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Haploinsufficiency of the voltage-gated sodium channel NaV1.1
causes Dravet syndrome, an intractable developmental epilepsy
syndrome with seizure onset in the first year of life. Specific het-
erozygous deletion of NaV1.1 in forebrain GABAergic-inhibitory
neurons is sufficient to cause all the manifestations of Dravet syn-
drome in mice, but the physiological roles of specific subtypes of
GABAergic interneurons in the cerebral cortex in this disease are
unknown. Voltage-clamp studies of dissociated interneurons from
cerebral cortex did not detect a significant effect of the Dravet
syndrome mutation on sodium currents in cell bodies. However,
current-clamp recordings of intact interneurons in layer V of neo-
cortical slices from mice with haploinsufficiency in the gene encod-
ing the NaV1.1 sodium channel, Scn1a, revealed substantial reduction
of excitability in fast-spiking, parvalbumin-expressing interneu-
rons and somatostatin-expressing interneurons. The threshold
and rheobase for action potential generation were increased,
the frequency of action potentials within trains was decreased,
and action-potential firing within trains failed more frequently.
Furthermore, the deficit in excitability of somatostatin-expressing
interneurons caused significant reduction in frequency-dependent
disynaptic inhibition between neighboring layer V pyramidal neu-
rons mediated by somatostatin-expressing Martinotti cells, which
would lead to substantial disinhibition of the output of cortical
circuits. In contrast to these deficits in interneurons, pyramidal
cells showed no differences in excitability. These results reveal that
the two major subtypes of interneurons in layer V of the neocortex,
parvalbumin-expressing and somatostatin-expressing, both have
impaired excitability, resulting in disinhibition of the cortical net-
work. These major functional deficits are likely to contribute syner-
gistically to the pathophysiology of Dravet syndrome.

Dravet syndrome (DS), also referred to as “severe myoclonic
epilepsy in infancy,” is a rare genetic epileptic encephalop-

athy characterized by frequent intractable seizures, severe cognitive
deficits, and premature death (1–3). DS is caused by loss-of-function
mutations in SCN1A, the gene encoding type I voltage-gated so-
dium channel NaV1.1, which usually arise de novo in the affected
individuals (4–7). Like DS patients, mice with heterozygous loss-
of-function mutations in Scn1a exhibit ataxia, sleep disorder, cog-
nitive deficit, autistic-like behavior, and premature death (8–14).
Like DS patients, DS mice first become susceptible to seizures
caused by elevation of body temperature and subsequently experi-
ence spontaneous myoclonic and generalized tonic-clonic seizures
(11). Global deletion of NaV1.1 impairs Na+ currents and action
potential (AP) firing in GABAergic-inhibitory interneurons
(8–10), and specific deletion of NaV1.1 in forebrain interneurons is
sufficient to cause DS in mice (13, 15). These data suggest that the
loss of interneuron excitability and resulting disinhibition of neural
circuits cause DS, but the functional role of different subtypes of
interneurons in the cerebral cortex in DS remains unknown.
Neocortical GABAergic interneurons shape cortical output

and display great diversity in morphology and function (16, 17).
The expression of parvalbumin (PV) and somatostatin (SST)
defines two large, nonoverlapping groups of interneurons (16,

18, 19). In layer V of the cerebral cortex, PV-expressing fast-
spiking interneurons and SST-expressing Martinotti cells each
account for ∼40% of interneurons, and these interneurons are
the major inhibitory regulators of cortical network activity (17,
20). Layer V PV interneurons make synapses on the soma and
proximal dendrites of pyramidal neurons (18, 19), where they
mediate fast and powerful inhibition (21, 22). Selective hetero-
zygous deletion of Scn1a in neocortical PV interneurons increases
susceptibility to chemically induced seizures (23), spontaneous
seizures, and premature death (24), indicating that this cell type
may contribute to Scn1a deficits. However, selective deletion of
Scn1a in neocortical PV interneurons failed to reproduce the
effects of DS fully, suggesting the involvement of other subtypes
of interneurons in this disease (23, 24). Layer V Martinotti cells
have ascending axons that arborize in layer I and spread hori-
zontally to neighboring cortical columns, making synapses on
apical dendrites of pyramidal neurons (17, 25, 26). They generate
frequency-dependent disynaptic inhibition (FDDI) that dampens
excitability of neighboring layer V pyramidal cells (27–29), con-
tributing to maintenance of the balance of excitation and inhibition
in the neocortex. However, the functional roles of Martinotti cells
and FDDI in DS are unknown.
Because layer V forms the principal output pathway of the

neocortex, reduction in inhibitory input to layer V pyramidal
cells would have major functional consequences by increasing
excitatory output from all cortical circuits. However, the effects
of the DS mutation on interneurons and neural circuits that
provide inhibitory input to layer V pyramidal cells have not been
determined. Here we show that the intrinsic excitability of layer
V fast-spiking PV interneurons and SST Martinotti cells and the
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FDDI mediated by Martinotti cells are reduced dramatically in
DS mice, leading to an imbalance in the excitation/inhibition
ratio. Our results suggest that loss of NaV1.1 in these two major
types of interneurons may contribute synergistically to increased
cortical excitability, epileptogenesis, and cognitive deficits in DS.

