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Abstract

Signaling of brain-derived neurotrophic factor (BDNF) via tropomyosin receptor kinase B (TrkB) plays a critical role in the
maturation of cortical inhibition and controls expression of inhibitory interneuron markers, including the neuropeptide cor-
tistatin (CST). CST is expressed exclusively in a subset of cortical and hippocampal GABAergic interneurons, where it has
anticonvulsant effects and controls sleep slow-wave activity (SWA). We hypothesized that CST-expressing interneurons play a
critical role in regulating excitatory/inhibitory balance, and that BDNF, signaling through TrkB receptors on CST-expressing
interneurons, is required for this function. Ablation of CST-expressing cells caused generalized seizures and premature death
during early postnatal development, demonstrating a critical role for these cells in providing inhibition. Mice in which TrkB
was selectively deleted from CST-expressing interneurons were hyperactive, slept less and developed spontaneous seizures.
Frequencies of spontaneous excitatory post-synaptic currents (SEPSCs) on CST-expressing interneurons were attenuated in
these mice. These data suggest that BDNF, signaling through TrkB receptors on CST-expressing cells, promotes excitatory
drive onto these cells. Loss of excitatory drive onto CST-expressing cells that lack TrkB receptors may contribute to observed
hyperexcitability and epileptogenesis.
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Introduction although partially overlapping populations of parvalbumin

(PV) and somatostatin (SST) expressing inhibitory interneu-

Genetic manipulations that decrease activity-dependent
brain-derived neurotrophic factor (BDNF) signaling cause
down-regulation of transcripts encoding the neuropeptide
cortistatin (CST) (Martinowich et al. 2011; Guilloux et al.
2012). CST is a secreted neuropeptide expressed in distinct,
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rons in the cerebral cortex and hippocampus (HPC) (de
Lecea et al. 1997). CST is structurally similar to SST, but
produced from a distinct gene. Indeed, the CST protein was
named based on its strong similarity to SST as well as its
predominant cortical expression and ability to inhibit corti-
cal activity (de Lecea 2008). While SST and CST can signal
via common receptors, they exert distinct biological effects
(de Lecea 2008). For example, both peptides increase potas-
sium conductances, but only CST enhances the hyperpolari-
zation-activated cation current (/) (Schweitzer et al. 2003).
In addition, CST infusion prolongs slow-wave sleep duration
and increases the magnitude of 0.5—4 Hz sleep slow-wave
activity (SWA) (de Lecea et al. 1996; Bourgin et al. 2007).
SWA is associated with an increase in BDNF-dependent
plasticity during waking, which is diffused with the onset
of sleep SWA (Huber et al. 2000, 2007; Tononi 2014). Sup-
porting a link between activity-dependent BDNF signaling
and CST-expressing cells, we showed that the sleep-depri-
vation induced increase in cortistatin (Cort) gene expression
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is blunted in mice with reduced activity-dependent BDNF
signaling (Martinowich et al. 2011).

BDNF signals through its cognate receptor tropomyo-
sin receptor kinase B (TrkB) to play a critical role in the
maturation of inhibitory interneurons (Marty et al. 1997;
Heimel et al. 2011). For example, BDNF-TrkB signaling
impacts maturation of PV-expressing interneurons in the
visual system following eye opening (Itami et al. 2007,
Huang 2013). However, how BDNF-TrkB signaling influ-
ences other populations of inhibitory interneurons is not as
well understood. CST is expressed in a distinct subset of
inhibitory interneurons in the cortex and hippocampus (de
Lecea et al. 1997), and appears relatively early in postnatal
development compared to other interneuron markers (Tani-
guchi et al. 2011). In the brain, Cort gene expression peaks
following the second postnatal week of life in rodents (de
Lecea et al. 1997), coinciding with a rapid rise in BDNF
levels (Timmusk et al. 1994). Correlations between BDNF
signaling and Cort expression have been demonstrated in
both human and animal studies (Martinowich et al. 2011;
Douillard-Guilloux et al. 2012; Ding et al. 2015; Hill et al.
2016; Maynard et al. 2016), suggesting that BDNF-TrkB
signaling may impact the development and function of CST-
expressing interneurons.

However, whether TrkB signaling in CST-expressing
cells directly mediates the impact of BDNF signaling on
the function of these cells is not known. To test this hypoth-
esis we deleted TrkB selectively in CST-expressing cells,
and found that mutant mice have spontaneous seizures and
reduced sleep, as well as reduced excitatory drive onto CST-
expressing interneurons. These data suggest that a reduc-
tion in the number or density of excitatory connections on
CST-expressing cells may contribute to observed hyperexcit-
ability in these mutant animals. Together, the data support
a model where BDNF signaling via cell autonomous TrkB
signaling in CST-expressing interneurons is critical for their
ability to provide adequate inhibitory control.

