N

N

Firing of hippocampal neurogliaform cells induces
suppression of synaptic inhibition.
Gengyu Li, Robert Stewart, Marco Canepari, Marco Capogna

» To cite this version:

Gengyu Li, Robert Stewart, Marco Canepari, Marco Capogna. Firing of hippocampal neurogliaform
cells induces suppression of synaptic inhibition.. Journal of Neuroscience, 2014, 34 (4), pp.1280-92.
10.1523/JINEUROSCI.3046-13.2014 . inserm-00951405

HAL 1d: inserm-00951405
https://inserm.hal.science/inserm-00951405

Submitted on 4 Jun 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inserm.hal.science/inserm-00951405
https://hal.archives-ouvertes.fr

Firing of hippocampal neurogliaform cellsinduces suppression of synaptic
inhibition
Gengyu Li*, Robert Stewart!, Marco Canepari®** and Marco Capogna*
'MRC Anatomical Neuropharmacology Unit, Departmeflbarmacology, University

of Oxford, United Kingdom?Inserm U836, Team 3, Grenoble Cedex 09, France
3 Université Joseph Fourier, Grenoble Institut desrNgciences and Laboratoire
Interdisciplinare de Physique (CNRS UMR 5588), Emn

“ Laboratories of Excellence, lon Channel Scienck&rerapeutics

Corresponding Author: Dr. Marco Capogna, MRC Anatal Neuropharmacology

Unit, Mansfield Road, Oxford, OX1 3TH, UK. marcappgna@pharm.ox.ac.uk

Number of figures and tables: 9and 0
Number of pages: 40

Number of words for Abstract (200), Introductio®(), and Discussion (1432)

Acknowledgements: This work was supported by thelivd Research Council, UK
(MRC award U138197106). We thank Katherine Whitlwdor preparing the solutions
and help with re-sectioning slices, andtogethehwiiz Norman for generating and
breeding the nNOS-Cre-tdTomatomice, Dr. Jeremy &@ral{Cairn Research Ltd.,
Faversham, UK) for help to set up the laser-illuamtion system to detect voltage
sensitive dye signals. Prof. Thomas Klausberger o&PrPeter Somogyi are
acknowledged for the use of firing patterns recdidevivo in hippocampal NGFCs.Dr.

Michael Bazelot and Marco Bocchio (MRC ANU) are maoWwledged for their

comments on the manuscript.



Abstract

Little is known on how neuron firing recordeéd vivoretrogradely influences synaptic
strength. We injected the firing of arat hippocampaurogliaform cell (NGFC), a
widely expressed GABAergic neuron type, detectedvo during theta rhythm, into a
rat NGFCrecorddd vitro. We found that theif vivo firing pattern” produced a
transient firing-induced suppression of synaptidibition (FSI) evoked by a
presynaptic NGFC. Imaging experiments demonsttaee S| was correlated to action
potential backpropagation (bAP) and a supralineareiase in dendritic ¢a The
application of the L-type Ga channel antagonist nimodipineblocked FSI. Further
pharmacological experiments, such as theapplicabbna nitric oxide-sensitive
guanylylcyclase (NO-sGC) receptor antagonist, a Nbitor and NO donors,as well
as the use of nNOS-Cre-tdTomatomicesuggested t@ardieased from postsynaptic
cellsmediated FSI and likely activated presynapgiceptors to inhibit GABA release.
The “in vivo firing pattern” modulated the size of unitary ERRSmpinging on NGFCs
through FSI and not via a direct effect on excitateynaptic transmission. Our data
demonstrate: 1) retrograde signaling initiated imyivo firing pattern”, 2) interneuron
bAPsdetected with fast time resolution, and 3)wehole for NO expressed by specific

interneuron types.



I ntroduction

Various GABAergiccellscontain different €zbinding proteins (e.g. calbindin,
calretinin and parvalbumin) or peptides (e.g. cbydéokinin, somatostatin and
substance P)(Klausberger and Somogyi, 2008). Themecific presence of such cell
markersis often used for a neurochemical classifica of interneuron
diversity(Maccaferri and Lacaille, 2003). For exampthe specific expression of
calbindin,calretininandparvalbuminidentifies grouj$ interneurons with different
geometry of dendritic architecture, postsynaptigea specificity and synaptic input
density (Gulyas et al., 1999). Moreover, neurocltahmnarkers are usedtoscrutinize the
selective susceptibility of specific interneurores pathological conditions, such as
epilepsy (Cossart et al., 2001)and ischemia(Freeindl., 1992). In contrast to the
neurochemical data, information on the physiologicde of interneuron markers is
scant, albeit there are some exceptions. For exarpprvalbumin (PV), which labels
various types of interneurons(Klausberger and Sgmazp08)and is a slow Gh
buffer(Baimbridge et al., 1992),contributes to $sHerm synaptic depression evoked by
PV expressing interneurons, andis likely to previtiet harmful effects of excessive
C&* accumulation in pathological conditions(Caillatcag, 2000). The neuropeptide Y,
which is also expressed by several interneuronsif§@agiannis et al., 2009), is likely
to be an endogenous anti-epileptic peptide in thpdtampus (Colmers et al., 1991).
The interneurons of the hippocampus that expresstheonal nitric oxide
synthase (nNNOS) are very abundant (Fuentealba.,eR@Dd8). ThenNOS expressing
neurons comprise some CAl pyramidal neurons andralevypes of interneurons
including: neurogliaform cells (NGFCs)(Price et &005), ivy cells (Fuentealba et al.,
2008), interneuron-specific interneurons co-expngsghevasoactive intestinal peptide

and calretinin, a subset of PV expressing intewresof the dentate gyrus, a subset of



somatostatin expressinginterneurons, and projeaeds with the soma close to the
subiculum(Tricoire and Vitalis, 2012). Despite theiide distribution, the functional
role of NO in nNOS-expressing hippocampal internesris not known. In the
neocortex, the NO released by NGFCs has been prdpims regulateneurovascular
coupling and blood flow(Cauli et al., 2004).

