial and 100 deep “neurogliaform” interneurons. Neurogliaform
cells were small fast-spiking interneurons with increased soma/dendritic
“A”-type K � conductance, rendering them “delayed-spiking” neurons,
in response to an injected current pulse. In our program, neurogliaform

Figure 1. SpW discharges can be a local neocortical phenomena. A–C, Intense, continuous SpW generation in humans can have features that can be captured by direct cortical application of
tubocurarine in rat. Ai, EEG recording from P3 in a child with BECTS-like seizures (benign epilepsy with centrotemporal spikes) manifesting on sleep–wake transitions. Aii, Expanded portion of the
left trace (asterisk) showing typical continuous spike and wave discharges. Concurrent EEG activity from the contralateral parietal cortex (P3) demonstrates a strong lateralization of the epileptiform
event. Inset shows localization of these events to the right temporoparietal region. Hotter colors represent more intense SpW. Bi, Local infusion of tubocurarine, via cannula into rat superficial
parietal cortex (0.2 �g in 1 �l), generated intense, long-lasting continuous SpW activity. Bii, As with the human EEG recordings, tubocurarine elicited continuous spike and wave discharges with
no contralateral generalization. Ci. Bath application of tubocurarine (10 �M) to isolated parietal cortex slices maintained in vitro also generated intense epileptiform discharges. Cii, Expanded trace
showing superficial layer (L2/3) local field potential recording of continuous SpW discharges. D, The waveform shape of the SpW was highly layer-specific. Left panel shows reversal of both the spike
(‘dart’) and wave (‘dome’) component of the SpW, according to the original nomenclature (Lennox and Davis, 1950), when recording from both superficial (pia–L3) and deep (L5–L6) laminae in
isolated parietal cortex slices. Middle panel shows comparable data from electrode pairs in superficial and deep parietal cortex during slow-wave sleep in vivo. Right panel shows the output from the
computational model in which membrane potential changes in superficial and deep layer pyramidal cells were inverted and averaged to give a field potential estimate. Scale bars Ai–Ci: 10,30,200
�V, 20 s. Aii–Cii: 10,30,200 �V, 1 s. D, left 150 �V, middle 20 �V, right arbitrary, 200 ms.
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cells were the only ones to produce postsynaptic GABAB conductances
(Tamás et al., 2003); they produced GABAA conductances as well. Neu-
rogliaform cells were excited by AMPA/kainate receptors and by NMDA
receptors.

Neurons were interconnected by chemical synapses and gap junctions.
The connectivity of chemical synapses was similar to Traub et al. (2005).
In addition, superficial neurogliaform cells contacted all types of pyra-
midal cells (onto the apical dendrites of deep ones), as well as other
superficial neurogliaform and basket cells. Deep neurogliaform cells
contacted deep tufted pyramids, spiny stellates, and other deep neuro-
gliaform cells, as well as deep basket cells. AMPA receptor-mediated
conductance time courses followed an � function. GABAA conductances
rose abruptly and decayed following a single exponential time course.
NMDA conductances were described by the formalism of Traub et al.
(1994), in which there is a product of a scaling factor, a purely time-
dependent term, and a voltage- and [Mg 2�]-dependent term (Traub et
al. (2005)). GABAB conductances also followed a formalism from Traub
et al. (1994), originally derived from Otis et al. (1993), in which the
conductance is zero for 10 ms, and then is a scaling factor multiplied by a
time-dependent term (t in ms):

[1�exp(�(t�10)/38.1]4 � [10.2 � exp(�(t�10)/122) � 1.1

� exp(�(t�10)/587)].

Neurons were also coupled by gap junctions, which were placed only
between homologous cell types located on the dendrites of interneurons,
and on the axons of principal neurons. Spontaneous activity was driven
by ectopic axonal spikes to superficial pyramidal cells (but not deep
ones), and by tonic depolarizing currents to the basal dendrites of tufted
IB pyramidal cells.

With this basic model, we explored a variety of alterations in synaptic
conductances, especially AMPA, GABAA, and GABAB; and concentrat-
ing on conductances determining recurrent synaptic excitation in super-
ficial layers, as well as synaptic inhibition onto superficial pyramids and
the dendrites of deep pyramids.

Differential equations were integrated with a second order Taylor se-
ries method, with integration step 2 �s. Programs were written in Fortran
and compiled with the mpxlf command for the mpi parallel environ-
ment. Simulations were run on 24 nodes of an IBM 7040-681 AIX parallel
machine. Simulation of 3 s of neural activity took �31 h. Source code is
available from R.D.T. (rtraub@us.ibm.com).

Results
SpW events are generated in neocortex in a localized, lamina-
specific manner
The long-standing, strong association between SpW and sleep
(Angeleri et al., 1968) led us to consider a typical case of CSWS as
a reference for validating the in vivo and in vitro models to be used
in this study. We present data from a child (age 10) presenting
from age 6 with early morning (�5:00 A.M.) seizures manifesting
as gulping, facial weakness, and �5 min of slurred speech on
waking. Protracted, continuous SpW discharges were observed
associated with these mild motor symptoms (frequency 0.7 � 0.1
Hz) for �10 min with amplitude peaking over left parietal cortex
(Fig. 1A, electrode P3). Contralateral parietal electrode record-
ings, while showing pathological waveforms, did not exhibit
overt SpW activity, indicating lateralization of the discharges. We
attempted to model this type of epileptiform activity in a non-
anesthetized rat in vivo model by local injection of 0.2– 0.5 �g
D-tubocurarine. Acute dTC application generated a rapidly de-
veloping continuous SpW discharge with remarkable similarity
to the patient recordings. Depth electrodes in the superficial lay-
ers of the injected parietal cortex showed SpW occurrence lasting
�10 min with a frequency of 0.9 � 0.3 Hz (n � 4). Contralateral
depth electrodes in the uninjected parietal cortex showed no
overt pathology (Fig. 1B).

