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Neurobiology of Disease

Impairment of Sharp-Wave Ripples in a Murine Model of
Dravet Syndrome

Christine S. Cheah,' Brian N. Lundstrom,® William A. Catterall,? and John C. Oakley'
Departments of 'Neurology, 2Pharmacology, University of Washington, Seattle, Washington 98195, and Department of Neurology, Mayo Clinic, Rochester,
Minnesota 55905

Dravet syndrome (DS) is a severe early-onset epilepsy associated with heterozygous loss-of-function mutations in SCNIA. Animal models
of DS with global Scnla haploinsufficiency recapitulate the DS phenotype, including seizures, premature death, and impaired spatial
memory performance. Spatial memory requires hippocampal sharp-wave ripples (SPW-Rs), which consist of high-frequency field po-
tential oscillations (ripples, 100 -260 Hz) superimposed on a slower SPW. Published in vitro electrophysiologic recordings in DS mice
demonstrate reduced firing of GABAergic inhibitory neurons, which are essential for the formation of SPW-R complexes. Here, in vivo
electrophysiologic recordings of hippocampal local field potential in both male and female mice demonstrate that Scnla haploinsuffi-
ciency slows intrinsic ripple frequency and reduces the rate of SPW-R occurrence. In DS mice, peak ripple-band power is shifted to lower
frequencies, average intertrough intervals of individually detected ripples are slower, and the rate of SPW-R generation is reduced, while
SPW amplitude remains unaffected. These alterations in SPW-R properties, in combination with published reductions in interneuron
function in DS, suggest a direct link between reduced inhibitory neuron excitability and impaired SPW-R function. A simple intercon-
nected, conductance-based in silico interneuron network model was used to determine whether reduced sodium conductance is sufficient
to slow ripple frequency, and stimulation with a modeled SPW demonstrates that reduced sodium conductance alone is sufficient to slow
oscillatory frequencies. These findings forge a potential mechanistic link between impaired SPW-R generation and Scz1a mutation in DS
mice, expanding the set of disorders in which SPW-R dysfunction contributes to impaired memory.
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Disruption of sharp-wave ripples, a characteristic hippocampal rhythm coordinated by the precise timing of GABAergic interneu-
rons, impairs spatial learning and memory. Prior in vitro patch-clamp recordings in brain slices from genetic mouse models of
Dravet syndrome (DS) reveal reduced sodium current and excitability in GABAergic interneurons but not excitatory cells, sug-
gesting a causal role for impaired interneuron activity in seizures and cognitive impairment. Here, heterozygous Scnla mutation
in DS mice reduces hippocampal sharp-wave ripple occurrence and slows internal ripple frequency in vivo and a simple in silico
model demonstrates reduction in interneuron function alone is sufficient to slow model oscillations. Together, these findings
provide a plausible pathophysiologic mechanism for Scnla gene mutation to impair spatial memory. j

ignificance Statement

Introduction

Dravet syndrome (DS) is a severe pharmacoresistant infantile-
onset epileptic encephalopathy associated with mutations in
SCNIA, the gene encoding the a-subunit of the brain type I
voltage-gated sodium channel Na, 1.1. DS is characterized by fre-
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quent, prolonged seizures and comorbidities including autistic
features, intellectual disability, and memory impairment (Chieffo et
al., 2011b; Dravet, 2011). Classically, cognitive impairments in epi-
leptic encephalopathies, such as DS, are attributed to poor seizure
control. Alternatively, an underlying molecular—genetic defect
could directly impact network function resulting in both intellectual
disability and seizures independently. A prospective clinical study
suggests that the severity of the SCNIA mutation directly modulates
cognitive impairment (Nabbout et al., 2013). If correct, aggressive
medical therapy for seizure control may not significantly improve
long-term cognitive outcomes.

The globally haploinsufficient DS mouse is a faithful genetic
and phenotypic mimic of the human disease, making it an ideal
model to study the impact of Scnla mutation on neural circuit
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function. A high proportion of sodium current in GABAergic
interneurons (INs) is provided by Na, 1.1, and prior work in both
DS mice and conditional Scnla mutants has shown reduced so-
dium current and decreased excitability in all IN subtypes (Yu et
al., 2006; Kalume et al., 2007; Ogiwara et al., 2007; Han et al,,
2012b; Tai et al., 2014). In contrast, excitatory pyramidal cells
express a high level of other neuronal sodium channels (Vacher et
al., 2008), which is consistent with the unchanged excitatory neu-
ron function observed in DS mice (Yu et al., 2006; Tai et al., 2014)
and the finding that the mutation of Scnla in excitatory neurons
does not cause DS phenotypes (Ogiwara et al., 2013).

Coordinated patterns of activity in neural circuits are detect-
able in local field potential (LFP) recordings. Distinct rhythms
are associated with specific behaviors such as sleep, exploration,
learning, and memory, but disrupted brain rhythms can emerge
in epilepsy and other neuropsychiatric diseases (Traub, 2003;
Hutchison et al., 2004; Jeong, 2004; Timofeev et al., 2004; van der
Stelt et al., 2004). For example, pathologic high-frequency oscil-
lations (pHFOs; 250—600 Hz) have been detected in regions of
epileptogenesis in both animals and humans (Bragin et al., 2002;
Jefferysetal., 2012) and reduced inhibition in hippocampal brain
slices in vitro and in vivo results in pHFO (Bragin et al., 1999;
Gulyas and Freund, 2015). Scnla mutation-related reduction in
sodium current and impaired firing of GABAergic INs demon-
strated in DS mice are expected to significantly impact network
functions dependent on those cell classes (Hu et al., 2014).

Hippocampal sharp-wave ripple (SPW-R) complexes are well
characterized, high-frequency (140-220 Hz) brain rhythms that
are critical for short-term and long-term spatial learning and
memory (Bartos et al., 2007; Girardeau and Zugaro, 2011; Gulyas
and Freund, 2015), both of which are impaired in patients with
DS and DS mice (Chieffo et al., 2011a; Han et al., 2012a; Ito et al.,
2013). SPW-R complexes recorded in CAl have the following
two components: the SPW, a slow extracellular negative potential
with maximal amplitude in CA1 stratum radiatum; and ripples,
fast oscillations (140-220 Hz) superimposed on the SPW (Buz-
saki, 2015). Both the initiation of the SPW and the coordination
of activity underlying ripples are dependent on intact IN function
to pace the excitation of local pyramidal cells, which are respon-
sible for generating the LFP signal recognized as an SPW-R
(Schlingloff et al., 2014).