To study the physiological roleof nNOS expressimgetineurons of the
hippocampus, we capitalized on a database of fpaiterns of anatomically-identified
hippocampal interneurons recordéad vivo(Klausberger and Somogyi, 2008). We
injected the firing of anNGFC detecteuvivo during theta rhythm (Fuentealba et al.,
2010), into NGFCsrecordadvitro. We chose NGFCs because a good proportion of
them expresses NnNOS, they are frequentlysynapticalipled, they display few and
short dendrites well preservéavitro and they are biophysically compact (Vida et al.,
1998; Price et al., 2005; Tricoire et al., 2010he3e features make theman excellent
cell type to study NO-dependent signaling by usingary synaptic transmission and
dendritic imaging. We found that the NGF@ vivofiring pattern elicited a
depolarization-induced suppression of inhibitiorS(like phenomenon(Llano et al.,
1991, Pitler and Alger, 1992).We termed this pheeaoom firing induced suppression
of inhibition (FSI). We report here the mechanisths, signaling and the role of FSI on

NGFCsynaptic integration.

Materials and Methods
Sice preparation

All procedures involving animals were performedngsimethods approved by the
United Kingdom Home Office and according to The rAals (Scientific Procedures)

Act (1986). Juvenile male and female rats (P15 2) B2 neuronal nitric oxide synthase
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(nNOS)-Cre-tdTomatomale and female mice (P29 — PR4@)e anesthetised with
isoflurane and decapitated. The brain was carefeltlyoved and mounted on the plate
of a vibratome(Microm HM 650 V, Thermo Fisher Sd¢iga Inc., Germany)in ice-cold
ACSF containing (in millimolar, mM): 85 NaCl, 25 N&O;, 2.5 KCI, 1.25 NakPQ,,
0.5 CaC4, 7 MgCh, 10 glucose, 75 sucrose saturated with 952ai@ 5% CQ, at pH
~7.3. Horizontal sections (thickness: 325 um) cstivgy of the dorsal hippocampus and
attached entorhinal cortex were prepared usindpat@me. During the initial period of
slice storage (~ 20 min), the cutting solution waplaced with normal ACSF
(containing in mM: 130 NaCl, 24 NaHCO3, 3.5 KCI24.NaH2P0O4, 2.5 CaCl2, 1.5
MgS0O4, 10 glucose saturated with 95% 02, 5% COZHat7.3). Slices were then

maintained at room temperature (18-22°C).

Acute slices were then placed in a recording chamiminted on the stage of
an upright microscope (Olympus BX 51WI or Axioscppeeiss) equipped with
immersion differential interference contrast ohijees (40x, 60x) coupled to an infrared
camera system (Hamamatsu, Hamamatsu City, Japgueyfgsed at a rate of ~2 ml/min

with oxygenated recording ACSF and maintainedtat@erature of 33 £ 1 °C.

Electrophysiology recordings and analysis

Whole-cell recordings were performed using EPCI/EPC9/2 amplifiers (HEKA,
Lambrecht, Germany). Rat interneurons with the sonm the stratum
lacunosummoleculare(SLM) were identified based @na shape and size under infra-
red video microscopy. Mouse interneurons with tloens in the SLMexpressing
tdTomato under fluorescence illumination were delety recorded. Borosilicate patch
pipettes were pulled (Zeitz puller — DMZ, Martiresti Germany), and filled with a

solution containing (mM): 88 KClI, 42 K-gluconatd) HEPES, 10 Na2Phosphocreatine,
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4 Mg-ATP, 0.3 Na-GTP, pH 7.3 with KOH, in order itcrease the driving force for
Cl- ions (ECI = -11 mV) to the extent that the IPB&arity was inward at the holding
potential (Vh) of -65 mV. In dynamic clamp experim® performed in current clamp
mode, the intracellular solution contained (mM):61K-gluconate, 10 HEPES, 10
NaPhosphocreatine, 4 KCI, 4 Mg-ATP, 0.3 Na-GTP, pBlwith KOH, the osmolarity
was 270-280 mOsmol. Biocytin was added to the dafialar solutions before
recording at a final concentration of 2-4 mg/mlpdies had resistances of 5-82M
when filled with the internal solution containin@ 8nMKCI. Access resistance was
always monitored to ensure the stability of reaogdiconditions. Cells were only
accepted for analysis if the initial series resistawas less than or equal to 2QMnd
did not change by more than 20% throughout therdieg period. No correction was
made for the junction potential between the pipatid the ACSF, and therefore the
recorded membrane potential, as calculated postidming a junction potential
calculator, was 16 mV and 11 mV more depolariseah tine true membrane potential,

for K-gluconate and high-Cintracellular solution, respectively.