To investigate the localization of SpW further we bath applied
dTC (20 �M) while recording from layer 1 of parietal cortex in rat
slices on a baseline delta rhythm (see Materials and Methods). As
with the patient and in vivo experiments, a rapidly developing
period of continuous SpW was seen with a frequency of 0.5 � 0.2
Hz (Fig. 1C). Unlike the in vivo model, this CSWS-like activity
developed over �1 min into repetitive polyspike and wave activ-
ity (data not shown). Local field potential recordings from differ-
ent layers in parietal cortex showed a reversal of the spike
component of each SpW from negative-going in layers 1–3 to
positive-going in layer 5. In contrast, the wave component of the
SpW reversed from positive-going in layer 1 to negative going in
layers 5– 6. Comparison of depth electrode data in vivo revealed a
similar reversal of the spike and the wave components when com-
paring data from superficial and deep parietal laminae. In addi-
tion, model field potentials from the computational model
(summed membrane potentials from neuronal subtypes in su-
perficial and deep “layers”) also showed a reversal of the wave
component and a domination of the spike component in super-
ficial layers (Fig. 1D). These data suggested a differential origin of
the spike and the wave component of the SpW, with the wave
originating in deep layers and the spike arising from superficial
layers, if both are assumed to be mediated by excitatory synaptic
events. This was investigated further.

The spike component of SpW was accompanied by burst
discharge generation in superficial pyramidal cells
Intracellular recordings from layer 5 IB neurons and layer 2/3
RS neurons further supported the suggestion from local field
potential data that SpW discharges had distinct components
originating from different parietal cortical laminae. The in vitro
experimental model was critically dependent on the pre-
existence of a delta (ca 1–3 Hz) rhythm (Carracedo et al., 2013).
In these control conditions, IB neurons generated repetitive burst
discharges phase-locked to the field delta rhythm. Bath applica-
tion of 10 �M dTC (NB, half the concentration required to gen-
erate the intense CSWS-like discharges shown in Fig. 1)
transformed this delta rhythm into spontaneous SpW with a fre-
quency of 8 � 3 min�1). During SpW in these conditions IB
neurons continued to generate burst discharges but with signifi-
cantly longer durations (266 � 31 vs 394 � 56 ms, p 	 0.05, n �
100 events/delta periods from N � 5 slices; Fig. 2A). During
control delta rhythm, superficial RS neurons generated only zero
to two action potentials per delta period. When multiple action
potentials were seen they were always separated by �1 theta pe-
riod (Carracedo et al., 2013). In contrast, during SpW, superficial
RS neurons generated a single, intense burst of action potentials
phase-locked to the onset of the spike component of the SpW.
Action potentials numbers per event (one delta period vs one
SpW) were 1.2 � 0.3 versus 3.8 � 0.2 and interaction potential
intervals were 195 � 20 versus 8 � 1 ms (p 	 0.05 and p 	 0.005,
respectively).

This overt transformation from single action potential gener-
ation to burst discharges in superficial layer RS neurons was re-
produced by the computational model with decreased superficial
synaptic inhibition and enhanced fast synaptic excitation (Fig.
2B). These data suggested that the local field potential spike com-
ponent of each SpW was mediated by the generation of burst
discharges in superficial pyramidal cells. This was reinforced by
direct correlation of burst action potential generation with field
potential spike amplitude (Fig. 2C). Larger spikes in the SpW
discharge were accompanied by a greater number of action po-
tentials within the superficial RS neuron burst. The intensity of
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Figure 2. The spike and the wave component of SpW discharges originate in superficial and deep cortical layers respectively. Ai, Control delta rhythms are accompanied by bursting in layer 5
intrinsic bursting neurons (L5 IB) but only single or double spikes per period in superficial layer pyramids (L2 RS). Both example intracellular recordings were taken from resting membrane potential
(IB �76 mV, RS �65 mV) and the field was taken from layer 1. Aii, Spontaneous spike and wave discharges induced by bath application of tubocurarine were accompanied by longer duration, more
intense L5 IB neuron bursts and a switch from single spike generation to brief, intense bursts in L2 RS neurons. Bi, Bii, Reduced superficial layer fast inhibition and enhanced recurrent AMPA
receptor-mediated excitation in a columnar computational model of delta rhythms (Carracedo et al., 2013) transformed delta rhythms to repetitive spike and wave discharges. Model L5 IB neurons
generated longer, more intense burst discharges, and superficial layer RS neurons switched to burst generation in agreement with experiment. Ci, Top graph shows layer 2/3 RS neuron peak EPSP
amplitudes (taken from membrane potential of �80 mV) plotted against layer 1 LFP spike amplitude (peak–trough) for 65 spontaneous SpW events from n � 7 slices. Bottom graph shows number
of action potentials in layer 2/3 RS neuron bursts (recorded from resting membrane potential) plotted against LFP spike amplitude as per upper graph for 70 spontaneous SpW events from n � 7
slices. Cii, Four LFP/EPSP paired recording examples (LFP above, EPSPs below) from the dataset plotted in Ci (top graph). D, Examples of types of SpW obtained from the computational model. Top
traces show model field potentials. Bottom traces show superficial layer RS neuron AMPA receptor-mediated excitatory input. Four situations were modeled. Working down from upper trace pairs:
superficial RS neurons receive excitatory input from both L5 IB neurons and other superficial RS cells (all); superficial RS neurons receive excitatory input from other superficial RS neurons only
(L2/3–L2/3); superficial layer excitatory input form L5 only (L5–L2/3); no AMPA-mediated excitation to superficial RS neurons. Note the large, sharp EPSPs originated from superficial layer recurrent
connections and the long, slow compound EPSP derived from ascending excitation form L5. Scale bars: A, B, 0.3 mV (field), 20 mV (intracellular recordings and model examples), 0.3 s; Cii, D, 0.1 mV
(field), 10 mV (EPSPs).
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the action potential burst was, in turn, strongly linearly correlated
with the peak amplitude of the compound EPSP these neurons
received during SpW (r 2 � 0.85, p 	 0.05; Fig. 2Ci). We used the
computational model to predict the origin of the EPSPs underly-
ing superficial RS neuron bursts by selectively removing superfi-