Results
Sodium Currents in Cell Bodies of Cortical GABAergic-Inhibitory
Interneurons. We first studied sodium currents in dissociated in-
terneurons from the cerebral cortex of WT and NaV1.1 hetero-
zygous (HET) mice at postnatal day (P) 14 and P21 (Fig. S1)
using methods previously developed for hippocampal interneu-
rons (8, 10). Surprisingly, although we found a trend toward a
decrease in peak sodium currents in the cell bodies of homozy-
gous NaV1.1-knockout mice at P14, it did not reach significance
(Fig. S1 B, D, and E). We also observed an insignificant decrease
in peak sodium currents and no change in voltage dependence of
activation for mean sodium currents in the cell bodies of disso-
ciated cortical interneurons from HET mice at P14 (Fig. S1 B, D,
and E) and P21 (Fig. S1 C, F, and G). In contrast, previous
studies have revealed decreased sodium current in dissociated
interneurons from Scn1a HETs in hippocampus (8) and cere-
bellum (10). These results suggested that the excitability is less
impaired in the cell bodies of cortical interneurons than in the
interneurons in these other brain areas. However, dissociated
interneurons lose their dendritic and axonal components, which
may obscure significant functional deficits in excitability. For
example, NaV1.1 and other sodium channels are expressed at high
levels in axon initial segments of interneurons, which are not
retained in dissociated neurons. Therefore, to examine the excit-
ability of neocortical interneurons and the basis for cortical hy-
perexcitability in DS further, we studied intact neurons in brain
slices in current-clamp mode, focusing on PV and SST inter-
neurons in layer V of the neocortex.

Reduced Excitability of Layer V PV Interneurons. NaV1.1 channels
are localized in both cell somata and axon initial segments of
cortical PV interneurons (8, 9, 30, 31), as confirmed in this study
(Fig. 1A). Although several studies have suggested an important
role for PV interneurons in DS (9, 23, 24), the physiological
consequences of DS mutations in these neurons have not been
analyzed extensively in previous work. We examined the elec-
trophysiological properties of layer V PV interneurons in NaV1.1
HET and WT mice that had been crossed with the G42 PV re-
porter strain. PV interneurons were identified by eGFP fluores-
cence in acute brain slices from P21 mice as described in Materials
and Methods. Whole-cell patch-clamp recordings showed that WT
and HET PV interneurons have indistinguishable input resistance,
membrane capacitance, and resting membrane potential (Table 1).
In current-clamp recordings, WT PV interneurons displayed typ-
ical, sustained high-frequency trains of brief APs with little spike
frequency adaptation in response to incremental current injections
(3 s) (Fig. 1B). HET PV interneurons displayed AP patterns
similar to those in WT PV interneurons but fired fewer APs (Fig.
1 B and C) at lower frequencies (Fig. 1 B and D) in response to
the same depolarizing current injection. The rheobase (the smallest
current injection that triggered an AP) also was increased (Fig.
1H). We compared adaptation of the amplitude or frequency of
APs in WT and HET PV interneurons during the first 100 APs in
response to the minimal current step that triggered a train of at
least 100 APs but did not observe significant changes (Table 1). We
also measured the single AP properties of PV interneurons. Both
WT and HET PV interneurons fired typical brief APs with a
large, rapid afterhyperpolarization (Fig. 1E), but HET PV
interneurons displayed a significantly increased AP threshold
(Fig. 1F) and reduced spike amplitude (Fig. 1G). AP width was
not significantly changed (Fig. 1I). These data show that deletion
of NaV1.1 channels substantially reduced the excitability of cor-

tical layer V PV interneurons in HET animals as reflected in
both single AP properties and AP firing pattern.
We examined the reliability of AP firing in PV interneurons in

response to a train of 100 brief rectangular current injections (10
ms) at 1, 2, 5, 10, 20, and 50 Hz. The current amplitude was set
at the minimal level required to trigger a single AP. As in 3-s
recordings, the rheobase for firing APs in PV interneurons was
increased for HET cells (WT: 356.8 ± 30.6 pA; HET: 464.4 ±
42.3 pA; P < 0.05) (Fig. 2A). Both WT and HET PV inter-
neurons generate APs with a very low failure rate at 1 Hz and
2 Hz (Fig. 2C); however, HET PV interneurons showed increased
AP failure rate compared with WT at higher stimulation fre-
quencies (5–50 Hz) (Fig. 2 B and C). These results indicate that
the loss of NaV1.1 channels reduces the reliability of spike firing at
higher stimulation frequencies in HET animals and support the

100

80

60

40

20

0

Fr
eq

u
en

cy
 o

f A
Ps

 (H
z)

4002000
Current injection (pA)

WT
HET

200

100

0N
u

m
b

er
 o

f A
Ps

4002000
Current injection (pA)

WT
HET

200

100

Rh
eo

b
as

e 
(p

A
)

WT HET

1.0

0.5

0.0A
P 

h
al

f w
id

th
 (m

s)

WT HET

60

50

40A
P 

am
p

lit
u

d
e 

(m
V

)

WT HET-35

-30

-25

A
P 

th
re

sh
o

ld
 (m

V
) WT HET

WT
HET

A

WT

PV C

E F

IH

D

G

*

*

**

B

Na V1.1

HET

Merge

Fig. 1. Excitability of cortical layer V PV interneurons. (A) Double labeling
of cortical layer V PV interneurons fromWT animals labeled with anti-NaV1.1
antibody (green) and anti-PV antibody (red). The merged image shows
double-labeled PV interneurons in yellow to illustrate the presence of
NaV1.1 channels in PV interneurons in cortical layer V. (Scale bar: 100 μm.) (B)
Sample whole-cell current-clamp recordings in response to incremental steps
of current (3 s, ranging from 140–380 pA), in a WT and a HET PV in-
terneuron. (Calibration: 1 s, 40 mV.) (C and D) The mean number (C) and
frequency (D) of APs in response to each step for WT (n = 19) and HET (n =
18). (E–I) Properties of individual WT and HET APs. (E) Expanded and
superimposed individual APs from the recordings of WT and HET PV inter-
neurons in B. (Calibration: 2 ms, 15 mV.) (F) Mean AP threshold. (G) Mean AP
amplitude. (H) Mean rheobase. (I) Mean AP half width. Significant differ-
ences between WT and HET are expressed as *P < 0.05; **P < 0.01.
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conclusion that NaV1.1 channels are required for PV in-
terneurons to fire with high precision and fidelity in response to
repetitive inputs.