This study finds that global Na,1.1 haploinsufficiency in DS
mice reduces the rate of individual SPW-R complex occurrence
and slows internal ripple frequency oscillation. A simple i silico
interconnected interneuron model with reduced sodium con-
ductance demonstrates a similar slowing of oscillatory frequency.
Building on previous findings of reduced interneuron excitability
in DS mice (Yu et al., 2006; Ogiwara et al., 2007), the dependence
of SPW-R on GABAergic interneuron activity (Schlingloff et al.,
2014; Stark et al., 2014), and the necessity of SPW-R for spatial
memory (Girardeau et al., 2009), the findings in this study pro-
vide a mechanistic link among Scnla gene mutation, interneuro-
nal hypoexcitability, and cognitive and behavioral impairment.

Materials and Methods

Mouse strains and general experimental design. Scnla 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 Nay1.1 channels as
described previously (Yu et al., 2006). Mice in this study were generated
by crossing heterozygous mutant males of C57BL/6] background with
wild-type (WT) C57BL/6] females to generate heterozygous mutant
mice, the Dravet disease model, and wild-type littermates. Genotype was
confirmed using a four-oligonucleotide multiplex PCR of genomic DNA
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samples isolated from mouse tails (Yu et al., 2006). To minimize the
number of mice, a mix of male and female mice were used. All experi-
ments were performed according to guidelines established in the Na-
tional Institutes of Health National Research Council, 2011 and were
approved by the University of Washington Institutional Animal Care
and Use Committee.

Surgery. Adult mice (WT, n = 5; DS, n = 7; postnatal day 30 or greater)
used in this study were housed in standard housing cages in the Univer-
sity of Washington Animal Facility under specific pathogen-free condi-
tions with constant temperature and a 12 h light/dark cycle. All animals
were naive to other experimental protocols before surgery. PFA-coated
stainless steel wire LFP electrodes (diameter: bare, 76.2 um; coated, 139.7
um; A-M Systems) were implanted aseptically using stereotactic guid-
ance (David Kopf Instruments) under ketamine/xylazine (130/8.8 mg/
kg) anesthesia (adapted from Kalume et al.,, 2013). Electrodes were
inserted through small burr holes and targeted to bilateral dorsal hip-
pocampus at the junction between the pyramidal and radiatum layers
where high-frequency ripple and slower sharp-wave activities are both
present (Bregma, —1.75 mm; Depth, —1.1 mm; Lateral, —1.25 mm).
Electrode locations were confirmed by characteristic electrophysiologic
patterns (Ylinen et al., 1995) and histology (cresyl violet Nissl stain, 50
um slices, 4% PFA transcardial perfusion). Stainless steel fine-wire elec-
trodes placed in bilateral neck extensor muscles allowed the recording of
electromyogenic (EMG) activity. Screw electrodes served as ground and
reference. Electrodes were fixed in place using dental cement, and the
skin was closed with sutures. Mice were allowed to recover for >48 h
before recordings. Following surgery, animals were singly housed in
standard home cages until completion of the LFP recordings.

Local field potential recordings. On the day of recordings, mice were
placed in a Plexiglas recording chamber during the light phase of the day
and arectal thermocouple was inserted allowing monitoring of body core
temperature (Physitemp Instruments). A digital recording system
(Tucker-Davis Technologies) was used to record hippocampal LFP (6
kHz), neck extensor EMG (6 kHz), and body temperature (10 Hz). Oft-
line, LFP and EMG records were antialias filtered and downsampled to
2048 Hz for subsequent analysis.

Frequency analysis. Estimates of LFP recording spectral density were
generated using the periodogram approach by subdividing the recorded
signal into multiple overlapping segments, computing the windowed
(Hanning) normalized Fourier transform of each segment, and subse-
quently averaging the results over all segments (Igor, WaveMetrics; Har-
ris, 1978). Instantaneous frequency-specific power was determined by
Hilbert transform of bandpass-filtered recording. Bandpass filtering was
performed off-line with finite impulse response-based digital filtering
using 101 coefficients. High- and low-pass frequencies used include delta
(1.7-3 Hz), theta (5-12 Hz), sharp wave (10-20 Hz), gamma (3080
Hz), ripple (100-260 Hz), and EMG (200-700 Hz). Spectral density
analysis indicates minimal power in higher 200-600 Hz bands where
pathologic high-frequency oscillations are observed in hippocampal LFP
recordings from rodent models of temporal lobe epilepsy. Ripple-band
frequencies were selected to best describe the range in which increased
power is seen in the entire cohort of animals.

Behavioral state analysis. State classification was based on neck exten-
sor muscle activity and automated identification of characteristic hip-
pocampal rhythms based on well characterized activities associated with
each state. Specifically, theta and gamma activity with high muscle activ-
ity is present during periods of exploration, high-amplitude irregular
hippocampal activity with low muscle activity characterizes sleep, and
high-amplitude irregular activity with moderate muscle activity is ob-
served during quiet wakefulness (rest). Example periods of sleep, rest,
and movement were visually identified for normalization of power and
confirmation of correct classification. The recording was subdivided into
consecutive 1 s windows, and for each window average EMG, theta, and
gamma power were determined and z-score was normalized by the SD of
power in the identified period of sleep. The threshold between low and
high power was set at 3 SDs and manually adjusted to optimize correct
classification of identified examples in each state. Normalized power was
used to ensure comparable thresholds across mice and genotypes. Win-
dows with low EMG power were classified as sleep, while windows with
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high EMG power were classified as exploration if theta and gamma power
were high or as rest if theta and gamma power were low. Classification
was then reviewed and corrected as needed based on visual inspection.

Sharp-wave ripple identification. Individual ripple identification was
performed off-line using an automated approach based on transient in-
creases in ripple-band (100-260 Hz) power. To control for potential
differences in ripple signal-to-noise ratio across recording sites and ge-
notypes, instantaneous ripple power was z-score normalized using the
average and SD of power during a visually identified example of sus-
tained sleep. Peaks in the z-scored instantaneous power >2 SDs from the
sleep mean were identified, and for each identified peak the time at which
power traversed 0.5 SD before and after was used to define the start and
end of a ripple candidate region. Within this region, troughs were iden-
tified in the ripple bandpass-filtered recording. Troughs detected <4 or
>10 ms (corresponding to 100-260 Hz) from the last identified trough
were excluded. The detection of four or more troughs (three or more
intervals) was used to define a ripple. Start and end times of each SPW-R
were defined by the first and last detected trough. For each detected
ripple, the average frequency and ripple-band power were determined by
averaging instantaneous frequency and power over the five middle
trough intervals (three intervals for ripples containing fewer than six
ripple troughs). Using this method, no difference was found in the dis-
tribution of detected SPW-Rs as recorded trough amplitudes among
mice, genotypes, or recording sites, ensuring that recording site variation
did not systematically impact ripple signal-to-noise and bias ripple de-
tection and subsequent analysis. Instantaneous frequency was calculated
based on intertrough intervals, while instantaneous power was deter-
mined from Hilbert transform of ripple bandpass filtered LFP as de-
scribed above. Average ripple frequency, binned by ripple amplitude, is
slower in DS across the entire amplitude range, demonstrating that re-
duced ripple frequency in DS mice is not due to a difference in the
recording or detection of a ripple. /the total number of detected ripples
by genotype was as follows: WT, ~16,700 ripples; DS, ~14,600 ripples.
For each ripple, the corresponding sharp wave was identified in the
sharp-wave bandpass filtered (10-20 Hz) LFP recording. SPW power
was defined as the maximal instantaneous power in the SPW bandpass
filtered recording during each SPW-R.