cial layer recurrent connectivity between
RS neurons, ascending excitation from
layer 5 IB neurons, or both (Fig. 2D).
These simulations showed that the tem-
porally discrete, large EPSP associated
with the spike in SpW came almost exclu-
sively from excitatory connections be-
tween RS neurons within the superficial
cortical layers.

The occurrence of SpW was associated
with a pre-existing delta rhythm
The data from layer-specific field poten-
tial and intracellular recordings both sug-
gested that SpW were essentially deranged
delta periods. The wave component cor-
responded to the same (albeit more in-
tense) rhythmic burst discharges in layer 5
IB neurons and the computational model
predicted that selective enhancement of
fast excitation and reduction in fast inhi-
bition in superficial layers gave rise to the
spike (see above). If this was the case then
the incidence of SpW should be correlated
with the amount of background delta ac-
tivity in parietal cortex. We first tested this
in behaving rats in vivo. Using skull screw
EEG recordings over parietal cortex we
quantified the amount of delta activity,
and other spectral content, and related
this to the incidence of SpW recorded us-
ing depth electrodes (Fig. 3Ai). Further
correlation with observed behavioral state
allowed an estimate of arousal in each an-
imal. These data showed a significant,
near-doubling of the incidence of SpW
when comparing high-delta power states
(QW, SWS; Fig. 3Aii) with low delta
power states (REM and AW, p 	 0.05,
n � 5).

These data showed at least a partial de-
pendence on delta rhythms for generation
of SpW. However, delta power is never
completely absent in vivo in cortex and
indeed plays an important role in sensory
processing in the awake state (Schroeder
and Lakatos, 2009). We therefore turned
to the in vitro model, where spectral con-
tent can be controlled experimentally
with more precision than reliance on be-
havioral state. In this series of experiments
bath application of 10 �M dTC to parietal
cortical slices generating the type of neo-
cortical delta rhythms used in the present
model (generated through low cholin-
ergic/zero dopaminergic neuromodula-
tion levels as in Carracedo et al., 2013)
reliably induced spontaneous SpW with

mean incidence of 5.5 � 1.2 min�1 (n � 7; Fig. 3B). In complete
contrast, when dTC, at this concentration, was applied to control
(inactive) slices no SpW were see (data not shown). In addition,
even when activity was present, but not at delta frequencies, no
SpW were seen: following induction of gamma/� rhythms with

Figure 3. SpW occur only in the presence of strong delta rhythms. A, Correlation between SpW incidence and behavioral state
in rat in vivo recordings 30 min following tubocuraine injection. Ai, Top graph shows single example of SpW counts from a
superficial Par2 in a rat showing incidence change from SWS to AW and back to SWS over ca 17 min. Bottom spectrogram shows
corresponding contralateral EEG frequency content over contralateral parietal cortex. Note the transition from delta to theta and
higher frequencies was accompanied by a marked reduction in SpW incidence. Aii, Pooled data from five rats plotting mean SpW
incidence against mean delta power for four behavioral states. B, SpW incidence also correlated with delta power in vitro. Bi,
Spectrograms from 1.5 min of data from a single experiment showing frequency content from 0 to 50 Hz for recording from layer
5 of parietal cortex slices without [con (delta)] and with bath application of tubocurarine (�dTC). Note the occurrence of SpW
discharges is accompanied by transient elevations in power above the delta band. Example traces show 10 s of LFP activity in both
conditions. Bii, Spectrograms from 1.5 min of data from a single experiment showing frequency content from 0 to 50 Hz for
recording from layer 5 of parietal cortex slices in the presence of kainate (400 nM) to induce persistent gamma/� rhythms, without
delta activity. Data are shown without [con (gamma/�)] and with bath application of tubocurarine (�dTC). Note the complete
absence of SpW discharges in either condition. Example traces show 10 s of LFP activity in both conditions. Scale bars: 1 mV, 2 s.
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bath application of kainate (400 nM) SpW rates were zero in all of
the slices tested (n � 5; Fig. 3C). In this condition even electrical
stimulation (40 V, 50 �s delivered through bipolar electrodes to
superficial neocortex) failed to generate SpW (data not shown).