Action currents or potentials were elicited inragynaptic cell by using a short
depolarising voltage step (from the holding potntf -68 mV to 0 ms, 3 ms) or a
short depolarizing current step (500-1000 pA x 3 imsn —68 mV). The corresponding
unitary inhibitory postsynaptic current (uIPSC) onitary inhibitory postsynaptic
potential (uIPSP) was recorded in a synapticallypted postsynaptic neuron or in the
presynaptic neuron as an autaptic IPSC (alPSC)syuwptic and autaptic currents
were filtered at 3 kHz and recorded with a sampliate of 5 kHz. Spontaneous
inhibitory postsynaptic currents (sIPSCs) were a¢smrded at Vh = -65 mV filtered at

3 kHz with a sampling rate of 10 kHz for 120 s.

The in vivofiring sequence was recorded in an identified NGHFC an



anesthetised rat with the juxtacellular/extracalluhethod during theta oscillations and
previously published (Fuentealba et al., 2010).sTfiring sequencelasting 60 s
wastransformed as voltage pulses (100 mV, 1 ms)easing MATLAB (The
MathWorks Inc., Natick, MA, USA) software, and iojed as stimulus protocol to
induce FSI into whole cell patch clamped cells gBatchMaster (Heka) software. The
stimuli evoked a train of action potentiasvitro that exactly matched the sequence of
action potentials detectad vivo. A recorded pair was classified as having FShé t
ulPSC or ulPSP evoked 125 t0250 ms after the ertkdeo$timulation protocol applied
to the postsynaptic cell was decreased>5% followgdfull recovery of the peak
amplitude of the response. In the majority of tlses the stimulation protocol was
repeated several times (typically 3 times) for eagperiment followed by at least 2

stimulations with recovery.

Electrophysiological data were analyzed offlinengscustom made MATLAB

IPSC(P)Fs

—2 where
IPSC(P)control

software.For FSI analysis, FSI amplitude was meabkwad —

IPSC(P}s) is the amplitude of IPSC(P) 125 or 250 ms after gimulus protocol, and
IPSC(P)ontror Is the average amplitude of three IPSC(P)s acdjiudefore conditional
protocol. For kinetics analysis, the 20% - 80% tisge and decay time constargf)
were calculated by fitting a single exponentiathe form of4e?* + C in each trace.
The decay of the ulPSCs could also be fitted witdoaible exponential, and the
weighted decay time constant was calculated u$ieddllowing formula:t, =11 A1 +

T2 (1- A1), wheret,, is the weighted decay time constantandt; are the time constants
of the first and second exponential functions, eetigely, and A is the proportion of
the peak amplitude of the averaged ulPSC that mriboited byti.For passive and
active electrophysiological property analysis: ithgut resistance (R was calculated as

the inverse of the gradient of the linear fit fram I/V plot of the recorded cell (current
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injectedagainst steady state voltage response);bnagm@ time constanttfen) was
calculated by fitting a single exponentide® + C); membrane capacitance was
calculated asnmenfRin; the sag rectification ratio was calculated frame tmembrane
potential at the end of 500 ms hyperpolarizing didd by the largest membrane
potential change observed in response to a custeptof -200 pA; and the adaptation
index wasdefined as the interspike interval betwten last versus the first action
potential evoked by a depolarizing current pulsting 500 ms.The peak amplitude and
half-widthwere measured from the initial point diet rising phase of theaction
potential. The coefficient of variation (CV) for tleimulation protocol was calculated
as the standard deviation of interspike intervadégimof interspike intervals.

Synthetic (dynamic clamp) EPSPs (dEPSPs) were eappphrough the patch
pipette using a synaptic module (SM-1) conductaingection amplifier (Cambridge
Conductance, Cambridge, UK). The dynamic conduetamaveform for an EPSP was
based on the magnitude, kinetics and reversal patesf the EPSC experimentally
evoked by minimal stimulation in the same cell oitage clamp prior to the dynamic
clamp experiment (dEPSPpeak conductance = 0.5 ; 20880% rise time = 0.6 —
0.7ms, decay= 3- 4ms, reversal potential set at 0 mV).dEPSR wat analyzed with
scripts written in MATLAB. Ten dEPSPs were appl&d0 Hz and the peak amplitude
of eachdEPSPwascalculatedfrom its baseline befmiagl andafter FSI. To obtain
dEPSPs, minimal extracellular stimulation was cateld by applying rectangular
pulses of current (0.4 ms width, intensity rang@:1% pA) delivered through an
isolation unit (A360 Stimulus Isolator, World Prgicin Instruments, Stevenage, UK) to

a monopolar patch pipette filled with ACSF placdosed to the recorded cell (8V

gabazine and M CGP35348 added to extracellular ACSF).



Paired or un-paired Student’s t-tests, where apm@igp were performed with
SPSS (Surrey, UK) or Prism 4.0 (Graphpad Softwlaae]olla, Ca, USA). When other
statistical tests have been used then they have &mecified in the text. Statistical
significance was set at p < 0.05. Values presentétk text and in figures represent the

mean + SEM unless otherwise stated.