Interneuronal network model. The model consists of 100, fully inter-
connected, conductance-based, single compartment model neurons
with membrane properties governed by standard Hodgkin—Huxley
equations (Hodgkin and Huxley, 1952; Koch, 1999; Dayan and Abbott,
2001; Gerstner and Kistler, 2002) as modified by Wang and Buzsaki
(1996) to better reflect firing properties of fast-spiking interneurons.
Namely, to account for differences between squid neurons, upon which
the Hodgkin—Huxley neuron is based, and hippocampal fast-spiking in-
terneurons, the kinetics and maximal conductances were modestly al-
tered. Potassium repolarization after spiking is less pronounced, and
faster kinetics of the sodium and potassium channels allow for high-
frequency firing. Synapses are fast and shunting (Bartos et al., 2007).

Model cell behavior is described by the following:

av

Cm d7T = _INa

—Ix = Iy + Ispw + Ly, (1)

where C,, = 1 pF/cm?, Iy, is fast sodium current, I is delayed rectifier
potassium current, I, is leak current, Igpy, is model sharp-wave current,
and I, is inhibitory synaptic current (all in microamperes per square
centimeter).

Assuming the fast sodium activation variable m, the transient sodium

current is described by the following:
Ing = gnazh(V — Ey,) (2)
M. = o,/ (o, + B (3)
a,(V) = —0.1(V + 35) /(exp(— 0.1(V + 35)) — 1) (4)

Bu(V) = dexp(— ((V + 60)/18)) (5)
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dh
E = @(a,(1 — h) — th) (6)
a,(V) =0.07 exp(— (V + 58)/20) (7)
Bi(V) = 1/(exp(— 0.1(V + 28)) + 1), (8)

where g, = 35 mS/ cm?, Ey, = 55 mV, and ¢ = 5.
The delayed rectifier potassium current is described by the following:

I, = gn*(V—Ey) 9)
dn
i ela,(l —n) — B,n) (10)
a, (V)= —0.01((V + 34)/(exp( —0.1(V + 34)) — 1))
(11)
B.(V) = 0.125 exp( — (V + 44)/80), (12)

where g, = 9 mS/cm? and Ex = —90 mV.
Leak current is described by the following:

IL:gL(V— Ep), (13)

g, = 0.1 mS/cm?and E;, = —65 mV.

Ipw is composed of periodic (every 100 ms) Gaussian-shaped [full-
width at half-maximal (FWHM) amplitude, 20 ms] positive currents
with superimposed constant Gaussian-filtered (7 = 1 ms) white noise
(SD = 0.5 pA/cm?) simulating the CA3 to CAl excitatory input giving
rise to SPW (Csicsvari et al., 2000).

Synaptic current I ,, was modeled by the following:

Isyn = gsyns(v - Esyvx)) (14)

where the maximal synaptic conductance g, = 1 mS/cm? and E,, =

—55. The variable s is the synaptic gating variable, which presents the
fraction of open synaptic ion channels governed by the following:

ds
Tsyna = -5 (15)
where 7, = 2 ms (Bartos et al., 2007). For each presynaptic action

potential, s was increased by 1 (Taxidis et al., 2012). Specifically, at each
time point s = s + Wv, where the ith element of vector v was 1 if the ith
presynaptic neuron fired an action potential (i.e., its membrane voltage
was greater than —20 mV). Differential equations of the network models
were solved with a fourth-order Runge—Kutta method and 0.05 ms time
step. Initial conditions were chosen from a uniform random distribution
with membrane potential range (—75 to —55) and gating variable range
(0-0.2); however, initial conditions were generally unimportant as the
model reached equilibrium before stimulus onset. To characterize the
frequency and timing of model oscillations, model ripples were displayed
as the bandpass-filtered mean synaptic currents. Synaptic currents were
averaged from all synapses and filtered by a second-order Butterworth
filter with a passband 100-300 Hz, as implemented by MATLAB (Math-
Works). Power spectra were calculated from the unfiltered average syn-
aptic currents for each network and then smoothed by averaging adjacent
bins.

Statistical analysis. Average results from each mouse were used to gen-
erate within genotype grand averages to ensure equal weighting of each
animal independent of the absolute number of observations. Quantita-
tive data are reported as the mean = SEM. Statistical significance of
quantitative data grouped by genotype was determined by Wilcoxon—
Mann—Whitney two-sample rank test, which does not assume normally
distributed data and is more robust than an independent-samples t test to
outlier data points (e = 0.05, two tailed). Effect size is reported as rank-
biserial correlation (r) specifying the effect size from —1 (all less than) to
+1 (all greater than), with 0 indicating no relationship.

Data availability. The data that support the findings of this study are
available from the corresponding author, upon reasonable request.
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Figure1.  Grossmorphology of hippocampal CA1 activities characteristic of exploration, rest,
and sleep are preserved in LFP recordings, but sleep and resting state ripple and exploratory
theta-band frequencies are slowed. A, B, Example CA1 LFP recordings during periods of sleep
(A) and exploration (B) in WT (top) and DS (bottom) mice demonstrate similar SPW-R morphol-
ogy (A) and rhythmic theta-gamma activities (B). C, Average frequency spectrograms by
genotype (blue: WT, n = 5; red: DS, n = 7) from concatenated periods of sleep show that
ripple-band frequencies are slower and have reduced power in DS mice. Genotype average =
SEM. D, Average frequency at peak ripple power == SEM by genotype quantifies slower DS ripple
frequency (WT mice, 170 = 4 Hz; DS mice, 141 = 4 Hz; p = 0.003, r = —1). E, During
exploration in DS mice, theta- and gamma-band power is reduced, and there is a modest
reductionin frequency at peak theta power. F, Genotype average = SEM. Average of frequency
at peak theta power == SEM by genotype (WT mice, 7.8 = 0.2 Hz; DS mice, 7.0 = 0.2 Hz; p =
0.03, r = —0.8). Calibration: 4, B, 200 ms, 500 w.V. Statistical analysis was performed by
Wilcoxon—Mann—Whitney two-sample rank test ( p), and effect size is reported as rank-biserial
correlation (r). *p << 0.05, ***p << 0.005. Spectral power in Cand E was normalized by average
power in a visually identified sleep period (see Materials and Methods).