Materials and methods
Animals

We selectively ablated CST-expressing cells by cross-
ing mice driving Cre-recombinase under control of the
endogenous Cort promoter, (Cort™! 2/, referenced
in text as CST®, stock# 010910, Jackson Laboratory, Bar
Harbor, ME) (Taniguchi et al. 2011), to mice carrying a
loxP-flanked STOP cassette associated with an attenu-
ated diphtheria toxin cassette in the ROSA26 locus (B6;
129-Gt(ROSA)26Sor™! PTAMre/ 1. poforenced in text as
DTA, stock# 010527, Jackson Laboratory). CST**/DTA
were used as experimental animals while both CST**® and
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DTA mice were used as controls. CST*" mice were back-
crossed to a C57B16/J background > 12X before initiating
crosses. Selective TrkB deletion in CST-expressing cells was
achieved by crossing CST*" mice to mice harboring a floxed
TrkB allele (strain fB/fB, referenced in text as TrkB1o¥iox)
(Grishanin, Yang et al. 2008). TrkB*¥1°* mice were back-
crossed to a C57B16/J background > 5X. CST"/TrkB1¥
flox were used as experimental animals and both CST"¢/
TrkB*"* and TrkB1° mice were used as controls. To vis-
ualize CST-expressing cells, we crossed CST/TrkB /1%
mice to mice expressing a loxP flanked STOP cassette in
the Gt(ROSA)26Sor locus, which prevents transcription
of the tdTomato reporter in the absence of Cre-mediated
recombination (B6.Cg-Gt(ROSA)26Sor'm!4(CAG-tdTomato)
Hze1. referenced in text as tdTOM, stock# 007909, Jackson
Laboratory). In these experiments CST"/TrkB "/ **tdTOM
mutant mice were compared to CST"/TrkB**/tdTOM mice
as controls.

Mice were group-housed (3—5 animals per cage) in stand-
ard caging (Innovive, San Diego, CA) unless otherwise
described. Cages were housed in a temperature and humid-
ity controlled environment with a 12:12 light/dark cycle and
animals had ad libitum access to standard rodent chow and
water. Procedures for animal care and use were approved by
the Institutional Animal Care and Use Committee (SoBran
Biosciences, Baltimore, MD). Male and female mice were
included and analyzed in all experiments.

Developmental behavioral analysis

Observations of tremors, seizure severity, hindlimb clasping,
and survival were recorded daily. For tremor observation,
mouse pups were placed in compartments of a plastic box
for 30 min and spontaneous movement was scored (Price
et al. 2009). Presence of seizures was determined during
homecage observations made three times a day for 1 h, 3 h
apart, and scored for severity using a modified Racine scale
(Luttjohann et al. 2009). A pre-determined scoring system
was used to characterize each animal’s overall seizure behav-
ior. Individual seizure behaviors (including observations
of behavioral arrest, unilateral or bilateral clasping, head
bobbing, forelimb clonus, rearing and falling) were noted.
Hindlimb clasping was measured by picking up each animal
by its tail and suspending it 150 mm above a surface for
2 min. Total duration of both hindlimb and forelimb clasping
were independently measured. Mice were scored on a “yes”
or “no” basis, with a clasping event being defined as retrac-
tion of one or both hindlimbs toward the midline (Baquet
et al. 2004).
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RNA extraction and quantitative RT-PCR (qPCR)

Mice were euthanized by cervical dislocation and dissected
tissue was snap frozen in isopentane and stored at — 80 °C.
qPCR was performed as described previously (Maynard
et al. 2016). Briefly, total RNA was isolated and extracted
using TRIzol (Life Technologies, Carlsbad, CA). RNA was
then purified using RNeasy minicolumns (Qiagen, Valen-
cia, CA) and quantified by a NanoDrop spectrophotometer
(Agilent Technologies, Savage, MD). RNA concentration
was normalized and reverse transcribed into single-stranded
cDNA using Superscript III (Life Technologies). Quanti-
tative PCR was performed using a Realplex Thermocycler
(Eppendorf, Hamburg, Germany) using GEMM Master-
mix (Life Technologies) with 40 ng of synthesized cDNA.
Individual mRNA levels were normalized for each well to
Gapdh mRNA levels.