Impaired Monosynaptic Transmission Between Layer V Pyramidal
Neurons and PV Neurons. To analyze how the reduced excitability
of PV interneurons affects their response to excitatory synaptic
input from pyramidal neurons, we performed dual current-clamp
recordings on pairs of neighboring pyramidal neurons and PV
neurons in layer V (Fig. 3A). Stimulation of the pyramidal (PY)
neuron to generate a single AP (Pre PY) elicited a postsynaptic
response (Post PV) (Fig. 3B). Mean amplitudes of excitatory
postsynaptic potentials (EPSPs) in PV neurons were only 53% as
large in HET cells as in WT (Fig. 3C). These data from DS mice
illustrate the impact of the reduced excitability of postsynaptic PV
neurons observed in the experiments of Figs. 1 and 2 on their re-
sponse to excitatory synaptic input from layer V pyramidal neurons.
We also examined the inhibitory monosynaptic connection

from layer V PV neurons to pyramidal neurons (Fig. 3 D and E).
Stimulation of PV neurons to generate trains of 1–20 presynaptic
APs at 70 Hz reliably elicited postsynaptic responses whose size
increased with AP number (Fig. 3E) but did not change between
WT and HET (Fig. 3D). Thus, the ability of layer V pyramidal
neurons to respond to inhibitory synaptic input from PV neurons
was not impaired when PV neurons were stimulated strongly
enough to generate the same number of presynaptic APs in PV
neurons fromWT and DS mice. These results are consistent with
impaired excitability of PV neurons but not of layer V pyramidal
neurons in DS mice.

Reduced Excitability of Layer V Martinotti Cells. We next studied
layer V SST-expressing Martinotti cells. Immunohistochemistry
experiments showed that NaV1.1 channels are expressed in layer
V SST interneurons (Fig. 4A). However, the physiological effect of
deletion of these channels in SST interneurons in DS has not been
studied. We identified Martinotti cells, as described in Materials
and Methods. WT and HET Martinotti cells had indistinguishable
input resistance, membrane capacitance, and resting membrane
potential (Table 1). In current-clamp recordings, WT Martinotti
cells displayed a low discharge rate and typical AP frequency ac-
commodation in response to incremental steps of current injection
(1 s), as previously reported (27, 28, 32, 33) (Fig. 4B). HET
Martinotti cells generated AP patterns similar to those in the WT
cells but fired fewer APs (Fig. 4 B and C) at lower frequencies
(Fig. 4 B and D) in response to equal injections of depolarizing
current, and the rheobase for inhibiting AP trains in HET cells
was higher in HET than in WTMartinotti cells (Fig. 4G). WT and

HET Martinotti cells displayed similar strong adaptation of AP
amplitude and frequency in response to trains of stimuli (Table 1).
In analysis of single AP properties, we found that HET Martinotti
cells have a significantly higher spike threshold (Fig. 4F), but spike
amplitude (Fig. 4H) and width (Fig. 4I) did not change signifi-
cantly. These results show that deletion of NaV1.1 channels dra-
matically reduces the likelihood that Martinotti cells in cortical
layer V of HET animals will fire in response to a wide range of
input stimuli.
Interneurons must fire repetitive APs to counter the excitation

of pyramidal neurons in cortical circuits effectively. We exam-
ined the reliability of AP firing in Martinotti cells in response to
a train of 100 brief, rectangular current injections (10 ms) at 1, 2,
5, 10, and 20 Hz with the current amplitude set at the minimal level
required to trigger a single AP. Both WT and HET Martinotti
cells generate APs with low failure rate at 1 Hz and 2 Hz (Fig. 5 A

Table 1. Electrophysiological parameters of pyramidal neurons and interneurons in neocortex

PV interneurons SST interneurons Pyramidal neurons

WT (n = 19) HET (n = 18) WT (n = 21) HET (n = 23) WT (n = 35) HET (n = 35)

Vrest, mV −65.5 ± 0.7 −65.1 ± 0.7 −73.2 ± 1.0 −73.5 ± 0.4 −58.2 ± 0.6 −59.1 ± 0.6
Rin, MΩ 174.1 ± 14.8 172.7 ± 18.4 326.9 ± 29.6 312.9 ± 15.0 260.0 ± 20.4 251.0 ± 13.2
Cm, pF 29.2 ± 1.0 30.8 ± 1.7 24.8 ± 1.3 25.4 ± 1.6 39.2 ± 1.8 40.8 ± 1.9
Rheobase, pA 178.4 ± 12.0 241.1 ± 22.0** 51.9 ± 6.6 82.6 ± 4.7*** 98.6 ± 5.5 94.3 ± 4.9
Threshold, mV −33.9 ± 1.0 −30.9 ± 1.0* −38.3 ± 1.0 −35.5 ± 0.7* −32.1 ± 1.0 −31.7 ± 0.9
Amplitude, mV 56.1 ± 1.4 52.4 ± 1.7* 86.5 ± 1.7 87.1 ± 1.1 81.8 ± 0.9 82.6 ± 1.1
AP half width, ms 0.72 ± 0.03 0.78 ± 0.05 1.49 ± 0.08 1.43 ± 0.06 2.1 ± 0.09 1.9 ± 0.09
Frequency#, Hz 57.8 ± 4.5 31.5 ± 6.5*** 40.9 ± 3.8 29.7 ± 2.5*** 14.2 ± 1.5 15.6 ± 1.1
AP amplitude adaptation ratio 0.90 ± 0.03 0.91 ± 0.02 1.01 ± 0.03 1.02 ± 0.03 0.92 ± 0.04 0.94 ± 0.04
AP frequency adaptation ratio 0.75 ± 0.02 0.74 ± 0.02 0.36 ± 0.03 0.38 ± 0.02 0.85 ± 0.03 0.86 ± 0.04