Results

Spectral density analysis of characteristic

hippocampal rhythms

SPW-R features in DS mice were measured by implanting
chronic fine-wire depth electrodes in dorsal CAl proximal to
stratum radiatum to simultaneously record ripple oscillations
and SPW, maximal in the pyramidal cell layer and mid-stratum
radiatum, respectively (DS mice, n = 7; WT mice, n = 5). Elec-
trode locations were confirmed by characteristic LFP patterns
and post hoc histology (Materials and Methods). Periods of activ-
ity (i.e., exploration, ambulation), quiet wakefulness, or rest (i.e.,
immobility, grooming), and non-rapid eye movement (NREM)
sleep were identified off-line based on published approaches
(Klausberger et al., 2003; Lapray et al., 2012; Materials and
Methods) and analyzed separately. In both genotypes, charac-
teristic state-dependent LFP patterns and transitions between
states are easily identifiable by visual inspection. Periods of
activity are characterized by distinctive theta—gamma oscilla-
tions with similar gross morphology (Fig. 1A), while periods
of rest and sleep are characterized by irregular mixed-freque-
ncy activities (Fig. 1B).

To examine the range of LFP oscillation frequencies in each
state, average power spectra describing the distribution of LFP
power by frequency components were determined separately for
periods of exploration, rest, and sleep. During exploration, there
is a small but significant reduction in theta-band (5-12 Hz)
power and frequency in DS mice (Fig. 1 E,F; WT mice, 7.8 * 0.2
Hz; DS mice, 7.0 = 0.2 Hz; p = 0.03, r = —0.8), while the distri-
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bution of gamma-band frequency (30—80 Hz) is broad and
largely overlaps WT littermate values (Fig. 1E). More signifi-
cantly, during periods of NREM sleep, peak ripple-band power
(100260 Hz) is slower in DS mice (Fig. 1C,D; WT mice, 170 * 4
Hz; DS mice, 141 * 4 Hz; p = 0.003, r = —1), and, notably,
ripple-band spectral power is also reduced (Fig. 1C). These find-
ings demonstrate that Scnla mutation in DS mice is sufficient to
alter but not abolish characteristic hippocampal network activity,
particularly in the ripple frequency band during periods of sleep
and rest, and previous work suggests that it may be sufficient to
impair spatial learning and memory (Girardeau et al., 2009; Jad-
hav et al., 2012).

Internal ripple frequency of SPW-R determined by detection
of individual SPW-R complexes

The most significant impacts of Scnla mutation were in the ripple
band, and ripple formation critically depends on fast-spiking in-
terneuron activity, which is impaired in DS mice. Additional
evaluation of SPW-R was performed to determine whether the
internal ripple frequency of SPW-R complexes is reduced in DS
mice and to identify other SPW-R factors contributing to re-
duced ripple-band power. SPW-R morphology is grossly pre-
served in DS mice (Fig. 1A), but alterations in amplitude and
more subtle changes in morphology could bias ripple detection
based on commonly used automated, threshold-based algo-
rithms. Therefore, transient increases in normalized instanta-
neous ripple-band power were used for individual SPW-R event
detection in LFP recordings off-line, allowing for direct compar-
ison between mice and accounting for variability in the recording
site (Fig. 2A; Klausberger et al., 2003; Lapray et al., 2012; Materi-
als and Methods).

Following detection of individual SPW-R, power spectral
analysis was repeated for periods of sleep with and without
SPW-R detections. Ripple-band power is only minimally in-
creased in power spectra generated from periods of sleep exclud-
ing detected SPW-R (Fig. 2B), confirming that SPW-R complexes
account for the preponderance of increased ripple-band (100—
260 Hz) spectral power and that significant numbers of SPW-R
complexes were not missed by automated ripple detection. In
epileptic hippocampus, ripples can evolve into epileptic pHFOs,
which would result in fewer SPW-R detections (Gulyas and
Freund, 2015). The rate of interictal epileptic activity in DS mice
is greatest during periods of sleep (Kalume et al., 2015). To screen
for high-frequency (260-600 Hz) activity characteristic of
pHEOs, the ratio of average spectral density for periods of sleep
with and without ripples was determined. No significant pHFO
(260—600 Hz) power is present during or between ripples, thus
SPW-R detection is not biased by the transformation of ripples
into pHFOs (Fig. 2D).