Voltage sensitive dye and calciumimaging recordings and analysis

In voltage sensitive dye (VSD) and amaging experiments, a low chloride internal
solution containing (in mM): 140 K-gluconate, 10 PIES, 10 NgPhosphocreatine, 4
Mg-ATP, 0.3 Na-GTP, pH 7.3 with KOH was used. Th&D/ JPW1114 (0.25-
0.5mg/ml) was loaded into the cell by using the etaell patch clamp recording of the
cell soma described in detail previously(Caneptale 2008). Briefly, the whole-cell
configuration used for dye loading lasted 30—40ut@a and then the patch pipette was
removed from the cell by forming an outside-outchaiThe cell was then incubated for
additional 60-90 minutes to allow dye equilibratioto dendrites and re-patched with a
dye-free pipette containing biocytin (2-4mg/ml). ltage fluorescence was excited with
a 532 nm-300 mW solid state laser (model MLL532;1,C8hangchun, China) as
described previously(Canepari et al., 2010). Irf*Gmaging experiments, the low-
affinity indicators Oregon green 5N (OG5N) or Magr&2 (MF2) were added at 0.5
mM concentration to the internal solution. “Cdluorescence was excited with an
OptoFlash (Cairn Research Ltd., Faversham, UK)gqusither a 470 nm LED (for
OG5N) or a 385 nm LED (for MF2), mounted on theflaprescence port of the
microscope. The excitation light, either from tlasdr or the LED, was directed to a
water immersion objective (Olympus 60x/1.1 NA). éfiescent images, de-magnified

by 0.25x or 0.38x, were visualised with a high sp&CD camera NeuroCCD-SM



(RedShirtimaging LLC, Decatur, GA, USA) at a framae ranging between 125 Hz
and 5 kHz. The corresponding electrophysiologicgihals from the soma were
recorded at a frequency ranging between 8 kHz @rndH2. The CCD has 80X80 pixels
covering an area of 125umX125um with the 0.25X depmifier and 82umX82um with
the 38X de-magnifier. The area covered by a simipel was 1.6umX1.6um and
lpumX1lpm with the 0.25X and 0.38 de-magnifiers respely. The dendritic regions

analysed in this study were within 20-120um from soma.

Both VSD and C& imaging data were analysed with dedicated softwaitten

in MATLAB. Optical signals were initially expresseds fractional changes of
fluorescence averaged from 4x4 (16 pixels) regiohnterest (ROIs) and obtained
from averages of four trials unless otherwise nwev@d. The fractional change of
fluorescence was computed as the change of fluemescof each individual frame from
the initial fluorescence divided by the initial éitescence. A bleaching sweep (without
signal) was acquired and subtracted to the sigmeéps.For calibration of VSD signals,
a “reference” signal associated with a long lastiygerpolarizing current pulse (-50/-
100pA, 350 ms) was injected into the soma and dsxb(400 ms x 9-16 sweeps) at low
acquisition rate (typically 125 frames/s) using aderate illumination (usually 3mW)
to minimize bleaching and photo-toxicity. This sagjrshould spread with minimal
attenuation along the dendrites (Vetetral., 2001) providing a uniform membrane
potential change along the dendrite. Thus, becthes& SD AF/F signal is linear with
the membrane potential change, ax#/F can be converted into mV using the same
procedure described elsewhere(Canepari and Vodd8)&#h cerebellar Purkinje
neurons.The amplitude of the images resulted frben @verage value DF/F during
steady state pulse subtracted (usually 50 ms) éit value immediately before the

onset of the pulse, baseline 10-20 ms DF/F meareval



To calibrate fractional changes of OGS5N fluoreseenato changes of
intracellular free C4 (A[Ca']free), we used the low-affinity indicator MF2 (Ksd
25uM). When excited at 385 nm, this indicator exkila decrease in fluorescence
associated with an increase in’Cand theA[Ca®']free can be estimated as Kde(Fmin-
F)/(F-Fmax), where Fmin and Fmax are the fluoreseeat 0 and saturating €a
respectively. This indicator has an excellent dyicarange and in Cueni et al. (2008)
we have shown that at high concentrations (>0.5 mkhin and Fmax can be
approximated with the initial fluorescence and stiee autofluorescence respectively.
In addition MF2 fluorescence is not excited at 4r0, i.e. at the excitation wavelength
of OG5N. Thus, in a series of calibraton experirmgmie added the two indicators
together at 0.5 mM concentration in the patch pgpeind monitored fluorescence
signals associated with one to four action poténtia calibrate the OG5N fractional

change of fluorescence injCa’*Jfree.