For an explanation of the parameters, see Materials and Methods. Values shown are expressed as mean ± SEM. Significant differences between WT and
HET are expressed as *P < 0.05; **P < 0.01; ***P < 0.001, two-sample Student t test.
#Frequencies for PV interneurons were measured at 300-pA current injection (3 s), and frequencies for SST interneurons, and pyramidal neurons were
measured at 200-pA current injection (1 s).
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Fig. 2. Ability of cortical layer V PV interneurons to sustain repetitive firing.
Whole-cell current-clamp recordings in response to trains of 100 10-ms
pulses. Pulse amplitude was the minimum current required to trigger an AP.
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25 mV) Hz. (C) Percent of stimuli that failed to produce an AP as a function
of frequency. *P < 0.05; **P < 0.01.
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and C). However, the failure rate increased markedly in HET
Martinotti cells at stimulation frequencies of 5–20 Hz (Fig. 5 B and
C), a frequency range that is crucial for neocortical function (34,
35). These results indicate that the loss of NaV1.1 channels reduces
the reliability of Martinotti cells to fire repetitively at physiologi-
cally relevant stimulus frequencies.

Reduced Disynaptic Inhibition Mediated by Martinotti Cells in Layer V.
Excitatory inputs onto layer V Martinotti cells are strongly facili-
tating, and high-frequency repetitive spiking (∼70 Hz) in a single
layer V pyramidal neuron can drive a nearby Martinotti cell to fire
and provide feedback inhibition to neighboring layer V pyramidal
neurons across layers and columns. FDDI between layer V pyra-
midal neurons is an important activity-dependent synaptic path-
way controlling circuit dynamics in all neocortical areas (27, 28,
36). To test whether loss of NaV1.1 channels results in reduced
disynaptic inhibition, we studied FDDI mediated by Martinotti
cells in WT and HET mice. We performed dual current-clamp
recordings on neighboring thick-tufted layer V pyramidal neurons
(somatic distance less than 100 μm) in acute neocortical slices
(Fig. 6A). When pyramidal neurons were stimulated with trains of
APs (15 pulses at 70 Hz), we observed inhibitory responses on
neighboring pyramidal neurons in both WT and HET animals as
a consequence of FDDI (Fig. 6B). Consistent with previous re-
ports (27, 28, 36), this inhibition could be blocked completely by
bath perfusion of 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione, an
AMPA-receptor antagonist, confirming the requirement for ex-
citatory synaptic transmission (Fig. S2 A and B). Bath application
of bicuculline (10 μM), a GABAA-receptor antagonist, also com-
pletely blocked FDDI, confirming that disynaptic transmission was
mediated by GABAergic Martinotti cells (Fig. S2 C and D). The

probability of observing measurable FDDI between neighboring
pyramidal neurons when testing with 15 pulses at 70 Hz was re-
duced significantly in HET animals (WT: 48%; HET: 26%; Fisher’s
exact test, P < 0.01) (Fig. 6C). Among the successful connections,
FDDI was reduced significantly in HET animals in peak amplitude
(Fig. 6D) and in time integral (WT: 0.47 ± 0.09 mV*s; HET: 0.18 ±
0.02 mV*s; P < 0.01), as measured at the same resting membrane
potential (WT: −58.2 ± 0.6 mV; HET: −59.1 ± 0.6 mV). The la-
tency of the peak response relative to the onset of the presynaptic
train showed a trend toward increase that did not reach significance
(0.30 ± 0.01 s in WT vs. 0.34 ± 0.02 s in HET; P = 0.08). Overall,
these results indicate that loss of NaV1.1 channels reduces the re-
liability of the Martinotti cell-mediated disynaptic inhibitory trans-
mission between neighboring pyramidal neurons. This deficit would
greatly disinhibit circuit output from layer V of the neocortex.
Firing of Martinotti cells is highly dependent on the facilitation

and summation of presynaptic EPSCs arriving from the pyramidal
cell to bring the Martinotti cell to threshold. As a consequence,
Martinotti cell firing and the resultant FDDI is a steep function of
presynaptic AP frequency and number. Therefore, we tested the
dependence of the disynaptic inhibition on the activity of pyra-
midal neurons by changing the frequency and the number of APs
in the presynaptic stimulus train. We first tested the frequency
dependence (15 pulses at 20, 30, 50, 70, and 100 Hz) (Fig. 7A).
Measurable FDDI increases with increased stimulus frequency in
both WT and HET, but FDDI was reduced at all frequencies in
HET cells relative to WT. We found that, for the successful pairs
identified by stimulation at 70 Hz and 100 Hz, the connection
probabilities were reduced dramatically in HET cells at lower
frequencies (20–50 Hz), consistent with substantial impairment of
Martinotti cell firing and resultant disynaptic inhibitory transmission