Immunohistochemistry

Mice were anesthetized and transcardially perfused with 4%
paraformaldehyde. Brains were post-fixed overnight, cryo-
protected in 30% sucrose, and serial sections were cut using
a microtome (Leica Biosystems Inc., Wetzlar, Germany)
equipped with a freezing stage (Physitemp, Cliffton, NJ). For
fluorescence co-labeling experiments, free-floating sections
were incubated with anti-TrkB, anti-PV, biotin-conjugated
lectin from Wisteria floribunda (WFA), anti-SST and anti-
Glutamate decarboxylase (GAD67). Sections were washed
3X in phosphate buffered saline (PBS), incubated in 50 mM
ammonium chloride in PBS for 1 h at room temperature,
and blocked in 10% normal goat serum (NGS) with 0.1%
Triton-X 100 for 30 min at 25 °C. Sections were washed
and incubated in anti-TrkB H-181 (1:300, sc-8316, Santa
Cruz Biotechnology, Santa Cruz, CA), WFA (1:200, L1516,
Sigma-Aldrich, St. Louis, MO), anti-PV (1:1000, P3088,
Sigma—Aldrich) and anti-SST (1:400, MAB354, EMD Mil-
lipore, Darmstadt, Germany) at 4 °C overnight in 2% NGS.
For GAD67 staining, sections were washed and blocked in
0.3% DMSO rather than Triton X and incubated for 4 days
with anti-GAD67 (1:500, MAB5406, Millipore, Temecula,
CA) at4 °Cin 2% NGS. After primary incubation, sections
were conjugated with secondary antibodies, either an Alexa
Fluor 555 (1:250, A21422, ThermoFisher, Halethorpe, MD)
or a streptavidin Alexa Fluor 488 (1:400, S32354, Ther-
moFisher). Sections were rinsed in PBS for 10 min, placed in
0.1% Sudan Black for 2 h to block auto-fluorescence, coun-
terstained with DAPI (1:10,000, Thermo Fisher) for 5 min,
rinsed for 30 min and mounted with Immu-mount (Ther-
moFisher), for imaging. For anti-RFP Diaminobenzidine
(DAB) staining, sections were washed in 0.1% Tween 20 in
PBS for 30 min, blocked with 3% NGS in 0.1% Tween 20
for 30 min at 25 °C, then washed and incubated in anti-RFP

(1:500, ab34771, Abcam, Cambridge, MA) at 4 °C over-
night in 2% NGS. After incubation, sections were washed
for 10 min in PBS after which the VectorStain Kit ABC
horseradish peroxidase prep (HRP) application was used
per the manufacturers instructions (Vector Laboratories,
Inc., Burlingame, CA). Sections were incubated in ABC-
HRP for 1 h and then rinsed for 20 min in PBS. To block
endogenous peroxidase activity, 0.3% peroxide in water was
added to sections after rinsing for 30 min. Finally, sections
were stained for 3 min using Sigmafast cobalt DAB metal
enhancer tablets (Sigma—Aldrich), rinsed in PBS, mounted,
counterstained with Nissl, coverslipped with Permount
(ThermoFisher) and imaged. Three sections per animal were
counted and analyzed by a blinded rater.

Automated homecage behavior monitoring

Homecage monitoring was conducted similarly to previ-
ous descriptions (Martinowich et al. 2011, 2012). Briefly,
a single animal was placed into a standard housing cage
that contained food, bedding and water. This cage was then
placed within a temperature and humidity controlled auto-
mated home cage recording chamber system for 48 h. The
chamber contained white lights for light-phase illumina-
tion and infrared lights for dark phase recording, and was
programmed to be in sync with the animal’s normal 12:12
lights on/lights off cycle in the holding facility. The first 24 h
were considered an acclimation period and not analyzed.
The second 24 h were used for data analysis. Behavior was
automatically analyzed in real-time using HomeCageScan
software (CleverSys Inc, Reston, VA). Animal positioning
and sequence of movements were used to analyze patterns
of complex behavior in durations > 6 frames (30 frames/s).

Headstage implantation surgery and in vivo
electrophysiology recording with simultaneous
video monitoring

P21 aged mice received inhaled isoflurane anesthesia during
the surgery to implant custom-built recording headstages.
Electronic hardware boards (Electronic Hardware LTD, Hol-
lywood, CA) cut into 8-pin segments were used as the head-
stage base. Silver wires (0.33 mm, A-M Systems, Carlsborg,
WA) soldered to gold pins were inserted into the headstage
and used as surface recording electrodes. A custom-made
bipolar twisted wire depth electrode attached to a pin (Pin-
nacle Technologies, Lawrence, KS) was also inserted into
the headstage. To compensate for developmental differences
in targeting, stereotaxic locations were calculated using the
bregma-lambda scaling technique (Moore and Boehm 2009).
A scaling ratio was created by obtaining the bregma-lambda
distance for the mouse and then dividing by 4.21, which
is the average value for adult C57BL/6J mice. This ratio
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number was then multiplied by each of the desired adult
coordinates. The following reported coordinates are thus
based on the desired adult Paxinos-Franklin coordinates.
The reference electrode was placed in the right frontal cortex
+ 2 Anterior-Posterior (AP), 1.5 Medial-Lateral (ML) and
the ground electrode was placed near bregma (— 1 AP, +1.5
ML). An additional electrode was placed over the parietal
cortex (— 2.4 AP, — 3 ML), and the depth electrode was
targeted to the CA1 region in the opposite hemisphere in
the hippocampus — 2.4 AP, +3 ML, — 1.62 dorsal-ventral
(DV). The headmount was fixed to the skull using dental
acrylic (OrthoJet, Lang Dental, Wheeling, IL). Mice were
administered 1.5 mg/kg meloxicam intraperitoneal for 3d
post-surgery.