Generation of SpW depended on selective antagonism of
nAchRs and/or 5-HT3receptors
The most overt change in local neocortical neuronal behavior
observed on generation of SpW was the intense hyperexcitability
of superficial layer RS neurons (see above). The computational
model predicted that this could be a consequence of reduced
GABAA receptor-mediated inhibition in superficial layers and
enhanced superficial layer recurrent excitation. As superficial
neocortical layers obtain most of their inhibition through a sub-
set of interneurons derived from the caudal ganglionic emi-
nence (Lee et al., 2010; Vucurovic et al., 2010) we used at least
partially selective pharmacological tools to manipulate their sen-
sitivity to excitation through 5-HT3 and nAch receptors (Fig. 4).
D-tubocurarine itself has antagonist actions at both of these re-
ceptor subtypes (Yan et al., 2006) so its ability to generate SpW
was used as a reference for other, more selective agents. Bath
application of MG624 or ACV1 (blockade of �7- or �9/10-
containing nicotinic receptors generated SpWs with incidence
not significantly different from dTC (p � 0.1, n � 5). In contrast,
bath application of pancuronium or dihydro-b-erythroidine
(blockade of neuromuscular junction-type or �4-containing nic-
otinic receptors) had almost no SpW-inducing effect when ad-
ministered alone. Addition of the conotoxin Pn1A did generate
SpW, but with a lower incidence than dTC, whereas the cono-
toxin Au1B had significantly less effect (p 	 0.05, n � 5; see
Discussion). As nAchRs are expressed in some principal cells, in

deep as well as superficial layers, and are found presynaptically,
we next tried blocking only 5-HT3 receptors as these are found
only on interneurons predominantly in layers 1–3 in neocortex.
Addition of the 5-HT3 receptor antagonist MDL72222 alone gen-
erated SpW with an incidence of �50% of that seen with dTC.
From this, the main candidates for reduced superficial cortical
layer inhibition predicted to underlie SpW appeared to be those
excited by both 5-HT3Rs and nAchRs.

VIP- and NPY-containing superficial layer interneurons were
differentially affected by SpW generation
To investigate further the role of superficial parietal cortical in-
terneurons we recorded from two electrophysiologically distinct
interneuron subtypes during control delta rhythms and SpW.
Fast adapting interneurons (FA) had a mean membrane potential
during delta rhythms of �79 � 3 mV (n � 15), and fired intense
bursts of action potentials on current injection that were rapidly
truncated. These cells also possessed a large, very slow, late afte-
rhyperpolarization (AHP; Fig. 5A). In contrast, slow adapting
interneurons (SA) had a more depolarized mean membrane po-
tential during control delta rhythms (�69 � 2 mV, n � 12), fired
action potentials with slower postspike AHP than the FA cell
subtype but with a much reduced late AHP (Fig. 5B). In addition,
SA neurons, but not FA neurons, had overt afterdepolarizations,
which often resulted in paired action potential generation. Biocytin
reconstructions showed a mainly stellate-like dendritic arbour for
FA neurons whereas SA neurons were more bipolar, with main den-
dritic branches arranged radially across the entire layer 2/3.

Immunocytochemical characterization of FA neurons re-
vealed them to be weakly immunopositive for 5-HT3 receptors
but strongly immunopositive for VIP. No signal was seen when
using NPY-specific antibodies (Fig. 5C). In contrast, SA neurons
were strongly immunopositive for 5-HT3 receptors and had the
opposite peptidergic profile: being immunopositive for NPY but
not VIP (Fig. 5D).

This contrasting peptidergic profile was mirrored by a con-
trasting level of recruitment in control delta rhythms (Fig. 6).
VIP-immunopositive FA neurons were completely silent during
delta. No action potentials were observed at all during �1 h of
recordings from n � 15 neurons (Fig. 6B). This was seen despite
these cells receiving clear, compound EPSPs on each delta period
(peak EPSP amplitude at �70 mV was 1.8 � 0.1 mV). NPY-
immunopositive SA neurons were strongly recruited into the
control delta rhythm, generating bursts of action potentials on
each delta period with a mean interspike interval of 32 � 2 ms;
Fig. 6C). The contrasting levels of recruitment of FA and SA
neurons appeared to be related to both their different mean
membrane potentials during delta rhythms (see above), and the
relatively small size of their EPSP inputs: SA mean peak EPSP
amplitude was 5.7 � 0.1 mV (p 	 0.05, compared with those
observed in FA neurons).

Further differences between these two interneuron subtypes
were observed on transition to SpW. FA neurons, previously
completely quiescent during control delta, generated 1–2 action
potentials aligned to the spike in SpW. This output was associated
with receipt of near tenfold larger EPSPs during SpW (17.2 � 0.8
mV, p 	 0.05 compared with delta-related EPSPs) and also a
strong, tonic depolarization (see below). In contrast, SA neuron
outputs decreased significantly on transition from delta to SpW.
Action potential generation on each delta period was reduced to
only a brief period of action potential generation seen aligned to
the spike in SpW (mean action potential number 2.2 � 0.3 mV,
p 	 0.05). This decrease in output from this interneuron subtype