Intracellular Labelling and post-hoc Visualisation of Recorded Cells

After recordings, the slices were immersed at 4folC12-24hrs in a fixative
solution containing: 4% paraformaldehyde, 15% (W&jurated picric acid and 0.1 M
phosphate buffer (PB; pH 7.2-7.4). Then, gelatimbedded slices were re-sectioned
into 60 um thick sections. Sectionswere then incubated sitbptavidin-Cy3 solution
(93% of 0.1 M phosphate buffer, 6% of Triton at 3%d 1% of Streptavidin-Cy3) or
Alexa-Fluor 350-conjugated streptavidinovernightooe mounting and imaging them
under a fluorescent microscope. Pictures of theatioo and the dendritic/axonal
patterns of the recorded neurons were performedstmed. After this step, some
sections were further processed to reveal the details of the processes of the cells

using the diaminobenzidine (DAB) staining method. brief, sections containing
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biocytin-filled cells were incubated in avidin-bioglated horseradish peroxidase
complex (1:100 dilution; ABC Kit; Vector Laborates, Burlingame, CA) followed by
a peroxidase reaction using diaminobenzidine (DA&Ryma-Aldrich; 0.05%) as the
chromogen and 1% J@, as the substrate. Sections were then mounted latinge

coated slides, air-dried, immersed in xylene-basednting medium (Entellan; Merck,

Damstadt, Germany) and cover-slipped.

The nNOS-Cre-tdTomatomouse line was generated usieiipods described
previously(Taniguchi et al., 2011). Tamoxifen adistiration was used to induce Cre
activity in nNOS expressing neurons. Tamoxifen &edministrated by intraperitoneal
injection at 2-5 mg/dosage three times every otlhay from P21. When
immunohistochemistry was performed on sections NO8-Cre-tdTomatomice, re-
sectioned slices (5AM) were incubated with a primary antibody raiseadiagt NNOS
(1:500 goat ab1376, Abcam) and tdTomato (1:500RF&R 5F8, Chromotek) overnight
at 4° C in 0.3% Triton X-100 and 10% normal donlsgyum containing PBS-azide
buffer. The nNOS staining was revealed using Aléxafd88-conjugated secondary
antibody (1:500 donkey to goat, Invitrogen), an@idhato staining was revealed using

Cy3-conjugated secondary antibody (1:1000 donkegttaJackson Immunoresearch).

For cell counting experiments, re-sectioned slieeaNOS-Cre-tdTomatomice
were visualised under a confocal microscope (Ze&sl 710). Images were acquired
using the acquire SRS image stack workflow functionStereolnvestigator (MBF
Bioscience), in which the whole hippocampus wasluihed. Cell counting
(interneurons and pyramidal cells) was carried affiine: the digital copy of each

section was opened in Stereolnvestigator, the geamd was @gm and the probe length

was 10um, only cells with soma in the probe zone were tedin
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Chemicals and drugs

All drugs were applied to the recording preparatimough the bath. Salts used
in the preparation of the intracellular recordimgusion and ACSF were obtained from
either BDH Laboratory Supplies or Sigma (Poole, UKynurenic acid, biocytinwas
purchased from Sigma (Poole, UK), 6-Imino-3-(4-nosyphenyl)-1(6H)-
p-yridazinebutanoic acid hydrobromide (SR95531), P3&348, 1H-
[1,2,4]Oxadiazolo[4,3-a]quinoxal-in-1-one (ODQ), NGtro-L-arginine methyl ester
hydrochloride (L-NAME), L-arginine,nimodipine, ryadine, U73122 were purchased

from Tocris Cookson (Bristol, UK).

Results
In vivo firing induces a transient suppression of synaptic inhibition

Unitary inhibitory postsynaptic potentials (ulPSBs)currents (ulPSCs) were recorded
from synaptically-coupledputative NGFCsin the SLMra&t hippocampusn vitro. Due

to high [Cl]ithese events were depolarizingpotentials (curr@mhgrecordings at -68 +
2 mV) or inward currents (voltage clamprecordings6® £ 2 mV). A firing sequence
(60 s duration, average frequency and CV values:Hg, 0.75;stimulation protocol)
recorded in a rat NGF@ vivoduring theta oscillations (Fuentealba et al., 20/&3)
injected in current clamp mode in a postsynapttermeuronof the SLM recorddd
vitro. This caused a transient decrease in the ampldtittee ulPSPsrecorded in current
clamp occurring shortlyafter (125 or 250ms) thevivo firing injection (75 + 1.4% of
control, p < 0.001) in 23/70cell pairs tested (FeggaA, C). Likewise, the stimulation
firing elicited a transient decrease in the amgdgetwf the ulPSCsrecorded in voltage

clamp (71.7 = 2.6% of control, p < 0.001) in 11/28l pairs tested (Figure 1B, C). The
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kinetics of control and decreased ulPSCsevokedrbedmd immediately after the
stimulation protocol was similar (Figure 1B, ins@t¥e-time was 97 *+ 4% of control, p >
0.1; weighted decay time constant was 98 + 12%oafrol, p > 0.1, n = 9), suggesting
that presynaptic mechanismswere more likely thastgynaptic ones to underlie the
decrease of the synaptic responses.Sixty secoteddtad end of the stimulationprotocol
the ulPSPs or ulPSCs returned to control level eerdained stable (interstimulus
interval = 60s). Usually, it was possible to indsayeral transient depressions of the
ulPSPs or ulPSCs by repeating cycles ofthe stinmamjptotocol followed by low
frequency stimulations in the same cell pair (rtb& average values and SEM bars of
Figure 1C). We termed the transient depressionhefulPSPs or ulPSCsas “firing
induced suppression of inhibition” (FSI). Quaniitaty, the FSI of the ulPSPs recorded
in current clamp was not significantly differenbifn the FSI of the ulPSCs recorded in
voltage clamp (p > 0.1, Figure 1D). Therefore, daiaing from both recording modes
were pooled and will be presented as such in theseztions. Most of the presynaptic
neurons displayed autaptic IPSCs (alPSCs,see helaterestingly, the stimulation
protocol also induced FSI of thealPSPs or alPSCsixirout of thirty pairs that also
showed FSI of the postsynaptic ulPSPs or ulPS@sowdh this transient depression

was mild(92.5 + 1.8% of control, p < 0.05, data stodwn).