Following headstage implant, mice were serially recorded
starting at P26, continuing on P30, P32, P34, P37, and P41
or until death. Each day, mice were placed in the homecage
recording set-up described above, and video and electro-
physiological recordings were simultaneously made during
the light cycle for 3.5 h. Electroencephalogram (EEG) from
surface electrodes and HPC local field potential (LFP) data
from the HPC depth electrode was recorded using Sirenia
Acquisition hardware and software (Pinnacle Technologies,
Lawrence KS) at a rate of 2000 Hz. Video was captured
using CaptureStar software (CleverSys Inc). Successful
placement of the HPC depth electrode was confirmed post-
mortem using Nissl staining following perfusion (Fig. S4A).

In vivo electrophysiology data analysis

Custom Matlab (Mathworks, Natick, MA) scripts were cre-
ated for the analysis of electrophysiological data. Raw .edf
files for each session were converted to .mat files for further
analysis. The Matlab pwelch function, which uses Welch’s
overlapped segment averaging estimator, was used to cal-
culate power spectral density (PSD). The data window was
4000 samples (2 s), the amount of data overlap used was
50%, and the number of discrete Fourier transform points
used in the calculation was 4096. This number of transform
points was chosen because it is the next higher power of
2 above 4000, allowing for faster computation time. The
spectrum was decibel (dB)-scaled prior to plotting, and the
reported results reflect absolute values. For feature detection
of seizures, we also performed line length analysis (Estellar
2001): Session data were segmented into 2 s epochs and
within each epoch, the sum of the distance between succes-
sive data points was calculated, and then converted to an
absolute value. The line length for each epoch was estimated
by summing the absolute value of the distance between all
points, and then the mean line length value for the session
was determined. Seizures were identified by finding epochs
with line length values two standard deviations above the
mean value. For PSD analysis of line length data, either
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2 s potential seizure or non-seizure epochs were combined
into a continuous data file for each animal and then pwelch
analysis was performed on both sets of epochs as described.

In vitro electrophysiological recordings of CST
interneuron excitability

3-4 week old control (Ctrl, CST"¢/TrkB**/tdTOM) and
mutant mice (CST¢/TrkB " /tdTOM) were sacrificed
following isoflurane administration. The brains were quickly
removed, and 300-um thick coronal slices containing soma-
tosensory cortex were cut on a Leica VT1000 S Vibrating
blade microtome (Leica Biosystems Inc.). The slices were
maintained in oxygenated ice-cold Na*-free sucrose solu-
tion containing 2.5 mM KCl, 1.25 mM NaH,PO,, 26 mM
NaHCO;, 0.5 mM CacCl,, 4.0 mM MgCl,, and 250 mM
sucrose. The slices were initially incubated at 34 °C in a
Ringer solution (ACSF) containing 125 mM NaCl, 2.5 mM
KCI, 1.25 mM NaH,PO,, 2 mM CaCl,, 1 mM MgCl,,
26 mM NaHCO; and 10 mM dextrose, pH 7.4, and then kept
at room temperature. Slices were equilibrated for at least
30 min before recording. The slices were transferred into a
recording chamber at approximately 32—-34 °C. For current
clamp, the recording pipettes were filled with intracellular
solution containing (in mM) 130 K-gluconate, 1 MgCl,, 5
EGTA, 5 MgATP, 10 HEPES and 0.4 Na,GTP (pH 7.2 with
KOH). The resistances of patch pipettes were 4—7 MQ. The
signals were amplified and filtered at 2 kHz with Axopatch
200B (Molecular Devices, Sunnyvale, CA) and acquired at
sampling intervals of 20—100 ps through a DigiData 1321A
interface with program pCLAMP 10 (Molecular Devices,
Sunnyvale, CA). The access resistance was monitored dur-
ing recordings, and the data were excluded from analysis
if the series resistance changed more than 20% from con-
trol levels (10-25 MQ). The frequency (event number) and
amplitude of individual events were examined with Clampfit
10 (Molecular Devices). The input resistances of the tested
neurons were calculated offline from the voltage produced
by negative current injection (— 20 pA) prior to the step
currents.

Statistical methods

Statistics were calculated using GraphPad Prism Software
(GraphPad Software, La Jolla, CA). For all animal studies
(behavior, electrophysiology and immunohistochemistry),
the reported N represent independent biological replicates.
These N are reported in both the Methods section as well
as in the individual figure legends for the respective experi-
ments. Group sizes for all studies were based on previous
investigations carrying out similar experimental studies
(Klaassen et al. 2006; Rossignol et al. 2013; Maynard et al.
2016). Data comparing single averaged values between two
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genotypes was compared using an unpaired Student’s #-test,
including qPCR data, homecage behavioral data compari-
sons, between-genotype power analysis, and cell counting.
A paired Student’s z-test was used for within-genotype com-
parisons for data from the same mice across conditions, such
as spectral power between seizure and non-seizure epochs of
CST"¢/TrkB/** mice. For data comparing changes in Cort
expression in mice across development, a one-way repeated
measures (RM) ANOVA was used. To analyze genotype dif-
ferences across multiple conditions or time points, such as
hindlimb clasping, a two-way RM ANOVA was utilized. For
survival data, groups were compared using survival curve
comparison. A log-rank (Mantel-Cox) test was performed
on data across lifespan.