Internal ripple frequency was estimated for each detected
SPW-R complex by averaging instantaneous frequency from
three or more intertrough intervals around the center ripple
trough. Individual ripple frequency estimates were then used to
determine the mean ripple frequency for each mouse during
sleep and rest, and were averaged by genotype. DS mice show
slowed internal ripple frequency in both sleep and rest states (Fig.
2C; sleep: WT mice, 160 = 1 Hz; DS mice, 130 = 3 Hz; p = 0.003,
r = —1; restt WT mice, 157 £ 3 Hz; DS mice, 130 = 2, Hz; p =
0.003, r = —1), which is consistent with the shift in ripple-band
frequency observed in power spectra, confirming that this shift is
due to slowed internal ripple frequency.
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Figure2. Averagefeaturesfromindividually detected SPW-Rs confirm slowed frequency in DS mice. A, Representative example
of ripple detection. Top, Wide-band filtered “raw” traces in gray, ripple band-filtered LFP (100 —260 Hz), shown in purple. Bottom,
Normalized instantaneous power in the ripple band-filtered LFP (100260 Hz, gray trace). Start and end of candidate SPW-R
region is defined as the time of 0.5 SD threshold crossings, and ripple duration is denoted by the black bar under instantaneous
ripple-band power (also in black); hash marks below indicate individual ripple trough detections. Ripples with peak power >2 SDs
were accepted. Calibration: 50 ms, 100 1.V or 10 SDs from mean. B, Average spectrograms of periods of time without SPW-Rs (top)
and all detected SPW-Rs (bottom; blue: WT, n = 5; red: DS, n = 7). The deviation from linear seen in SPW-R-containing time
periodsis absentin the no-SPW-R spectrograms, indicating that the majority of individual SPW-Rs have been detected and account
fornearly all of the power seenin that range in the whole-LFP recordings. C, Average ripple frequency (sleep: WT mice, 160 == 1Hz;
DS mice, 130 = 3 Hz; p = 0.003,r = —1; rest: WT mice, 157 = 3 Hz; DS mice, 130 £ 2, Hz; p = 0.003,r = —1). Statistical
analysis was performed by Wilcoxon—Mann—Whitney two-sample rank test ( p), and effect size is reported as rank-biserial corre-
lation (r). ***p << 0.005. D, Ratio of average frequency spectrogram by genotype during periods of sleep containing SPW-R
detections vs periods of time without. Values >1 (black dashed line) indicate that frequencies are enriched in SPW-R-containing
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Therefore, decreased ripple-band power
is not the result of reduced ripple dura-
tion. Consistent with slower internal
ripple oscillations (Fig. 2C) and similar
ripple duration (Fig. 3D), the number of
oscillation cycles per ripple, estimated by
the number of troughs detected, is re-
duced in DS mice (Fig. 3E; sleep: WT
mice, 7.3 * 0.3; DS mice, 5.8 = 0.2, p =
0.003; r = —1; rest: WT mice, 7.5 = 0.4;
DS mice, 5.6 £ 0.2; p = 0.003, r = —1).
Although there is a trend toward lower
individual ripple power in DS mice (Fig.
3F; sleep: WT mice, 9.1 = 1.8; DS mice,
72 £ 04, p =09, r = —0.1; rest: WT
mice, 9.4 * 1.0; DS mice, 7.3 = 1.1; p =
0.1, r = —0.6), the difference is not signif-
icant. Together, these data confirm that
decreased ripple-band power (Fig. 1C) is
not attributable to reduced ripple dura-
tion or smaller individual ripple ampli-
tudes, but rather to results from a reduced
rate of SPW-R occurrence.

Dependence of ripple internal
frequency, power, and timing on

SPW characteristics

Within CA1, SPW-Rs are generated lo-
cally in response to CA3 pyramidal cell-
mediated SPW excitation, and there is a
positive correlation between SPW amp-
litude and internal ripple oscillation

windows of time. Genotype average == SEM (blue: WT,n = 5; red: DS, n = 7).

Potential factors contributing to reduced ripple-band power,
rate of SPW-R occurrence, and duration of ripples

In addition to slowed internal frequency, ripple-band spectral
power is reduced in DS mice (Fig. 1C), which could be due to less
frequent, shorter, or lower-amplitude SPW-R complexes. Aver-
age SPW-R morphology is similar in each genotype, estimated by
averaging LFP aligned in time on the middle trough of each de-
tected SPW-R complex (Fig. 3A). The rate of SPW-R occurrence,
estimated in each mouse as the number of detected SPW-Rs di-
vided by the total time in each state, is decreased in both sleep and
rest states in DS mice (Fig. 3B; sleep: WT mice, 0.87 * 0.12
SPW-R/s; DS mice, 0.47 = 0.08 SPW-R/s; p = 0.048, r = —0.7;
rest: WT mice, 0.80 £ 0.15 SPW-R/s; DS mice, 0.38 = 0.06 SPW-
R/s; p = 0.03, r = —0.8). As previously discussed, the decreased
occurrence of SPW-Rs in DS mice is not explained by pHFO (Fig.
2D). Similar proportions of SPW-Rs occur in burst complexes
(Fig. 3C; sleep: WT mice, 0.37 £ 0.05; DS mice, 0.31 = 0.05; p =
0.6, r = —0.2; rest: WT mice, 0.38 = 0.08; DS mice, 0.27 = 0.05;
p = 0.3, r = —0.4), defined as the occurrence of two or more
SPW-Rs separated by <100 ms (Csicsvari et al., 2007; Schlingloff
et al., 2014), and the reduced rate of occurrence is not due to
fewer SPW-Rs per burst.

The duration of the ripple component of each SPW-R com-
plex is defined as the time between the first and last detected
troughs and shows a trend toward reduced duration in DS mice,
but does not reach significance (Fig. 3D; sleep: WT mice, 39.2 =
2.1 ms; DS mice, 38.1 = 1.0 ms; p = 1, r = 0.03; rest: WT mice,
38.5 £ 1.8 ms; DS mice, 36.4 = 1.1 ms; p = 0.4, r = —0.3).

frequency (Ponomarenko et al., 2004;
Nguyen et al., 2009; Sullivan et al., 2011;
Stark et al., 2014). Therefore, slower rip-
ples in DS mice could be explained by lower-amplitude SPW. To
determine whether changes in SPW amplitude contribute to
slowed internal ripple frequency in DS mice, the corresponding
SPW was identified in bandpass-filtered (10-20 Hz) LFPs for
each detected ripple, and normalized instantaneous power in the
ripple (100—260 Hz) and SPW (10-20 Hz) frequency bands was
compared with control for differences in signal-to-noise ratio
across recordings sites and mice (Materials and Methods). Ripple
power increases with SPW power across a comparable range and
with a similar distribution in both genotypes (Fig. 44, B), and at
equivalent SPW power, DS ripple frequencies are always slower
(Fig. 4C). Similarly, the number of ripple troughs in each SPW-R
complex is positively correlated with SPW power in both geno-
types but is always lower in DS mice (Fig. 4D).