Next we aimed to confirm that the recorded neutarthe SLM were NGFCs,
since this layer of the hippocampus contains tmeasof several other interneuron types
(Vida et al., 1998; Klausberger, 2009;Capogna, 20herefore, the recorded neurons
were tested for the presence of thealPSPoccursng @epolarizing potential (current
clamp mode) or an inward current (voltage clamp eé)achmediately after an action
potential or current, the autaptic response berediptive of anNGFC(Karayannis et al.,

2010). Furthermore, the kinetics of the postsyrmaptPSCs were analysed; when the
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rise-time was > 3 ms and the decay time const&@ ms, the presynaptic neuron was
considered asan NGFC based on our previous obsers@arayannis et al., 2010).

Furthermore, all neurons were filled with biocytinf subsequent analysisof the
dendritic and axonal patterns. Based on these ttnigagia combined, we found that
29/34 presynaptic neurons displaying FSI were NGIe@aracterized by round somata,
short, highly arborizing dendrites close to the soand an axon which profusely
arborized to cover the dendritic tree (Figure 2AjtRermore, 5/34 wereother types of
interneuronsincludingtwo putative perforant patkegsated interneurons, identified by
the axonal branches segregated within the hippoahiimgsure, and three putative
cholecystokinin (CCK)-expressing basket neuronaratterized by the flask-like shape
of their soma. Furthermore, we successfully recadesubstantial portions of the
dendritic and axonal processes in 15 postsynamiocams showing FSI. Amongst
them,12 cells were identified as NGFCs, twocellpatstive perforant path-associated
interneurons, and onecell was classified as aipat@CK-expressing basket cell. The
NGFCs and few other interneurons of the SLM inctudethis study exhibited firing

patterns and intrinsic electrophysiological resgsfdata not shown) consistent with

previous reportse.g. (Elfant et al., 2008).

Initial experiments ruled out that FSI was simplyedto a transient and
unspecific change in the postsynaptic membrane usiadce. Specifically,application
of a hyperpolarizing current pulse (-150 pA, 350 m$o the postsynaptic cell before
and immediately after the stimulationprotocoldid nwdify thecells’ membrane input
resistance (97.3 = 1.2% of control after the t@a,0.05, n = 18, data not shown). This
suggests that achange in membrane conductancedatcount for the decrease in the
amplitude of the synaptic responses observed. MeredS| was not affected by the

application of a GABA receptor antagonist (CGP35348, 50 uM, p > 0.5,4) data
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not shown). This indicates that, although presyinaBABAg receptorstightly control
axonalGABA release from NGFCs(Price et al., 200E¢cePet al., 2008), GABA

receptor activation is not involved inFSlI.

In summaryn vivoNGFCfiring during hippocampal theta rhythm induces
DSI-like event,we termed FSI. In the next experitaewe sought to determine the

mechanisms involved in this phenomenon.

What triggers FS in the postsynaptic neuron?

FSI was initiated by the postsynaptic neuron firisgggestingthat an active process
occurring in the dendrites was likely tobe involvédcording to this idea, AP back-
propagation (bAP) should occur along the postsyoagindrites in order to trigger this
event. To test this hypothesis, we visualized bAP24 interneurons of the SLM by
using single cell voltage imaging as describedheMethods (Figure 2A). We analyzed
AF/F signals at various dendritic locations assediawvith a somatic AP evoked by
intracellular current injection. The cells testedihwthis protocol included NGFCs (n =
9), but also other interneurons of the SLM suclpatstive perforant path associated
and CCK-expressing basket cells (n = 15). We oleseaAF/F signal with an AP shape
at all dendritic locations and in all interneurosisidied. Since the amount of dye
distributed along the dendritic axis may vary, toantify the signal we performed a
calibration protocol ofAF/F signals using injection of long-lasting hypdguzing
current pulses into the soma as described in thiadds. The calibration procedure is
shown in Figure 2B. Using this procedure, we obsgmobust bAPs along the dendrites
of NGFCs and other hippocampal interneurons of $h&l without any significant
decrement (p > 0.5, n = 24). A summary of the gtiaation of the bAP along the

dendrites of all interneurons studied with VSDisowh in Figure 2C. Optically
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recorded bAP events were always associated witlagomPs, and both signals were
abolished by the application of tetrodotoxin (TTXuM, Figure 2D). Thus, APs back-
propagated along the dendrites of NGFCs and ottterneurons of the SLM, and this

event is likely to initiate FSI.