Results

Loss of CST-expressing interneurons causes
spontaneous seizures

Mice with reduced activity-dependent BDNF signaling
(BDNF-KIV mice) exhibit~2.5 fold down-regulation in
expression of Cort mRNA transcripts (Martinowich et al.

2011). They also exhibit more severe seizures, higher mor-
tality and increased seizure susceptibility compared to WT
animals (Fig. STA-C). To determine whether CST-express-
ing interneurons influence seizure progression and severity,
we investigated the effect of ablating this cell population
by crossing CST® mice to mice carrying a loxP-flanked
STOP cassette associated with an attenuated diptheria
toxin cassette (CST““/DTA mice, Fig. 1a). CST“*/DTA
mice develop tremors and spasms beginning at P11, which
become increasingly common by P17 (Fig. 1b). CST*/
DTA mice exhibit premature death starting at P18 with all
mutant mice dying by P23 following severe seizure activ-
ity (Fig. 1c). Consistent with excessive levels of excitation,
CST“*/DTA mice showed increased cortical levels of the
immediate early genes, Fos and Arc (Fig. 1d).

Developmental expression of CST-expressing
interneurons

To better understand how CST-expressing interneurons con-
tribute to seizure onset and progression, we characterized
development of this cell population. Consistent with previ-
ous reports (de Lecea et al. 1997), expression of Cort mRNA
transcripts peaks during the second week of postnatal life
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expression in WT animals (Fig. 2a). To identify CST-
expressing cells, we crossed CST* mice with Rosa26-Lox-
STOP-Lox tdTomato reporter mice (tdTOM), resulting in red
fluorescent labeling only in CST“"*-expressing interneurons.
Figure 2b demonstrates cortical expression of CST-positive
tdTOM labeled cells during early postnatal development.
Consistent with a previous report (de Lecea et al. 1997),
nearly all CST interneurons express GAD67 and their cell
bodies are more densely localized in layers 5/6 compared to
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Fig.2 Developmental expression of Cort and co-expression of CST
interneurons with interneuron markers. a qPCR demonstrates the
time course of cortical Cort expression across development, which
peaks in the second and third postnatal weeks (1-way ANOVA,
p=0.0055, post-hoc t-tests, P5:P14-p<0.001, P5:P20 and P5:P50,
p<0.05). Data are represented as fold changed relative to P5. b
Representative images depicting cortical expression of tdTomato
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layers 2/3, but nearly absent from layer 4 (Fig. 2b—d). We
quantified labeling with other interneuron markers (Fig. 2d)
and found significant overlap of CST-expressing cells with
SST (44.7+4.3%) and calbindin (CB) (24.3 +4.7%), and
association of 33 +1.7% of CST-expressing cells with a
perineuronal net (PNN). Consistent with a previous report
describing this CST“”* mouse line (Taniguchi et al. 2011),
there is less overlap of CST-expressing interneurons with
PV (15.33 +4.3%). CST-expressing cells are almost never
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(tdTOM) labeled CST-interneurons across early postnatal develop-
ment. ¢ Representative images demonstrating co-labeling of tdTOM
labeled CST interneurons and inhibitory enzyme Glutamate decar-
boxylase 67 (GADG67) at P7 and P35. d Percent co-labeling of tdTOM
labeled CST interneurons in somatosensory cortex (S1) of 6 week
old mice (n=3). Data are represented as mean+SEM (¥p<0.05,
*#p <0.01)
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positive for nitric oxide synthase (nNOS) (1.7 +0.9%) or
vasoactive-intestinal peptide (VIP) (0.3 +£0.3%).

Selective TrkB deletion in CST-expressing cells
causes spontaneous seizures

We next asked whether BDNF/TrkB signaling is required
for CST-expressing interneurons to control E/I balance. To
selectively delete TrkB in CST-expressing interneurons, we
crossed mice harboring a floxed TrkB allele (TrkB/*fiov)
with CST"* mice (Fig. S2A). We conducted a developmental

behavioral study in CST¢/TrkB1¥1°% mice and observed
abnormal hindlimb clasping by P15 (Fig. 3a, b). Automated
homecage behavior testing at P21 revealed hyperactivity,
reduced sleep, and repetitive jumping in CST*"¢/TrkB/lox/fiox
mice (Fig. 3c—d). Spontaneous seizures were detected in
CST*/TrkB"*o* mice by P21 (Fig. 3f), and most CST"*/
TrkB"*°* mice died between 5 and 6 weeks of age (Fig. 3g).
In a subset of mice, we inter-crossed CST¢/TrkB1o¥foX mice
to tdTOM mice to label CST-expressing interneurons (Fig.
S2A). Immunohistochemical studies in CST¢"¢/TrkB/¥fox

mice confirmed TrkB loss in CST-expressing interneurons
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in the behavior in a 24 h period (n=4/group). ¢ CST¢/TrkB/ox/flex