Fig. 3. Monosynaptic connection between layer V pyramidal neurons and fast-spiking PV interneurons. (A) Cartoon showing the dual patch clamp of a layer
V pyramidal neuron (PY) and a neighboring layer V PV interneuron. (B and C) Excitatory monosynaptic connection from layer V pyramidal neurons to PV
interneurons. (B) Sample traces (black for WT, gray for HET) of evoked EPSPs in postsynaptic PV interneurons (Post PV) in response to a single AP in a pre-
synaptic pyramidal neuron (Pre PY). (C) The amplitudes of postsynaptic EPSPs in PV interneurons were reduced significantly in HET (n = 8) compared with WT
(n = 10) (4.29 ± 0.52 mV in WT vs. 2.26 ± 0.57 mV in HET; **P = 0.009) in response to APs in presynaptic pyramidal neurons. (D and E) Inhibitory monosynaptic
connection from layer V PV interneurons to pyramidal neurons. (D) The amplitudes of inhibitory postsynaptic potentials (IPSPs) in layer V pyramidal neurons
as a function of number of presynaptic APs in PV interneurons (WT: n = 7; HET: n = 7). (E) Sample traces (black for WT, gray for HET) of postsynaptic IPSP in
layer V pyramidal neurons in response to different numbers of APs in presynaptic PV interneurons.
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(Fig. 7B). Moreover, the amplitude and time integral of the mea-
surable disynaptic responses increased with presynaptic frequency
in both WT and HET animals, but HET animals displayed a major
defect at all frequencies in both the amplitude (Fig. 7C) and time
integral (Fig. 7D) of the response. The peak latency of the disy-
naptic response decreased as a function of the frequency of the
presynaptic AP train but was similar in WT and HET animals
(Fig. 7E).
We then examined disynaptic responses after stimulating

presynaptic pyramidal neurons with different numbers of APs (5,
8, 10, 12, 15, 20, and 30 pulses) at the same frequency (70 Hz)
(Fig. 8A). For pairs with disynaptic responses when stimulated
with 15 APs at 70 Hz, FDDI probability was reduced dramati-
cally in HET cells when stimulated by smaller numbers of pre-
synaptic APs (5–12 pulses), confirming that the reliability of the
disynaptic transmission was substantially impaired in HET cells

(Fig. 8B). FDDI increased in both amplitude and time integral
with increased AP number, but HET animals displayed major
defects in both the amplitude and time integral of their responses
to each condition (Fig. 8 C and D). The peak latency of the
disynaptic response did not change as more presynaptic APs were
discharged and did not differ between WT and HET animals
(Fig. 8E). Overall, these results demonstrate that the loss of
NaV1.1 channels reduces the membrane excitability of layer V
Martinotti cells, and this reduction in excitability strongly impairs
the reliability and efficacy of Martinotti cell-mediated FDDI be-
tween neighboring pyramidal neurons.

Impaired Monosynaptic Transmission Between Layer V Pyramidal
Neurons and Martinotti Cells. We carried out complementary dual
current-clamp recordings on pairs of neighboring pyramidal
neurons and Martinotti cells in layer V (Fig. 9A). Stimulation of
the pyramidal neuron to elicit a single AP or a small train of APs
(Pre PY) elicited postsynaptic responses (Post SST) that in-
creased with AP number (Fig. 9D). This excitatory connection is
highly facilitating in both WT and HET, consistent with previous
studies (27). In response to the same number of presynaptic APs,
the postsynaptic response in HET Martinotti cells (shown in gray
in Fig. 9D) was reduced compared with the postsynaptic re-
sponse in WT cells (shown in black in Fig. 9D). We quantified
the amplitudes of postsynaptic EPSPs in Martinotti cells evoked
by one, three, and five presynaptic APs, where no postsynaptic
APs were elicited, and observed a significant reduction of the
excitability in HET as compared with WT Martinotti cells (Fig.
9B). The presynaptic pyramidal neurons were stimulated with
trains of 1–30 APs at 70 Hz. Facilitating EPSPs were elicited in
postsynaptic Martinotti cells, and, when presynaptic AP number
increased, summation of EPSCs brought the Martinotti cells to
threshold and evoked APs in postsynaptic Martinotti cells after
10–30 APs (Fig. 9D, Lower row), in agreement with the de-
pendence of FDDI on presynaptic AP numbers (Fig. 8). We
quantified the number of postsynaptic APs evoked by pre-
synaptic stimulation and found that postsynaptic HET Martinotti
cells were dramatically impaired in the ability to fire APs in re-
sponse to presynaptic volleys of the same number of APs (Fig. 9C).
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These data indicate that reduction in excitability of postsynaptic
Martinotti cells underlies the impairment of reliability and efficacy
of Martinotti cell-mediated FDDI between neighboring pyramidal
neurons observed in the experiments of Figs. 6–8.
We also examined the inhibitory monosynaptic connection

from layer V Martinotti cells to pyramidal neurons (Fig. 9 E and
F). Stimulation of Martinotti cells to generate trains of 1–20
presynaptic APs at 70 Hz reliably elicited postsynaptic responses
whose size increased with AP number (Fig. 9F). We quantified
the amplitudes of the inhibitory postsynaptic potentials (IPSPs)
in pyramidal neurons and did not observe any significant dif-
ferences between WT and HET Martinotti cells (Fig. 9E). Thus,
the ability of the pyramidal neurons to respond to inhibitory
synaptic input from Martinotti cells was not impaired when
cells were stimulated strongly enough to generate the same
number of presynaptic APs in Martinotti cells from WT and
DS mice. These results are consistent with impaired excitability
of Martinotti cells in DS mice without any adverse effects on
Layer V pyramidal cells.