Figure 4. Pharmacological generation of SpW suggests specific nicotinic and serotoninergic
receptor subtypes. Graph shows mean (n � 5–7) incidence of SpW from a delta rhythm base-
line in various pharmacological conditions normalized to the mean incidence generated by
tubocurarine (dTC). Selective antagonism of subtypes of nicotinic and serotoninergic receptors
was attempted by bath application of the following drugs: MG624, pancuronium, dihydro-�-
erythroidine, ACV1 (dark gray bars) to select for different �-subunits; �-conotoxin Pn1A,
�-conotoxin Au1B (light gray bars) to examine the effects of different � subunits); MDL72222
(white bar) to compare with 5-HT3 serotoninergic receptor blockade alone. All drugs were
added at a concentration of 10 �M. Note the profile of nicotinic receptor subunit effects corre-
sponds to those reported to be present on 5-HT3-immunopositive interneurons in neocortex
(Lee et al., 2010).
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was accompanied by a modest but significant increase in mean
peak EPSP amplitude (6.7 � 0.3 mV vs 5.7 � 0.1 mV, p 	 0.05)
but a large, tonic hyperpolarization. These contrasting changes in
action potential outputs and tonic membrane potential changes
in FA and SA neurons were investigated further.

SpW generation required NPY-containing interneuron
quiescence-associated disinhibition of VIP-containing
interneurons
The transition from control delta rhythms to SpW with bath
application of dTC was preceded by overt, tonic hyperpolariza-

tion of NPY-immunopositive SA neu-
rons. Hyperpolarization began 2 min after
dTC application with a significant hyper-
polarization observed and maintained 6
min after the application of dTC (p 	
0.05). Mean peak resting membrane po-
tential change was �21 � 4%, n � 4, p 	
0.05. The opposite effect was seen in VIP-
immunopositive FA neurons. With a
delay of 6 min following SA neuron hy-
perpolarization onset and a significant de-
polarization observed and maintained
from 12 min (p 	 0.05), FA neurons de-
polarized by a steady-state maximum of
�21 � 6%, n � 5, p 	 0.05. At times of 6
and 8 min following application of dTC a
significant difference was seen between
the membrane potential change in VIP-
immunopositive interneurons and NPY-
immunopositive interneurons (Fig. 7Ai).
Although no significant change from pre-
dTC application times was seen in VIP-
immunopositive neurons (p � 0.05), a
significant hyperpolarization of NPY-
immunopositive neurons was seen (p 	
0.05). This delay between the two mem-
brane potential changes suggested a link
between the NPY-immunopositive SA
neuron effect and the VIP-immunopositive
FA neuron effect. The reduction in NPY-
immunopositive SA cell outputs and de
novo generation of VIP-immunopositive
FA neuron outputs on SpW generation
was associated with an overt change in the
profile of fast and slow inhibition in su-
perficial layer RS neurons. Integrating fast
and slow inhibitory components (separated
by differential filtering of membrane poten-
tial at �30 mV) and comparing between
control delta periods and SpW events re-
vealed a 71 � 14% reduction in fast inhibi-
tion and a 232 � 57% increase in slow
inhibition (n � 54 events, p 	 0.05; Fig.
7Aii,Aiii). Interestingly the overall inte-
gral of inhibition was greater during ep-
ileptiform SpW when compared with
control delta periods in superficial RS
neurons (see Discussion).

To try to quantify the roles played by
each of the two peptides NPY and VIP, we
compared the incidence of SpW in the
dTC model alone, and in the presence of
antagonists for NPY receptors and VIP re-

ceptors. Blockade of NPY Y1 receptors with BMS193885 applica-
tion before the application of dTC generated a different profile of
SpW to dTC alone. A rapid development of SpW was seen over
the first �20 min of dTC application (Fig. 7Bi) before stabilizing.
In contrast, the dTC alone-induced SpW incidence did not peak
until 40 min after drug addition. Peak mean SpW incidence with
combined dTC and NPY1 receptor blockade was actually greater
than with the dTC model, but pooled values were not signifi-
cantly different at a time point of 45 min (dTC 10.5 � 5.0 min�1

vs dTC � BMS 16.1 � 1.9 min�1, n � 5, p 	 0.05; Fig. 7Bii). No

Figure 5. Interneuron subtypes involved are immunopositive for NPY or VIP. A, Example of response to step current injection
(0.5 nA, 0.2 s) for a FA interneuron in layer 2 of parietal cortex. Inset shows biocytin reconstruction. B, Example of response to step
current injection (0.2 nA, 0.2 s) for a SA interneuron in layer 2 of parietal cortex. Inset shows biocytin reconstruction. C, Immuno-
cytochemical characterization of an FA neuron from layer 2 parietal cortex demonstrating the electrophysiological properties
during delta and SpW shown in Figure 6B. Confirmation of cell recorded from was performed with biocytin fill and post hoc
fluorescent streptavidin antibody visualization. Antibodies to 5-HT3A receptors showed weak immunopositivity, whereas NPY and
VIP immunofluorescence were negative and strongly positive respectively. D, Immunocytochemical characterization of an SA
neuron from layer 2 parietal cortex demonstrating the electrophysiological properties during delta and SpW shown in Figure 6C.
Confirmation of cell recorded from was performed with biocytin fill and post hoc fluorescent streptavidin antibody visualization.
Antibodies to 5-HT3A receptors showed strong immunopositivity, whereas NPY and VIP immunofluorescence were strongly posi-
tive and negative respectively. Scale bars: A, B, 20 mV, 50 ms; C, D, 20 �m.
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change in the maximal mean amplitude of local field potential
SpW measures was seen between these two conditions (Fig.
7Biii).