Age (Postnatal Day)

mice spend more time walking than Ctrl mice (#-test, p=0.0038). d
CST¢/TrkB ¥ mice sleep less than Ctrl mice (7 test, p=0.0008).
e Increased repetitive jumping activity in CST¢/TrkB""* mice
(t-test, p=0.0428). f Racine scores of seizures observed in CST¢/
TrkB/*"ox_Seizure onset occurred at P21, and progressed in severity
until death. No seizures were observed in Ctrl mice (n=19/group). g
Survival data for CST**/TrkB™***, 50% of mutants die by P32, and
the majority die by 5-6 weeks postnatal (n=15 Ctrl, n=8 CST“*/
TrkB/o¥foxy (Mantel-Cox log-rank test, p=0.0173). Data are repre-
sented as mean+SEM (¥*p<0.05, **p<0.01, ***p<0.001, ****
p<0.0001)
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(Fig. S2B-C). To determine whether the observed seizure
phenotype is specific to TrkB deletion from CST- express-
ing interneurons, we examined the effect of deleting TrkB
in PV-expressing interneurons. We crossed PV mice with
TrkB/** mice to delete TrkB specifically in PV-expressing
cells. Consistent with previous reports (Lucas et al. 2014),
we found that PV<¢/TrkB/ % mice exhibit motor impair-
ments, including stereotyped circling behavior in the open
field, decreased latency to fall on an accelerating rotorod,
and impaired grip strength (Fig. S3A-C). However, these
animals do not develop spontaneous seizures and live to at
least 5 months of age (data not shown).

Characterization of seizures in CST/TrkB1°¥flX mice

To understand how loss of TrkB in CST-expressing cells
contributes to development of spontaneous seizures, we
monitored seizure progression using video-EEG in CST"¢/
TrkB/ ¥ mice. Mice were surgically implanted with head-
stages at P21 that contained cortical surface electrodes for

EEG and an HPC depth electrode targeted to CA1 to record
local field potentials (LFP) (Fig. 4a, S4A). We consist-
ently observed an increase in the amplitude of EEG activ-
ity in CST<"*/TrkB/"*/* mice compared to Ctrl (Fig. 4c—e).
Because 5/6 CST¢/TrkB %% mice died on or prior to P34,
quantitative analysis was conducted on data recorded from
P26-P32. CST"*/TrkB"** mice displayed seizures of vary-
ing intensity within a session, which were accompanied by
abnormal EEG patterns (Fig. 4b). Common seizure types
observed included absence (behavioral arrest with automa-
tisms and myoclonus), clonic, and generalized tonic-clonic
(Supplementary Videos). Using power spectral density esti-
mation on EEG data collected at P26 prior to any seizure-
induced deaths, CST<*/TrkB*#o* mice exhibit increased
25-40 Hz power across the session (Fig. 4c, d). We noted
that seizures in CST"¢/TrkB/"**/°* mice typically begin in
the cortex and migrate to HPC with increasing severity (Fig.
S4). 5/6 CST<"/TrkB"*"°* mice had analyzable LFP sig-
nals from the CA1 electrode, and 3 of those 5 exhibited
an increase in high amplitude sharp-wave discharge (SWD)
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Fig.4 Mice with selective TrkB deletion in CST-expressing interneu-
rons exhibit abnormal electroencephalogram (EEG) activity. a Video-
EEG set up (upper) and placement of cortical (CTX) EEG electrode
and hippocampal (HPC) depth electrode (lower). b Example HPC
local field potential (LFP) trace (top panel) and corresponding heat
map (bottom panel) recorded from a CST*/TrkB/**fo* mouse at
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with increased seizure severity (Fig.S4). Spectrogram data
of SWD events indicated a broadband increase in power
(Fig.S4E), and in the final recording at P32, there was an
increase in HPC SWDs (Fig. S4F-G).