Lack of Effect of NaV1.1 Deletion on Excitability of Layer V Pyramidal
Cells. To test further whether the loss of NaV1.1 channels in
pyramidal neurons affects their excitability and contributes to the
impairment of Martinotti cell-mediated disynaptic inhibition, we
compared the electrophysiological properties of layer V pyra-
midal neurons from WT and HET animals. We did not observe
any changes in their input resistance, membrane capacitance, or
resting membrane potential (Table 1). In response to incremental
steps of current injection (1 s) (Fig. S3A), WT and HET pyramidal
neurons fired similar numbers of APs (Fig. S3B) at similar fre-
quencies (Fig. S3C). We also measured the single AP properties of
pyramidal neurons from both WT and HET animals (Fig. S3D)
and found no difference in their spike threshold (Fig. S3E), spike
amplitude (Fig. S3F), rheobase (Fig. S3G), or spike width (Fig.
S3H). Thus, heterozygous deletion of NaV1.1 channels does not

change the excitability of cortical layer V pyramidal neurons. These
data also confirmed that the impairment of Martinotti cell-medi-
ated disynaptic inhibition (Figs. 6–8) resulted from the reduced
excitability of Martinotti cells, as shown in Figs. 4 and 5, and was
not influenced by changes in the excitability of the layer V
pyramidal neurons.

Discussion
Impairment of the excitability of interneurons in the forebrain is
known to cause hyperexcitability, epilepsy, and comorbidities in
DS mice (8, 9, 13, 15, 37, 38), but it has remained unclear which
types of interneurons in the neocortex contribute to the epilepto-
genesis and behavioral phenotypes in this devastating disease.
Here we report that Scn1a haploinsufficiency causes substantial
reduction in the membrane excitability of both fast-spiking PV-
expressing interneurons and SST-expressing interneurons in
a mouse model of DS. In addition, there is a large reduction in
FDDI between neighboring pyramidal neurons in layer V of the
neocortex mediated by SST-expressing Martinotti cells. Our results
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give crucial insights into the functional deficits of different sub-
types of neocortical interneurons in DS and show that circuit
output from layer V would be disinhibited dramatically by
multiple complementary deficits in interneuron function.

Sodium Currents in Cell Bodies of Cortical GABAergic-Inhibitory
Interneurons. NaV1.1 channels are expressed throughout the brain
in cell bodies and axon initial segments of both pyramidal neurons
and interneurons (8, 9, 30, 31, 39, 40). Therefore, it is surprising
that the results from dissociated cells revealed no detectable
change in the amplitude, kinetics, or voltage dependence of
sodium currents recorded from the cell bodies of cortical
interneurons. These results contrast with dissociated inhibitory
neurons from hippocampus and cerebellum, in which a sub-
stantial reduction in cell body sodium currents was observed (8,
10). NaV1.1 channels may comprise only a minority of sodium
channels in the cell bodies of layer V cortical interneurons as
a whole, or other sodium channels may be up-regulated in the
cell body to compensate for the reduction in activity of NaV1.1

channels in this mixed dissociated cell population. Because of the
great diversity of cortical interneurons, it is also possible that dif-
ferent expression levels of sodium channel subtypes in the cell
bodies of different classes of interneurons might make changes in
NaV1.1 channel expression in specific classes of interneurons un-
detectable in the entire population of dissociated interneurons.

Excitability of PV Interneurons Is Impaired in DS Mice. Our results
show that PV interneurons in layer V have an increased threshold
and rheobase for AP generation and decreased amplitude of APs.
These deficits combine to reduce the number and frequency of
APs fired in response to steady depolarizing stimuli, and they
dramatically increase the rate of failure of AP generation in trains
of stimuli. Because PV interneurons inhibit their postsynaptic
pyramidal cell partners by generating long trains of APs (17, 41),
these deficits would cause substantial disinhibition of pyramidal
cell excitability and increase the balance of excitatory to inhibitory
neurotransmission in neocortical circuits, as we have observed in
our recordings of spontaneous cortical synaptic activity (13). Re-
duced excitability of fast-spiking PV interneurons has been re-
ported to be involved in the generation of seizures in epilepsy and
other neurological diseases, such as Alzheimer’s disease, autism,
and fragile X syndrome (9, 42–45). Because fast-spiking PV in-
terneurons provide strong and direct inhibition to pyramidal neu-
rons, reduced excitability of these cells would be expected to
disinhibit the overall network, and restoration of the excitability of
these cells has been effective in therapy of these diseases (42, 44).
Based on these precedents, it is likely that impaired electrical ex-
citability and AP firing in layer V PV interneurons are major con-
tributors to hyperexcitability, epilepsy, cognitive deficit, and autistic-
like behaviors in DS mice.

Excitability of SST Interneurons Is Impaired in DS Mice. Our results
show that SST-expressing interneurons also have increased thresh-
old and rheobase for AP generation. These deficits cause a re-
duced number and frequency of APs in response to steady depo-
larizing stimuli and an increased failure rate of AP generation in
response to trains of stimuli in the critical frequency range of 5–20
Hz. The functional roles of SST interneurons in epilepsy and other
neurological diseases are complex and less well-established than for
PV interneurons. Reduction in excitability in both SST interneur-
ons and PV interneurons is observed in a rat model of cortical
dysplasia (46). Mice lacking the transcription factor Dlx1 display
subtype-specific reduction of excitability in cortical SST inter-
neurons and calretinin-expressing interneurons, but not in PV in-
terneurons, and these mice showed generalized electrographic
seizures (47). These data suggest that cortical SST interneurons
also might be involved in the pathophysiology of epilepsy. Based
on these precedents, it is likely that the impaired excitability of
SST interneurons we have observed is also an important con-
tributor to the epilepsy and comorbidities of DS.

Site of Impaired AP Generation. In contrast to the unchanged so-
dium currents in cell bodies of dissociated interneurons, we
found substantial deficits in AP firing in intact interneurons in
cortical slices. The deficits in threshold and rheobase that we
have observed in situ in interneurons in cortical slices would
depend primarily on the sodium channels in the axon initial
segment, where APs are initiated. Therefore, our results suggest
that NaV1.1 channels are important in AP initiation in the axon
initial segment of cortical interneurons, and this functional role
is not well compensated by up-regulation of other sodium channel
types. Previous studies of layer II/III interneurons in a different
strain of DS mice led to similar conclusions (9).