During an SPW-R complex, the frequency of the internal rip-
ple oscillation is highest at sharp wave onset and decreases there-
after (Ponomarenko et al., 2004; Nguyen et al., 2009; Sullivan et
al., 2011; Stark et al., 2014). Delay in the timing of rippling rela-
tive to SPW could contribute to reduced internal ripple fre-
quency in DS mice. To determine how ripple features vary over
time during an SPW, peri-SPW-R average responses were calcu-
lated for each detected SPW-R by averaging =40 ms windows of
LFP aligned on the ripple trough closest to the SPW, an average
for each mouse was calculated, and grand average responses were
then determined by genotype (Fig. 5A). Average ripple (100260
Hz) and SPW (10-20 Hz) bandpass-filtered responses have a
similar time course and amplitude, while intervals between ripple
troughs are further apart in the DS grand average, reflecting re-
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Figure3.  Average featuresfromindividually detected SPW-Rs confirmareduced occurrence
in DS mice. Average SPW-R features by genotype in rest and sleep states. A, CA1 LFP average
SPW-Rs by genotype (blue: WT mice, n = 5; red: DS mice, n = 7) during periods of sleep and
rest. SPW-Rs were aligned on the ripple trough nearest to the SPW trough (arrow). Calibration:
20 ms, 50 V. B, Average rate of SPW-R occurrence expressed as SPW-R/s (sleep: WT mice,
0.87 £ 0.12; DSmice, 0.47 = 0.08;p = 0.048,r = —0.7; rest: WT mice, 0.80 == 0.15; DS mice,
0.38 = 0.06; p = 0.03, r = —0.8). C, Proportion of SPW-Rs occurring within a SPW-R burst
complex (sleep: WT mice, 0.37 = 0.05; DS mice, 0.31 == 0.05; p = 0.6, r = —0.2; rest: WT
mice, 0.38 == 0.08; DS mice, 0.27 = 0.05;p = 0.3,r = —0.4). D, Average SPW duration (sleep:
WT mice, 39.2 = 2.1 ms; DS mice, 38.1 = 1.0ms; p = 1,r = 0.03; rest: WT mice, 38.5 = 1.8
ms; DS mice, 36.4 == 1.1 ms; p = 0.4,r = —0.3). E, Average number of troughs (cycles) per
ripple (sleep: WTmice, 7.3 == 0.3; DS mice, 5.8 = 0.2;p = 0.003,r = — 1; rest: WT mice, 7.5 =
0.4; DS mice, 5.6 = 0.2; p = 0.003,r = —1). F, Average ripple power (sleep: WT mice, 9.1 ==
1.8;DSmice, 7.2 = 0.4;p = 0.9,r = —0.08; rest: WT mice, 9.4 == 1.0; DSmice, 7.3 = 1.1;,p =
0.1, r = 0.6). Statistical analysis was performed using the Wilcoxon—Mann—Whitney two-
sample rank test (p), and effect size is reported as rank-biserial correlation (r). *p << 0.05;
**¥1) < 0.005; ns, not significant.
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Figure 4. DS ripple frequency is reduced independent of sharp wave power. 4, In both WT
(blue, n = 5) and DS (red, n = 7) mice, ripple power increases similarly with SPW power.
Genotype average ripple power by SPW power (bin size, 0.5 SD from mean). B, Distribution of
SPW power by genotype. C, Average ripple frequency by SPW power for each genotype. D,
Average number of ripple troughs by SPW amplitude for each genotype.
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Figure5.  Timing of ripple relative to SPWsis maintained in DS mice. Average ripple features
by time aligned on the ripple trough nearest the SPW trough. Blue: WT, n = 5; red: DS,n = 7.
A, Averages of LFP recordings bandpass filtered for SPWs (10 —20 Hz) or ripples (100 —260 Hz).
Note that rippling is more prominent on the falling phase of the SPW peaking before the SPW
trough. B, Proportion of detected SPW-R complexes in which rippling is present at times relative
to the SPW trough. C, Average instantaneous ripple frequency. Average ripple frequency is
highest early in the ripple and decreases throughout, as previously described. The time course of
frequency decay is similar in both genotypes, although the absolute frequency remains lowerin
DS ripples throughout.

duced overall internal ripple frequency (Fig. 5A). To characterize
the probability of ripple occurrence relative to SPW, the presence
of rippling was determined in 5 ms bins. In both genotypes, the
probability of rippling is greatest just before the SPW trough,
falling symmetrically with time on either side (Fig. 5B). Average
instantaneous frequency, determined from intertrough intervals
in 5 ms bins (Fig. 5C), is fastest at SPW onset and slows over time
(WT mice, ~160-150 Hz; DS mice, ~135-125 Hz). Although
the average SPW amplitude is similar, in DS mice, internal ripple
frequency is consistently slower at all latencies from the SPW
trough (Fig. 5C), implicating the impairment of intrinsic CA1
ripple-generating mechanisms rather than a systematic reduction
in SPW amplitude in the reduced internal frequency of ripples.

Impact of decreased sodium conductance on oscillatory
frequency in a simple in silico interneuron model

The preceding in vivo studies implicate impaired ripple-
generating mechanisms in CA1 as the mediator of slowed internal
ripple frequency in DS mice. To examine whether reduced so-
dium conductance and impaired excitability of fast-spiking in-
terneurons in DS mice alone could be sufficient to affect the
synchronization and pacing of network activity, a simple in silico
model was created. The model contains 100 fully interconnected
conductance-based interneurons. Modified Hodgkin—Huxley
neurons, as detailed previously (Wang and Buzsdki, 1996), were
chosen for their fast-spiking behavior. Pyramidal cells (Fig. 6A,
gray cells) were not included because the activation of fast-
spiking interneurons alone, particularly parvalbumin basket
cells, is sufficient to pace network activity at ripple frequency
(Schlingloff et al., 2014; Stark et al., 2014), and ripple frequency
timing does not require pyramidal cell activation or CA1 pyrami-
dal cell excitation onto local interneurons (Racz et al., 2009; Stark
etal., 2014). Moreover, the mutation of Scnla in excitatory neu-
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Figure6. Reduced sodium conductance decreases cell excitability and slows the frequency of simulated ripples in an in silico fully connected interneuron network model. 4, Summary of proposed
network models of SPW-R generation in CA1 following SPW invasion from CA3 (green). Direct stimulation of pyramidal (gray) and inhibitory cells (purple) is proposed in the feedback model
(Schlingloff et al., 2014). Feedback and reciprocal stimulation proposes pyramidal cells (gray) are directly stimulated by the SPW and then indirectly stimulates an interconnected interneuron
network (purple; Stark etal., 2014). The current model consists of the common element in both models: interconnected IN, shown in purple. B, Firing rate increases with increasing current. Constant
Gaussian noise was added to the input (SD = 0.5 wA/cm %). ¢, D, Maximal first derivatives of spike membrane potential are decreased (€) and time to first spike after onset of constant current is
increased with lowered sodium conductance (D). E, Spiking threshold was measured at the point of the maximal second derivative during a potential upswing. F, Top, Neuron #: neural networks of
50 of the 100 fully connected Wang—Buzsaki interneurons with high sodium (Gy,, = 35 mS/cm%; black) and low sodium (Gy,, = 20 mS/cm % gray) with shunting inhibition (Eyyp = —55) and fast
synapses (Tsyn = 2ms). Middle, /Syn: bandpass-filtered synaptic currents (second-order digital Butterworth filter, 100 —300 Hz) show shorter, slower ripplesin the low sodium conductance network
(red lines). Bottom, I, is composed of periodic Gaussians (FWHM = 20 ms) with superimposed constant Gaussian-filtered (7 = 1 ms) white noise (SD = 0.5 wA/cm ?) repeated every 100 ms. G,
Peak ripple-band power in normal Gy, (black) model interneurons and lower G, peak ripple-band power (gray). Both are comparable to peak ripple power in vivo (Fig. 1C). H, Lower sodium
conductance (Gy, = 20 mS/cm?; gray) leads to slower intrinsic ripple frequencies (mean, 22.5 Hz slower) compared with higher sodium conductance (Gy, = 35 mS/cm?; black line) over a range
of input stimuli. Stimulus noise, SD = 0.5 wA/cm?.