Effects of TrkB loss in CST-expressing cells on their
migration, survival and physiology

Because TrkB can mediate neurotrophic effects of BDNF, we
examined whether loss of TrkB in CST-expressing interneu-
rons caused abnormal migration, organization, or death of
these cells. We quantified the numbers of CST-expressing
interneurons in CST"¢/TrkB**/tdTOM (Ctrl) and CST"¢/
TrkB"*/°XtdTOM mice in the dentate gyrus (DG) and hip-
pocampal CA1/CA3, as well as in superficial and deep layers
of somatosensory cortex (S1) (Fig. SSA-D). In HPC, there
was no difference in the number of CST-expressing interneu-
rons in DG or CA1/CA3 regions (Fig. S5B), and in S1 there
was no difference in the total number of CST-expressing
interneurons (Fig. S5C). Cell counts in layers 2/3 and in
layers 5/6 of S1 revealed similar numbers of CST-expressing
cells between Ctrl and CST*"*/TrkB "*/**/tdTOM animals
(Fig. S5D). We next used fluorescent immunostaining to
determine whether survival of any specific sub-population
of CST-expressing interneurons was affected by TrkB dele-
tion. The data revealed no difference in total number of cells
co-expressing PV or SST, or surrounded by a PNN between
genotypes (Fig. S5E). Together, the results suggest that TrkB
deletion in CST-expressing cells does not cause gross defi-
cits in their migration, localization or survival.

To better assess the physiological consequences of TrkB
loss in CST-expressing interneurons that could cause the
observed behavioral impairments and development of sei-
zures in CST<*/TrkB/ "X animals, we examined whether
GABA release from CST-expressing cells was impaired.
Because CST-expressing cells are sparse, assessing inhibi-
tory transmission events using paired-recordings is difficult
due to low connection probability. Hence, we took an alter-
native optogenetic approach to assess GABA release proper-
ties from CST-expressing cells. We stereotaxically infused
a Cre-dependent AAV9 channelrhodopsin (ChR2):tdTOM
viral vector in Ctrl and CST<¢/TrkBox mice, resulting in
ChR2 expression exclusively in CST interneurons (Fig. S7).
We then stimulated GABA release in these cells by fiber-
optic light activation of ChR2 in ex-vivo cortical slices from
Ctrl and CST"¢/TrkB/"*"#* mice (Fig. S7). Comparison of
genotypes revealed no significant differences in inhibitory
post-synaptic currents (IPSCs) between pulses, recorded as
percent depression (Fig. S7), suggesting that synaptic trans-
mission from CST-expressing cells is not affected by TrkB
deletion.

We next assessed whether TrkB influences electrophysi-
ological maturation of CST-expressing cells by measuring

excitability of layer 2/3 CST-positive interneurons in Ctrl
and CST<"*/TrkB/****/tdTOM mice. We found no difference
in intrinsic excitability as demonstrated by similar numbers
of action potentials fired in response to depolarizing cur-
rent steps (Fig. S6A-B), and no difference was observed in
the baseline membrane properties of CST-expressing cells
in CST"¢/TrkB" " /tdTOM mice (Fig. S6C). Alterations
in excitatory drive to interneurons provide another poten-
tial mechanism that could explain observed impairments in
inhibition and altered E/I balance. Hence, we asked whether
loss of TrkB in CST-expressing interneurons affects gluta-
mate-mediated excitation of CST-expressing interneurons in
CST<*/TrkB/ "o tdTOM mice. We made successful whole
cell recordings in visually identified tdTOM + interneurons
in S1 of cortical slices and recorded spontaneous ePSCs.
These experiments showed no change in amplitude, rise
time or decay time (Fig. Sc-h), but did reveal significantly
decreased sEPSC frequencies (Fig. 5b).

Discussion

BDNF-TrkB signaling is implicated in the etiology of epi-
lepsy. In particular, its role in the transformation of the
brain during chronic temporal lobe epilepsy (TLE) has
been extensively studied (Reibel et al. 2001; Koyama and
Ikegaya 2005; McNamara and Scharfman 2012). Because
BDNF is a potent regulator of activity-dependent synaptic
plasticity and plays key roles in the developing GABAer-
gic circuitry, it exerts significant control over E/I balance
(Nagappan and Lu 2005; Woo and Lu 2006). However, there
are conflicting reports about when and where BDNF-TrkB
signaling facilitates excitation versus inhibition to promote
or attenuate seizures and epilepsy (Koyama and Ikegaya
2005). Specifically, several lines of evidence demonstrated
that BDNF-TrkB signaling is increased following neuronal
insults or kindling, and that antagonizing its signaling can
slow seizure onset and decrease seizure severity (Ernfors
et al. 1991; Merlio et al. 1993; Binder et al. 1999; Liu et al.
2014). Alternatively, other studies show that BDNF infusion
can promote inhibitory signaling and delay seizure onset
(Reibel et al. 2001; Paradiso et al. 2011; Simonato 2014,
Prince et al. 2016). While the role of BDNF-TrkB signaling
in models of induced epilepsy in adults is well-studied, its
role in the onset of idiopathic, spontaneous epilepsy dur-
ing development is less clear (Weidner et al. 2014). Since
TrkB antagonism is proposed as a therapeutic treatment
for epilepsy (McNamara and Scharfman 2012; Liu et al.
2014), a complete understanding of how BDNF-TrkB sign-
aling modulates brain excitability is important. Our study
is notable because the role played by differential effects of
cell-autonomous TrkB signaling in inhibitory interneurons
versus excitatory cells in the context of epilepsy has not yet
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been explored. BDNF is primarily synthesized and secreted
from pyramidal cells, but is absent from inhibitory interneu-
rons (Cellerino et al. 1996; Gorba and Wahle 1999; Swan-
wick et al. 2004). While TrkB is expressed on both excita-
tory and inhibitory neurons, the respective contributions of
its signaling in one versus the other in seizure development
and epilepsy is not clearly established. While it is known that
activity-dependent BDNF signaling controls PV interneuron
maturation during ocular dominance development (Huang
et al. 1999; Itami et al. 2007; Heimel et al. 2011), the role of
BDNF-TrkB signaling in the development of other inhibitory
interneuron populations is less well-explored.