In contrast, application of the VIP receptor antagonist [D-p-
Cl-Phe6, Leu17]-VIP before the application of dTC caused a dra-
matic retardation in the development of SpW activity. Attempts
to generate SpW with dTC application in the presence of VIP
receptor antagonism produced a significantly lower incidence of
SpW compared with dTC alone at the 45 min time point (dTC
alone 10.5 � 5.0 min�1 vs dTC � VIP antagonism 2.6 � 0.5
min�1, n � 5, p 	 0.05). In addition, the few SpW discharges that
were observed were smaller in terms of local field potential peak
amplitudes (dTC 0.39 � 0.08 mV vs dTC � VIP antagonism
0.04 � 0.01 mV, p 	 0.05; Fig. 7Biii). The application of the VIP
receptor antagonist alone produced no SpW events at all (n � 7).

dTC affects a number of different synaptic and intrinsic con-
ductances in neurons (see Discussion) so to further investigate
the role played by these two peptidergic systems in SpW genera-
tion we applied an NPY receptor antagonist alone or jointly with
a VIP receptor agonist directly to control, delta rhythm-
generating slices in the absence of dTC. In VIP-immunopositive

neurons addition of 10 �M BMS193885 caused a depolarization
of 17 � 2% from control mean membrane potential; a value not
significantly different from that seen when NPY-immunopositive SA
neuron output was reduced by dTC (p 	 0.05, n � 5; Fig. 7Ai).
This direct blockade of Y1 receptor responses, and the concurrent
increase in VIP-immunopositive neuron activity produced SpW
events of significantly smaller peak-to-peak magnitude but
higher incidence than the dTC model (Fig. 7C; dTC alone vs
BMS193885 alone p 	 0.05, n � 5). Enhancing the effects of any
increased released VIP in the tissue in these conditions was at-
tempted by bath coapplication of the VIP peptide itself. This also
caused the generation of significantly smaller SpW events but also
a much larger (near fivefold) increase in incidence (dTC alone vs
BMS193885 plus VIP, p 	 0.05, n � 5).

Discussion
The present data demonstrate that both sporadic and continuous
slow SpW discharges, a feature of many epilepsy syndromes, can
be generated by local circuitry within neocortex in the absence of
thalamic involvement. This manifestation of SpW appeared to be
dependent on the pre-existence of ongoing delta rhythms and,
for the most part, represented a pathological deviation from pre-
existing network interactions: First, the wave, or “dome” compo-
nent of the SpW was seen as a larger, more intense period of the
delta rhythm in the sense that it too was characterized by a pro-
tracted, repetitive burst of output, riding on a large, long EPSP in
layer 5 IB neurons. It should be noted that larger, slower delta
rhythms alone are a feature of some epilepsies (Tao et al., 2011).
Second, the spike, or “dart” component of the SpW was associ-
ated with a switch from sparse single spiking in layer 2/3 RS
principal cells to intense, brief burst discharges. In control, delta
rhythm conditions the activity patterns in infra- and supragranu-
lar layers were tightly linked via a weak but significant ascending
excitatory pathway from layer 5 to layers 2/3 and a strong recip-
rocal descending pathway (Lefort et al., 2009; Carracedo et al.,
2013). However, in the computational model used here the origin
of these intense bursts on each SpW was predicted to be mediated
also by recurrent excitation within layers 2/3 (see below).

The essential nature of a pre-existing delta rhythm for these
type of epileptiform events was demonstrated in Figure 3, but is
also evident from patient studies and other, previous animal
models. Discrete syndromes involving intense, continuous SpW
precipitated by sleep/wake transitions are a feature of some epi-
lepsy pathologies (Yasuhara et al., 1991). A correlation between
these epileptiform discharges and delta rhythms has also been
reported for decreased GABAA receptor function-mediated sei-
zures in animals with altered nicotinic receptor composition
(Klaassen et al., 2006). In vitro experiments revealed this relation-
ship to be absolute: absence of delta rhythms excluded the model
presented here from generating SpW. However, the situation was
much less clear-cut (though statistically significant) in vivo. This
may represent the near-continuous expression of delta rhythms
regardless of behavioral state: Delta rhythms are a key mechanism
involved in some forms of cognition in the awake state (Schroe-
der and Lakatos, 2009). In addition, human genetic studies have
shown that SpW-type epilepsies are associated with enhanced
NMDA receptor function genetically (Lemke et al., 2013) and the
typical age of presentation for severe SpW-related epilepsies
(�3–9 years) correlates with a developmental period where both
delta rhythms and NMDA receptor function are elevated with
respect to adulthood. NMDA receptor function is vital for delta
rhythm generation (Carracedo et al., 2013).