rons does not cause DS symptoms in mice (Ogiwara et al., 2013).  amount of excitatory input stimulus the network receives (Fig.
The stimulus to the network was composed of Gaussian-shaped ~ 6H). However, for any given amount of input excitation, fre-
positive currents simulating SPW-mediated excitation, repeated ~ quencies from the low Gy, network are ~20 Hz less (Fig. 6H),
every 100 ms, as might occur during an SPW-R burst complex  with the difference in frequency varying in direct proportion to
(Fig. 6F, bottom, I, (input current stimulus); Csicsvari et al.,  the difference in Gy, between the networks (data not shown).

2000, 2007; Schlingloff et al., 2014). Model synapses are fast (7,

syn
= 2ms) and strong (G,,,, = 1 mS/cm2), and the reversal potential Di .
(Eyn = —55 mV) leads to shunting inhibition (Bartos et al., 1scussion

2007). To compare i silico model behavior to in vivo LFP ripples, Impaired SPW-Rs likely contribute to cognitive deficits in

mean synaptic currents averaged from all synapses (Fig. 6F, I, ,,) DS mice ) o o
and mean synaptic current spectral power were determined in Neuropsychological tests indicate that contextual memory is im-
each model (Fig. 6G). paired in DS (Chieffo et al., 2011a; Guerrini and Falchi, 2011;
Sodium current in GABAergic interneurons is significantly Ra'gona etal, 2011), an'd there is an incr efised'r.ate of accidental
reduced in DS mouse models (Yu et al., 2006), and comparisons ~ injury and death, possibly reflecting an inability to recall and

were therefore made between models with normal sodium con-  avoid dangerous situations (Skluzacek et al., 2011; Shmuely et al.,
ductance (Gy, = 35 mS/cm?) and reduced sodium conductance 2016). Improvement in cognitive function is an important treat-
(Gna = 20 mS/cm?) chosen to approximate the electrophysi- ~ mentgoalin DS, but specific pathophysiologic mechanisms link-

ologic properties of INs previously reported in WT and DS mice ~ ing SCNIA haploinsufficiency and cognitive deficits are lacking.
in vitro (Yu et al., 2006; Ogiwara et al., 2007; Tai et al, 2014;  This study demonstrates that Scnla haploinsufficiency, the most
Rubinstein et al., 2015). When single-cell properties were exam-  frequent cause of DS, is sufficient to slow hipp9campal 'Fheta
ined in isolation, decreased sodium conductance led to reduced ~ frequency, reduce SPW-R occurrence, and slow internal ripple

excitability in the spike-generating mechanism (Fig. 6B—E). Spe-  frequency, likely contributing to spatial memory impairment in
cifically, low Gy, neurons had a decreased rate of firing (Fig. 6B), DS mice (Han et al., 2012a; Ito et al,, 2013).

more slowly moving membrane potential during firing (Fig. 6C), The rate of SPW-R occurrence is decreased by ~30% in DS
a delay in time to first spike (Fig. 6D), and elevated spike thresh- ~ mice, and a similar magnitude of electrical or optogenetic disrup-
old (Fig. 6E). tion of SPW-R impairs spatial learning and memory in rodents

In response to repeated Gaussian excitatory stimuli of suffi- ~ (Girardeau et al., 2009; van de Ven et al., 2016). Here, internal
cient strength (Fig. 6F, I;,,), model neurons from both the high  ripple frequency is also slowed by ~30 Hz in DS mice, resulting in
Gy (black) and low Gy, (DS, gray) model networks fire repeat-  fewer ripple cycles per SPW-R complex. Each ripple cycle en-
edly with synchronized spike timing (Fig. 6F, top), leading to ~ codes unique information, and a reduction of the number of
inhibitory synaptic currents that fluctuate at high frequencies  cycles decreases the information encoded by each SPW-R com-
(100-300 Hz) during the stimulus pulse (Fig. 6F, I,,). Reducing  plex. During learning, SPW-R amplitude and frequency increase
sodium conductance in the model slows the frequency of oscilla- ~ (Ponomarenko et al., 2008) and optogenetic prolongation of
tion (Fig. 6F, I, oscillations: black, high Gy,; gray, low Gy,),  endogenous SPW-R enhances learning (Ferndndez-Ruiz et al.,
generating a shift in spectral power to slower frequencies (Fig.  2019), directly implicating SPW-R properties as a physiologic
6G) similar to those observed in spectra from in vivo LFP ripples  learning mechanism. In light of those studies, slowed internal
(Fig. 1C). In both models, oscillation frequencies vary with the  ripple frequency in DS mice forges a likely causal mechanistic
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link between the mutation of Scnla and impaired spatial
memory in DS.

SPW-R impairment has been reported in aging-related neu-
rologic conditions (Booth et al., 2016; Gillespie et al., 2016; Wie-
gand et al, 2016). Reduced SPW-R occurrence and slowed
internal ripple frequency correlate with age-related cognitive de-
cline (Gillespie et al., 2016; Wiegand et al., 2016), and the resto-
ration of internal ripple frequency alone is sufficient to improve
cognitive function in an Alzheimer’s model (Gillespie et al.,
2016). Additionally, toxin-mediated blockade of signaling be-
tween CA3 and CA1l has no impact on the number of SPW-R
occurrences, but slows internal ripple frequency and impairs spa-
tial memory (Nakashiba et al., 2009).

Conversely, pHFOs (250—600 Hz) have been reported in
many epileptic conditions and animal models (Bragin et al., 2002;
Jefferys etal., 2012; Valero et al., 2017). The emergence of pHFOs
may result from a failure of SPW-R formation following an in-
crease in internal frequency (Valero etal., 2017). This mechanism
stands apart from the findings presented here, as DS mice show a
slowing of SPW-R intrinsic frequency, underscoring the specific-
ity of the impairment of GABAergic IN function in DS. Studies in
a schizophrenia mouse model report an increased SPW-R rate
and internal frequency with accompanying memory impairment
but attribute the impairment to disordered place cell firing (Suh
et al., 2013). Further studies in DS are required to assess the
fidelity of place cell firing; however, the present study directly
implicates both reduced SPW occurrence and slowed internal
ripple frequency in spatial memory impairment in DS.