In the next series of experiments, we tested tipotmesis that the postsynaptic
bAPselicited an increase in the dendritic*Ceoncentration. First, we injected the
stimulation protocol to induce FSI, and then we liglp subthreshold depolarizing
current pulses (75 pA x 1ms) with the same temppedtern of thein vivo action
potentials. This protocol was unable to induce RSl cell pairs tested (97.4 £ 2.5% of
control, p >0.5, n = 11, Figure 3), consistent vilike voltage imaging data.Secondly,
postsynaptic neurons were recorded with a solut@raining the Cdchelator BAPTA
(10 mM). In these experiments, only pairs showisd immediately after the formation
of whole-cell patch clamp recording were tested.déinthis condition,FSI was
progressively attenuated (FSI at the onset of ¢leerding was 69.7+ 4.6% and 86.7+
3.0% of control after 8 £ 2 min., p < 0.05, n = dynsistent with the delayed action of
BAPTA at the distal dendritic sites of the recordederneurons. Thirdly, we
investigated the source of dendritic?Ckeading to FSI. In this respect, we have tested
the involvement of intracellular Estores(Collin et al., 2005). Experimentally, we
inserted ryanodine (20Am)and U73122 (3um)intothe patch pipette recording from
postsynaptic cellsto inhibit G2 release from the endoplasmic reticulum and
phospholipase C (PLC), an important component & @& signaling cascade,
respectively. However, the diffusion of these blkerskin the postsynaptic cell did not
alter FSI. On average, FSI was initially 83.5 +%.2f baseline and 78.9 = 7.4% after
18 min.of recording (p > 0.1, n = 3, not shown).isThesult rules out that the

endoplasmic reticulum is a relevant source of‘Gar FSI induction. As a positive
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control, we observed that the insertion of ryaned@200um) and U73122 (gim) in the
presynaptic cell gradually inhibited the ulPSCskperiments lasting ~ 20 min. (not

shown).

Alternatively, C&*entry through dendritic L-type Gachannels could trigger
FSI, consistent with their involvement on shortateplasticity, but not on baseline
GABAergic transmission(Jensen and Mody, 2001).limeurons tested, bath applied
nimodipine(1@m) inhibited FSI without affecting the size of ulP$Sevoked by low
frequency of stimulation. On average, FSI was 70690% of baseline and 96.7 + 3.5%

initially and after 20 min. of nimodipine applicati (p < 0.01, n = 4) (Figure 4).

Taken together, these results suggest that L-typ& €hannels, but not

ryanodine-sensitive Gastores, are involved in FSI induction.

Next, to directly measure &asignals associated with the stimulation firing pumt,
we performed C& imaging experiments of NGFC dendrites using the-adfinity
indicator OG5N (0.5 mM) to minimize the physiologficperturbation of the Ga
homeostasis. First, we measured the dendritidsmal associated with a single AP
(Figure 5A) and with a train of ten APs at 100 Hmy(re 5B). As shown in the figure,
the C&" transient associated with the AP train had a slaleeay time compared to that
associated with a single AP. Then, we measuredCtfésignal associated with the
stimulation protocol and compared it with the linesam of a single AP response
template. As expected from the previous series xgfeements, the Ca signal
associated with the stimulation protocol was latpan that obtained by summation of
template signals. Crucially, this supralinearCaummation,as quantified by the
difference of the Ca signalat the end and 10 s after the onset of timeulstion
protocol, was significantly larger in the postsytiameurons showing FSI than in the
postsynaptic cells that did not display FSI (Figh€s D, n = 6 each group, p < 0.05). In
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order to estimate the change in dendritic freé*@ancentration associated with an
action potential and with the stimulation protowa performed a series of calibration
experiments using both OG5N and MF2 in the pipeftemparison ofAF/F signals
associated with three different stimulation proted®, 10 or 20APs at 100 Hz) gave a
conversion factor of ~2.5 for OG5N (Figure 5E) rating thatAF/F=1% corresponded
approximately to a free €aconcentration change of 100 nM for this indicator,
assuming a K= 25uM for MF2 (Cueni et al., 2008). We conclude thasustained
elevation of free C4 in the dendrites of the postsynaptic neuron (sipic> 1 pM) is
associated with the stimulation protocol that ireBI¢SI. Such prolonged increase in

dendritic C&"could lead to the release of a chemical messenger.

What messenger(s) isresponsible for FS?

What messenger triggersFSI? The nNOSis expresses\sral hippocampal
interneurons including NGFCs (Price et al., 2008&¢cdire et al., 2010;Tricoire and
Vitalis, 2012). Furthermore, the NO-sensitive gugityclase (NO-sGC) receptor has
been detected in the axon terminals and in the stendritic compartment of various
types of hippocampal interneurons (Szabadits et28l07). Both signals are highly
enriched in the SLM of the hippocampus(Szabadits.e2007). Therefore, NO couldbe
released from the dendrites of NGFCs and some atbtemeuron types of the SLM,
diffuseretrogradely, and inhibit the release of GABBom other interneurons. We tested
this hypothesis by studying the action ofthe nN@8hitor L-NAME (200 pM) on FSI.
We first injected the stimulation protocolin a @ystaptic neuronto induce FSI (76.7 *
2.5%, p < 0.001, n = 11). Next, we applied the nN@#bitor L-NAME (200 uM) for
at least 10 minutes and the stimulation protocolwegseated. Strikingly, we found
thatL-NAME abolished FSI (95.1 + 2.4%, p < 0.00%,10/11) (Figure 6). It is worth
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noting that we found no significant effect of 2M1 L-NAME on spontaneous
(s)IPSCs (in the presence of 3mM kynurenic acidltck sEPSCs, n = 3, data not
shown). Both amplitude and inter-events distringi@f sIPSCswere not significantly
different in control and in the presence of L-NAME> 0.1 Kolmogorov-Smirnov test
for each cell). This result suggests that the agitalar NO level is low under baseline
conditions.Moreover, L-NAME did not affect the peakplitude or the kinetics of
single VSD-recorded bAP elicited 125 msafter 60nmadation firing (n = 10). The
bAPpeak amplitude and the half width was not chdrgelL-NAME (p > 0.1, n = 10,
not shown),further indicatingthat NO is releasedwdstream of the APs back-