Figure 6. VIP- and NPY-immunopositive superficial neocortical interneuron outputs are dif-
ferentially affected during SpW generation. Recordings from two subtypes of superficial layer
neurons resembling those previously shown to be 5-HT3-immunopositive (Lee et al., 2010)
revealed opposing changes in outputs associated with SpW generation. A, Example field poten-
tials from layer 5 parietal cortex during control delta rhythms and SpW discharges. B, Left,
Example behavior of an FA neuron during control delta activity at resting membrane potential
(rmp ��72 mV) and at �80 mV (lower trace). Note the complete absence of action potential
generation despite delta frequency compound EPSP inputs. Right, Example behavior of the
same neuron during SpW generation. The spike component of the field SpW was accompanied
by action potential generation in the FA neuron at rmp (�54 mV; Fig. 7A) and a significantly
increased EPSP input when recorded at �80 mV (bottom trace; see Results). C, Left, Example
behavior of an SA neuron during control delta activity at resting membrane potential (rmp �
�60 mV) and at �80 mV (bottom trace). Note the vigorous, delta locked action potential burst
generation despite receipt of only weak, delta frequency compound EPSP inputs. Right, Exam-
ple behavior of the same neuron during SpW generation. The SA neuron generated only 1–2
action potentials at the peak of the spike component of the field SpW, and at no other time at
rmp (�74 mV; Fig. 7A) despite a modestly increased EPSP input when recorded at �80 mV
(bottom trace). Scale bars: A, 0.25 mV, 400 ms; B, C, 20 mV, 400 ms.
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Care has to be taken in interpreting the
present data with respect to other animal
models however. The majority of genetic
models generate fast SpW (5–9 Hz; Sasa
and Yamada, 1988; Marescaux et al., 1992;
Strohl et al., 2007; Pearce and Scharfman,
2014) which may be thalamocortical in
origin; being considered as deranged
spindle-like activity (Kostopoulos, 2000).
This may also in part explain the lack of
overall correlation between these fast
SpW and slow-wave sleep: fast events in
rat are associated with arousal predomi-
nantly, though reports of increased inci-
dence on stimulation of sleep-promoting
areas appears to counter this (Suntsova et
al., 2009). Fast SpW are also seen in pa-
tients and, again, are not necessarily asso-
ciated with sleep. However, this type of
epileptiform discharge is rather rare
(0.5–1% of patients presenting with SpW;
Hughes, 1980). In general, the majority of
patients exhibiting SpW demonstrate
slower frequencies ranging from �3 Hz
down to sub 1 Hz levels, and even isolated
single SpW as a form of interictal-like dis-
charge (Niedermeyer, 2005).

The most overt finding of the present
study in terms of this model of slow SpW-
related pathology was the transition from
sparse single spikes to intense bursting in
superficial layer RS neurons. The compu-
tational model predicted a dual cause for
this change in behavior: a failure of
GABAA receptor-mediated inhibition and
an elevation of recurrent excitation in su-
perficial layers. The reduced inhibition
appeared to be primarily related to de-
creased output from 5-HT3 and NPY-
immunopositive interneurons in the
present study. However, another subtype
of interneuron, immunopositive for VIP,
was found to have an increased output.
These two interneuron subtypes appear
very similar to caudal ganglionic emi-
nence (CGE)-derived interneurons re-
ported previously. Lee et al. (2010)
provide a detailed and elegant description
of 5-HT3-immunopositive superficial
neocortical interneurons. The fast adapt-
ing and slow adapting cells recorded here
have electrophysiological and cytoarchi-
tectonic properties almost identical to the
“FAD” and “bNA” subtypes, respectively
(Lee et al., 2010). In general, CGE-derived
interneurons have been implicated in ep-
ilepsy previously (Kusuzawa et al., 2012).
In particular, genetic manipulation of
CGE-derived interneuron development
that reduces CGE interneurons in favor of
MGE-derived interneurons results in a re-
sistance to some epileptogenic stimuli
(Lodato et al., 2011).

Figure 7. Both reduced NPY-mediated inhibition and enhanced VIP-mediated inhibition are required for SpW generation. Ai,
Mean (�SEM) resting membrane potential changes preceeding SpW generation following bath application of tubocurarine
(time � 0). Tonic hyperpolarization of NPY-immunopositive, SA neurons (blue line; n � 5) preceded tonic depolarization of
VIP-immunopositive, FA interneurons (black line; n�5). To assess the role of reduced NPY release in the FA depolarization the NPY
receptor antagonist BMS193885 alone (in the absence of tubocurarine) was bath applied to control delta rhythms while recording
from FA neurons. Black bar shown mean (�SEM, n � 5) depolarization caused thereby. Aii, Example traces showing the change
from predominantly fast to slow inhibition accompanying sharp wave generation. Top two traces show a single control delta period
(Top � field) and corresponding IPSP profile (L2/3 regular spiking (RS) cell, �30 mV). Middle two traces show an example of the
output from the filtering process used to derive estimates of fast decaying (red) and slow decaying (blue) inhibition from
the intracellular recordings. Botom two traces show a single spontaneous SpW discharge (top � field) and corresponding IPSP
profile from the same cell. Aiii, Mean (n � 16 events) change in contribution of fast decaying and slow decaying inhibition to the
compound IPSP comparing control delta to SpW. Bi, Mean incidence in events (n�5–7) for the first 16 min following tubocurarine
bath administration alone (black line) or with coadministered NPY receptor antagonism (BMS193885; blue line), or with VIP
receptor antagonism ([D-p-Cl-Phe6, Leu17]-VIP; red line). Bii, Biii, Mean characteristics of SpW incidence and maximal field
potential amplitude in the first hour following tubocurarine (black bars) or tubocurarine and the above NPY or VIP receptor
antagonists. Note VIP antagonism significantly attenuated both incidence and amplitude of SpW discharges, *p 	 0.05. Ci,
Example traces showing typical SpW types generated by dTC alone, BMS193885 alone or BMS193885 plus VIP. Scale bars 50 �V,
1 s. Cii, Ciii, Quantification of the effects of NPY antagonism alone or in the presence of VIP with dTC-induced SpW activity.
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The pharmacological profile of slow SpW-induction tested
here strongly suggested a role of antagonism of nAchR and 5-HT3