Despite constituting a relatively sparse subpopulation
of interneurons whose localization is restricted to the HPC
and cortex, CST-expressing interneurons are required for
E/I balance, as demonstrated by our data showing that their
ablation causes spontaneous seizures and premature death.
CST signaling is implicated in both neuroprotection and
regulation of sleep homeostasis. Intraventricular and intra-
hippocampal CST infusion attenuates severity of chemo-
convulsant-induced seizures and prevents hippocampal cell
death (Braun et al. 1998; Aourz et al. 2014). In addition to
attenuating seizures, both CST and BDNF-TrkB signaling
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directly impact sleep physiology. Brain infusion of BDNF
and CST increases the magnitude of low-frequency SWA
during slow-wave sleep (de Lecea et al. 1996; Bourgin et al.
2007; Faraguna et al. 2008), the onset of which coincides
with developmental upregulation of Bdnf and Cort expres-
sion (Hairston et al. 2011). We previously showed reduced
Cort expression and SWA in mice with decreased activity-
dependent BDNF (Hill et al. 2016), and here we demonstrate
that animals in which TrkB is selectively deleted in CST-
expressing cells sleep significantly less than controls. These
findings support a mechanistic link between BDNF, Cort
expression and sleep physiology. CST may increase SWA
by augmenting the hyperpolarizing I, current, resulting in
increased synchronous oscillation in the cortex and HPC
(Schweitzer et al. 2003; de Lecea 2008). This is intriguing
because mutations in the gene encoding HCN1, the channel
which regulates I, cause infantile epilepsy (Poolos 2012;
Nava et al. 2014), and TrkB and HCN1 are co-expressed in
cells controlling synchronized oscillatory activity (Thoby-
Brisson et al. 2003).

Beyond epilepsy, the interaction between CST and
BDNF-TrkB signaling may have implications for neu-
rodevelopmental disorders and major depressive disorder
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(MDD). Interestingly, genes that are misregulated in the
brains of individuals with autism spectrum disorder (ASD)
and candidate genes discovered in clinical studies of ASD
are over-represented in the translatome of CST-expressing
cells (Xu et al. 2014; Chang et al. 2015). In addition to
sleep impairments, CST<"*/TrkB/ /¥ mice exhibit repeti-
tive jumping behavior, consistent with a number of mouse
models of neurodevelopmental disorders (Patterson 2011).
Furthermore, co-morbidity between ASD and seizure dis-
orders is high, suggesting a possible mechanistic link in
the underlying biology (Jacob 2016). Decreased expres-
sion of BDNF, CORT and SST are noted in animal models
of depression and in postmortem human studies of adults
with MDD (Guilloux et al. 2012; Ding et al. 2015; Lin and
Sibille 2015). SST knockout mice show increased anxi-
ety/depressive-like behaviors as well as downregulation
of Bdnf and Cort (Lin and Sibille 2015), and mice with a
deletion of the Cort gene exhibit increased anxiety (Souza-
Moreira et al. 2013). Functional studies recently showed
that disinhibiting forebrain SST-expressing interneurons
causes anti-depressive and anti-anxiolytic effects (Fuchs
et al. 2017). Thus, understanding the mechanisms underly-
ing BDNF-TrkB signaling in CST-expressing interneurons
could generate new insights into MDD treatment.

In summary, we discovered an essential role for CST-
expressing interneurons in controlling E/I balance, a func-
tion that requires intact TrkB signaling. Loss of TrkB in
CST-expressing interneurons did not impact their survival
or laminar distribution, nor did it alter intrinsic excitabil-
ity or GABA release properties. However, loss of TrkB
in CST-expressing cells decreased excitatory drive onto
these cells, suggesting that BDNF-TrkB signaling in these
interneurons is critical for establishment or maintenance of
excitatory synaptic connections onto these cells. Together,
the presented data support the hypothesia that the sub-
population of TrkB-expressing CST interneurons (~50%
of all CST-expressing cells) constitute a set of cells that
are critical for providing homeostatic inhibitory feedback
in response to rising BDNF levels that promote neural
excitation.
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