Disynaptic Inhibition Mediated by Martinotti Cells Is Impaired in DS
Mice. Silberberg and Markram (27) first reported Martinotti cell-
mediated FDDI between layer V pyramidal neurons in the
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cerebral cortex, and this important inhibitory mechanism has
been verified in subsequent studies (28, 48, 49). This disynaptic
connection is dynamic, activity-dependent, and strongly facili-
tating (28). It has been hypothesized that this powerful
inhibitory mechanism is important in impeding the spread of
hyperactivation of cortical pyramidal neurons and preventing
epilepsy (27, 29). Our experiments are fully consistent with this
idea, because we have found that FDDI is strikingly impaired in
our mouse model of DS. These results provide direct evidence
that the reduction of FDDI indeed might contribute to the
mechanisms of epileptogenesis and other phenotypes in DS and
in epilepsy more broadly.

Excitability of Pyramidal Cells Is Not Impaired in DS Mice. We ob-
served impairment in the excitability of PV interneurons and
SST interneurons, whereas the function of the excitatory pyra-
midal cells in layer V of the neocortex remained unchanged in
DS mice. These results indicate that the ratio of excitation to
inhibition is increased in layer V neocortical circuits, which are
the primary output pathway of the neocortex. The hyperexcit-
ability of these circuits is expected to contribute in an important
way to initiation and propagation of epileptic seizures.
In contrast to our results in mice, studies of human induced

pluripotent stem cells have given mixed results with respect to
effects on excitatory vs. inhibitory neurons (50, 51). One study of
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human pluripotent stem cells induced to form cortical neurons
in culture reported that the excitability of both pyramidal
neurons and bipolar interneurons was paradoxically increased
by heterozygous loss-of-function mutations in NaV1.1 channels
(50). Another study of human pluripotent stem cells induced
to form cortical neurons reported functional decline in the ex-
citability in DS neurons, especially in cortical interneurons (51).
These contrasting results illustrate the uncertainties of in-
terpretation of data from these immature culture systems. It is
likely that this apparent discrepancy compared with our results
with cortical neurons in situ derives from the immature status of
these cultured neurons. Sodium current density in these entire
neurons, including axons and dendrites in the voltage-clamp
preparation (50), is less than 10% of the level of sodium current
that we observe in the dissociated cell bodies of mouse hippo-
campal and neocortical neurons (Fig. S1 and ref. 8). Under the
conditions of cell culture used (52), functional synapses are not
formed, the ratio of excitatory to inhibitory neurons is much less
than in the postnatal brain, and the layered structure and specific
synaptic connections of the cerebral cortex are not formed. It will
be interesting to follow the maturation of the human pluripotent
stem cells as conditions that induce adult neuronal differentia-
tion improve and to compare their properties further with those
of mature neurons in brain slices.

Synergistic Actions of PV and SST Interneurons in Controlling Neocortical
Excitability. Neocortical interneurons display great diversity in
their morphological, physiological, molecular, and synaptic
characteristics (16, 17). Two major subgroups of interneurons
(fast-spiking PV interneurons and SST-expressing Martinotti
cells) comprise more than 80% of the total population of
interneurons in layer V of the cortex and are considered the
major regulators of the excitability of the pyramidal neurons
(17). PV interneurons control the vertical spread of excitability
in cortical layers, whereas Martinotti cells control the hori-
zontal spread (16, 17, 53). These complementary actions pro-
vide versatile and powerful control of the excitability of
neocortical circuits. Therefore, the major deficits in electrical
excitability of these two classes of interneurons that we have
observed in DS mice would work synergistically to impair in-
hibitory control of neocortical function and also might lead to
neurodevelopmental changes that contribute to the phenotypes
of DS. It is likely that this dual impairment of excitability and
repetitive AP firing of PV-expressing interneurons and SST-
expressing Martinotti cells in layer V of the neocortex contributes
substantially to the pathophysiology of DS, including hyperexcit-
ability, epilepsy, cognitive deficit, and autistic-like behaviors.

Materials and Methods
Mouse Strains. Scn1a mutant mice were generated by targeted deletion of
the last exon encoding domain IV from the S3–S6 segments and the entire
C-terminal tail of NaV1.1 channels as described previously (8). Mutant mice
were generated on a congenic 129/SvJ background and backcrossed to a
C57BL/6J background for at least 10 generations. Animals for this study
were generated by crossing heterozygous mutant males of C57BL/6J
background with WT C57BL/6J females, or vice versa; from this cross WT
and HET mice were born in a 1:1 ratio. Mice were genotyped using a four-
oligonucleotide multiplex PCR of genomic DNA samples isolated from
mouse tails (54), as described previously (8, 10). To facilitate identification
of fast-spiking PV interneurons in the cerebral cortex, we crossed NaV1.1
HET mice with heterozygous G42 GAD67-GFP mice (Gad1EGFP/+; Jackson
Laboratory), which selectively express eGFP in the PV-expressing subclass of
cortical basket cell interneurons in a C57BL/6J/CB6F1 background, to obtain
Gad1EGFP/+:Scn1a+/+ and Gad1EGFP/+:Scn1a+/− mice (9, 55, 56). All experiments
were performed according to guidelines established in the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (57) and were
approved by the University of Washington Institutional Animal Care and
Use Committee.