receptors (Fig. 4). The location and immunocytochemical profile
of the two interneuron subtypes linked to SpW here indicate
neurons that receive both serotoninergic and nicotinergic exci-
tation (Porter et al., 1999; Férézou et al., 2002), suggesting that
the pharmacological models of SpW were selectively targeting
these cells. The connection to nicotinic receptors links these cells
to a great deal of prior work on specific epilepsy syndromes
(Fonck et al., 2005), and a less well precedented link between
SpW epilepsies and serotonin neuromodulation (Ohno et al.,
2010). However, the seemingly differential role of the two in-
terneuron subtypes studies does not begin to make sense unless
their different peptidergic components are taken into account.

In the model used here the generation of SpW appeared to be
most closely correlated with loss of NPY-immunopositive in-
terneuron function. This could occur via hyperpolarization
secondary to loss of nAchR- and 5-HT3-mediated excitation
through tubocurarine application (Figs. 4, 7). However, tubocu-
rarine acts on many neuron-wide excitatory control mechanisms
such as calcium-activated potassium channels (Smart, 1987). To
control for this we showed that SpW could also occur directly
through blockade of Y1 receptors alone (Fig. 7). NPY-mediated
neuromodulation is closely related to epileptiform activity: NPY
expression levels are disrupted in SpW-generating epilepsy mod-
els (Chafetz et al., 1995); Acute NPY level enhancement sup-
presses absence seizures (Morris et al., 2007); valproate, a first
choice treatment for SpW-related epilepsies increases NPY levels
in the brain (Brill et al., 2006; Elms et al., 2013). In physiological
conditions NPY serves a dual purpose in neocortex in that it both
boosts GABAA receptor-mediated postsynaptic responses and re-
duces fast synaptic excitation (Bacci et al., 2002). In other words,
merely reducing NPY levels as seen here, may provide each of
the conditions predicted by the computational model as es-
sential for SpW generation. However, the relationship between
NPY-immunopositive interneurons and VIP-immunopositive
interneurons provides a pathway for additional pathology.

VIP-immunopositive interneurons are preferentially active
during sensory input (Lee et al., 2013), perhaps explaining why
they were completely silent during control delta rhythms in the
cortex-only preparation used here. However, when active they
have been shown to be strongly disinhibitory in that they mainly
act by reducing output from other dendrite-targeting interneu-
rons (Pi et al., 2013). VIP levels are elevated in various forms of
human epilepsy (Ko et al., 1991; de Lanerolle et al., 1995) suggesting
a potentially causal role given that manipulation of interneuronal
development in favor of parvalbumin-immunopositive neurons at
the expense of VIP-immunopositive neurons imparts seizure-
resistance (Lodato et al., 2011). Interestingly, VIP levels are dif-
ferentially modulated by seizures compared with NPY levels and
are closely related to nAchR neuromodulation (Ko et al., 1991;
Marksteiner et al., 1989).

The large-scale consequence of transition from delta rhythms
to SpW was not per se a loss of inhibition, rather a change in the
balance from dominant fast inhibition to dominant slow inhibi-
tion (Fig. 7). It is not yet known whether VIP-immunopositive
neurons provide a specific source of GABAB-receptor mediated
inhibition in neocortex. Although they have been shown to gen-
erate slow inhibition in terms of postsynaptic kinetics (Tamás et
al., 2003), only a small proportion of VIP-immunopositive in-
terneurons are associated with the classical source of slow inhibi-
tion; the GABAB receptor (McDonald et al., 2004). However, a
strong interrelationship between VIP postsynaptic effects and

GABAB receptor function has been noted. In general, however,
levels of slow inhibition are critical for the control of superficial
neocortical function (Oláh et al., 2007; Craig and McBain, 2014).
It is interesting to note the observed role for slow inhibition in
SpW generation seen here appears to parallel that proposed for
the thalamic SpW generator (Destexhe, 1998). Thus, in vivo a
synergy may occur between pathological manifestation of
GABAB versus GABAA receptor-mediated inhibition in thalamus
and neocortex as these two areas are strongly coupled during
normal slow brain rhythms (Crunelli and Hughes, 2010).

In summary the present findings demonstrate a pivotal role
for NPY-immunopositive interneurons in modulating cortical
excitability. A failure to generate sufficient output from this neu-
ron subclass has multiple knock-on effects, all acting together to
generate SpW. The data suggest that reduced GABAA receptor-
mediated synaptic inhibition from NPY-immunopositive in-
terneurons onto principal cells directly increases superficial layer
excitability. This appeared to be generated by a reduced release of
NPY, thus ablating the normal potentiation of synaptic inhibi-
tion and attenuation of synaptic excitation mediated by this neu-
ropeptide. Finally, a loss of tonic, NPY-mediated inhibition of
VIP-immunopositive neurons activates this neuron subclass.
The resulting disinhibition of other interneuron types serves to
further enhance superficial cortical excitability. The ability to
generate SpW with NPY Y1 receptor antagonism alone, coupled
with the near-complete abolition of SpW with VIP receptor an-
tagonism suggests a potential novel therapeutic approach to ep-
ilepsy therapy using altered balance of peptidergic inhibition.
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