Scnla mutation in DS mice reduces the occurrence of SPW-R
with no change in the power and morphology of SPW
SPW-R complexes occur less frequently in DS mice. However,
both the distribution of SPW power (Fig. 4), a proxy for ampli-
tude or strength, and SPW morphology (Fig. 5), determined by
the timing and recruitment of CA3 pyramidal cells, are un-
changed. These findings indicate that Scnla mutations in DS
mice selectively impair mechanisms controlling SPW initiation
but have little impact on mechanisms controlling pyramidal cell
activity once SPWs are initiated, consistent with unchanged py-
ramidal cell firing in DS mice (Yu et al., 2006; Tai et al., 2014).
GABAergic INs, the cell type most impacted by Scnnla mutation in
DS (Yu et al., 2006; Ogiwara et al., 2007), are critical to the re-
cruitment and timing of pyramidal cell activity, and both opto-
genetic (Stark et al., 2013; Schlingloff et al., 2014) and electrical
(Ellender and Paulsen, 2010) manipulations of GABAergic sig-
naling impact the rate of SPW occurrence (Buzsaki, 2015).
Pyramidal cells in CA3 are highly interconnected, and activity
in a few pyramidal cells can precipitate an avalanche of activity
through reciprocal excitation (Schlingloff et al., 2014). A brief
period of rebound excitation following parvalbumin interneuron
(PVIN)-mediated inhibition paces the synchronous activity of
pyramidal cells (Ellender and Paulsen, 2010; Stark et al., 2013).
SPWs arise stochastically as a population burst in CA3, in part
under the control of local and projection GABAergic INs, includ-
ing fast-spiking, long-range GABAergic projection INs in the me-
dial septum diagonal band (MSDB; Vandecasteele et al., 2014;
Takdcs et al., 2018). Targeted siRNA-mediated knockdown of
Scnla in MSDB decreases the excitability of GABAergic projec-
tion cells, slows SPW occurrence, and impairs spatial memory
(Bender et al., 2016). MSBD-specific Scnla knockdown also
slows hippocampal theta frequency during exploratory activity
(Bender et al., 2013, 2016), similar to the reduced theta frequency
observed in DS mice (Fig. 1). Together, these results suggest that
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global Scnla haploinsufficiency could contribute to reduced
SPW generation through impaired PVIN firing and reduced
GABAergic signaling from MSDB.

Reduced excitability of GABAergic interneurons is the likely
cause of slowed internal ripple frequency

Overlapping distributions of both WT and DS SPWs and ripple
power (Fig. 4A,B), and the positive correlation between ripple
frequency and SPW power (Fig. 4C), implicate local CA1 mech-
anisms rather than reduced excitatory drive as the source of the
slowed ripple frequency. When a CA3-generated SPW invades
CAl, it induces local high-frequency oscillations (ripples; Ylinen
etal., 1995). Within CA1, PVINs fire on nearly every ripple cycle
to synchronize local pyramidal cells and to generate the alternat-
ing pattern of excitatory and inhibitory activity characteristic of
ripples. The summation of currents generated by this coordi-
nated pyramidal cell firing, entrained to the inhibitory frequency,
allows network activity to be visualized by LFP (Klausberger and
Somogyi, 2008; Chiovini et al., 2014; Gan et al., 2017). Consistent
with this mechanism, optogenetic stimulation of CA1 PVINs
generates ripple frequency oscillation (Schlingloff et al., 2014),
while optogenetic silencing of PVINs leads to impairment (Stark
etal., 2014). In vivo, Scnla-related reduction in PVIN firing im-
pairs spatial memory (Rubinstein et al., 2015; Tatsukawa et al.,
2018).

The interplay of excitatory and inhibitory cells underlying the
pacing of SPW-R frequency in CA1 are unclear (Donoso et al.,
2018). One theory posits that both excitatory and inhibitory cells
receive direct SPW stimulation and that the synaptic interaction
between them sets the frequency of the ripple oscillation (Fig. 64,
“feedback inhibition”; Schlingloff et al., 2014). However, ripple
frequency oscillations persist when excitatory synapses onto in-
hibitory neurons are blocked, implicating intact IN signaling in
setting oscillation timing (Récz et al., 2009). A variation of this
model hypothesizes that pyramidal cells receive direct inputs
from CA3, which in turn serve as the excitatory drive to an inter-
connected IN network (Fig. 6A, “feedback and reciprocal”; Stark
et al., 2014). Following optogenetic stimulation of PVINS,
sparsely active pyramidal cells are entrained to the PV firing fre-
quency in the absence of a detectable LFP ripple (Stark et al.,
2014). From these and other models, a picture of SPW-R dynam-
ics emerges in which inhibitory networks constrain and pace the
activity of local pyramidal cells and pyramidal cell activity serves
as a “readout” of this network pacing.

Here, intrinsic SPW-R frequency is slowed in DS mice (Figs.
1C,D, 2C), while the gross morphology (Fig. 3A) and power (Fig.
3F) of the detected SPW-Rs remain unchanged. These data are
consistent with GABAergic INs as the class of neurons most af-
fected by Scnla mutation and in setting the timing of network
oscillation. A simple in silico model of the common element in
these circuits, the interconnected INs (Donoso et al., 2018), was
used to explore whether a reduction in the sodium current of INs
would alone be sufficient to cause the observed SPW-R impair-
ments seen in vivo. In vitro, the firing rate of DS PVING is slower
for any given stimulus level (Tai et al., 2014), and model in-
terneurons were comparably impacted (Fig. 6B—E). Similar to in
vivo data, model oscillation frequencies increase with excitatory
input (Fig. 6G), and oscillation frequencies from the low-sodium
conductance network are always ~20 Hz lower than neurons
with normal sodium conductance (compare Figs. 6G, 4C). Thus,
this simple, straightforward model demonstrates that reduced
sodium conductance in model cells is sufficient to slow both IN
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firing and model ripples comparable to the decreases in internal
ripple frequency observed in DS mice.

The altered SPW-R properties identified in this study provide
a specific pathophysiologic mechanism connecting the mutation
of Scnla and its resulting cellular deficits in inhibitory neuron
function with whole-animal behavioral impairment in DS mice.
Furthermore, these SPW-R properties may be useful biomarkers
for cognitive impairment in DS, and the unique mechanism by
which SPW-Rs are altered in DS mice, Scnla mutation-related
decrease in IN excitability, may be a potential therapeutic target
to improve cognitive function in DS patients.
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