Brain Slice Preparation. Somatosensory cortical brain slices were prepared
from P20–P22 mice using standard procedures modified from those pre-
viously described (58). Briefly, mice were deeply anesthetized with isoflurane
and were decapitated. The brain was removed quickly, and coronal brain
slices of frontal cerebral cortex (400 μm) were cut with a modified Vibratome
(Pelco 101 series 1000; Ted Pella, Inc.) in chilled (0–4 °C) slicing solution
containing 75 mM sucrose, 87 mM NaCl, 25 mM NaHCO3, 25 mM D-glucose,
2.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7.0 mM MgCl2, pH 7.3. The
slices were transferred to a storage chamber with fresh artificial cerebro-
spinal fluid (aCSF) containing 126 mM NaCl, 2.5 mM KCl, 2.0 mM MgCl2, 2.0
mM CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 10 mM D-glucose, pH 7.3,
and were incubated at 37 °C for 45 min. The slices then were incubated at
room temperature for at least another 45 min before recording. All solutions
were saturated with 95% O2 and 5% CO2.

Electrophysiological Recordings of Acutely Dissociated Cortical Neurons. The
electrophysiological recording of acutely dissociated cortical neurons is de-
scribed in SI Materials and Methods.

Electrophysiological Recordings in Brain Slices. Whole-cell current-clamp re-
cordings from cortical layer V pyramidal cells and interneurons were per-
formed in slices of Gad1EGFP/+:Scn1a+/+ and Gad1EGFP/+:Scn1a+/− mice at
room temperature (22–24 °C). Individual slices were transferred to a re-
cording chamber located on an upright microscope (BX51WI; Olympus)
and were perfused with oxygenated aCSF (2 mL/min). Neurons were vi-
sualized using IR-differential interference contrast microscopy. Layer V
pyramidal cells were easily distinguished from interneurons by their tri-
angular morphology, large soma, and pronounced apical dendrite. PV-
expressing interneurons were recognized as eGFP+ cells in layer V using
fluorescence. All recorded eGFP+ PV interneurons displayed typical fast-
spiking patterns. SST-expressing Martinotti cells were selected from eGFP−

interneurons in layer V by their typical ovoid-shaped somata and were
finally confirmed by electrophysiological recordings as displaying spike
frequency accommodation and burst onset in response to somatic step
current injections (27, 33). Patch electrodes were pulled from 1.5-mm o.d.
thin-walled glass capillaries (150F-4; World Precision Instruments;) in three
stages on a Flaming–Brown micropipette puller (model P-97; Sutter
Instruments) and were filled with intracellular solution containing (in mM):
140 K-gluconate, 10 Hepes, 1.1 EGTA, 0.1 CaCl2, 4 Mg-ATP, and 0.5 Na-GTP,
pH 7.2. When patch electrodes were filled with intracellular solution, their
resistance ranged from 3–5 MΩ. Recordings were obtained through a double
patch-clamp EPC 10 system (HEKA) under control of Patchmaster (HEKA).
Access resistance was monitored continuously for each cell. Only cells
with access resistance less than 20 MΩ were recorded, and recordings
were terminated/discarded when a significant (>10%) increase in access
resistance occurred.

Analysis of Electrophysiological Results. Data from electrophysiology experi-
ments were analyzed using Igor Pro-6.0 (Wavemetrics). The following
parameters were measured to characterize neuronal membrane properties:
resting membrane potential (Em) was recorded immediately after the rupture
of the neuronal membrane; input resistance (Rin) was determined by mea-
suring the voltage change in response to a small hyperpolarizing current pulse
(−40 pA, 1 s) at Em; membrane capacitance (Cm) was determined by a mono-
exponential fit to the voltage produced by a small hyperpolarizing current
pulse (−40 pA, 1 s) at resting potential; rheobase was defined as the smallest
rectangular current injection that elicited an AP; AP threshold was defined as
the membrane potential at the point at which derivatives of voltage with
respect to time = 10 mV/ms; AP amplitude was measured between threshold
and AP peak; AP width was measured at half height between threshold and
AP peak; the AP frequency adaptation ratio was defined as the ratio be-
tween the steady-state frequency (the reciprocal of the average of the last
four interspike intervals) and the initial frequency (the reciprocal of the first
four interspike intervals); the AP amplitude adaptation ratio was defined as
the ratio of the steady-state amplitude (the average of the last four AP
amplitudes) to the initial amplitude (the average of the first four AP ampli-
tudes); protocols were adapted from ref. 25. Population data are presented as
mean ± SEM. Mean values of different groups were compared using Student t
test. Statistical significance was defined as P < 0.05. P values in figures are *P <
0.05; **P < 0.01; ***P < 0.001.

Immunohistochemistry. P21 mice were anesthetized and perfused intra-
cardially with 4% paraformaldehyde. The brains were removed and cry-
oprotected by immersion in 10% (wt/vol) sucrose in phosphate buffer (0.1 M
Na2P04, pH 7) followed by 30% (wt/vol) sucrose. Brains were sliced (50 μm)
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and processed for immunocytochemistry as described previously (8). Briefly,
the tissue was rinsed and then incubated in anti-Nav1.1 (1:100) (15) and anti-
SST (1:100; Pierce) or anti-PV (1:500; Abcam) for 36 h at 4 °C and then was
rinsed again. For double labeling, anti-Nav1.1 was detected using bio-
tinylated goat anti-rabbit IgG (1:300; Vector) and avidin D fluorescein (1:300;
Vector). Anti-SST or anti-PV was detected using anti-mouse IgG Alexa 555
(1:1,000; Invitrogen). Sections were rinsed, mounted, coverslipped, and
then viewed using a Leica SL confocal microscope in the W. M. Keck

Imaging Center at the University of Washington, Seattle, WA. For controls,
the primary antiserum was omitted or replaced with normal rabbit serum.
No specific labeling was observed in controls.
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