propagating along the dendrites of the interneurons

Further experiments confirmed the involvement of &a signal mediating FSI.
Firstly, we investigated whether blocking the NO&@ceptor, the main effector of
NO, abolished FSI. Similar to the nNOS inhibitoathp application of ODQ (1QM),a
NO-sGC receptor antagonist, applied for at leastnfiutes,blocked FSI that was
successfully induced before the application of dingg in each cell tested (Figure 7)
(FSI control was 71.1+ 3.7% and during ODQ was $62833%,p < 0.01,n = 8).
Secondly, the application of the NO precursor Lvang (1 mM, n = 5) (Palmer et al.,
1988)potentiatedFSI (FSI control was 73.1 + 4.49 daring L-arginine was 62.4+
6.1%,p < 0.05,n = 5, not shown).Thirdly, the apgiicn of the NO donor SNP (20M)
occluded FSI, consistent with theidea that thisnageould saturate NO receptors and
with theaction of this drug on NO-mediated modwlatif excitatory synaptic events
(Makara et al., 2007).0n average, FSI was 72.46%%efore and 96.5 + 6.3% in the
presence of SNP, n = 6, p < 0.05, not shown). Rbyrt-NAME blocked FSI in the
presence of the cannabinoid receptor 1 (CB1) antagdM-251(not shown, FSI was

74.1 £ 6.1% in control, 77.9 + 5.3% in the preseat&M-251, p > 0.05, and 97.4 +
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3.9% after addition of L-NAME, p < 0.05, n = 3).nklly, the likelihood of FSI

detection was enhanced when synaptically-couplecs mdtdTomato-labelled nNOS
neurons were recorded in annNOS-Cre-tdTomatomduase(Figure 8A-D). In these
experiments 7 out of 9 cell pairs tested showedbaist FSI (69.4 + 2.6%, p < 0.001)
induced by the stimulation protocol.This frequenof occurrence of FSI was
significantly higher than the probability of FSI augrence in pairs recorded from
control rats (78% versus 35% FSI detection, p 4,0cbi square test)(Figure 8D). The
FSI observed when recording from tdTomato-labeh®DS neuronswas blocked by
200 uM L-NAME or 10 uM ODQ (n = 3, data not shown). Control analysisvea

that the nNOS-CreER driver correctly labelled nN@&itive neurons. To this end,
three tdTomato mice (n = 3) have been perfused; brain fixed and tested for a
specific antibody against nNOS. The great majordfy tdTomato expressing
hippocampal neurons from these mice were immunbté&ber nNOS(98 out of 104 of

counted cells,Figure 8E, F).

Taken together, our data suggest that NO is theakgsponsible for FSI. It is
likely that NOisreleased from the dendrites of NGF@iffusesretrogradely, binds to

specific presynaptic receptors and inhibits theasé of GABA from other NGFCs.

Physiological implications of FS

To test the physiological role of FSI on singlel ¢etegration, we recorded putative
unitary EPSPs in NGFCs evoked by the minimal statioih of the SLM at

gammafrequency in the presence ofiM gabazine and 5M CGP35348 to block

synaptic inhibition. This stimulation evoked shtetmEPSP facilitation followed by

depression, as we have previously reported(Prie¢ ,e2005). On note, the stimulation
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protocol (n vivo firing pattern) did not evoke any significant cigarin the amplitude of
these EPSPs, excluding a retrograde modulatioxafagory synapses (on average the
EPSPs immediately after the firing protocol were82b67.0% of control, p > 0.5, n = 3,
not shown).Next, we injected a train of EPSPs asayc conductance by using
dynamic clamp (dEPSPs) in postsynaptic NGFCs (Ei@)rSince NGFCs have short
dendrites and are biophysically compact, the samajiection of unitary dEPSPs
should represent a realistic representation of ERS®ked by stimulation of one or a
few fibres present in the SLM, such as the perfopath from the entorhinal cortex.
Coincident with dEPSPsinjection, an action poténtiaa presynaptic NGFC was also
evoked, and this elicited a hyperpolarizingulPSRhi& postsynaptic NGFC. Next,the
stimulation protocolif vivo firing pattern) was applied to the postsynapticRTG to
induce FSI and transiently reduce the size of RSB (69.4 + 10.6% of control, p <
0.05, n = 8). We observed that when FSI occurreel,amplitude of the dEPSPs was
significantly increased (Figure 9)(p < 0.05 for fimst threedEPSPsof the train,n = 8)
compared to dEPSPs elicited in the presence ofglogynaptic inhibition before or
after FSI. Remarkably, this effect affected sevemjuential dEPSPs, consistent with
the long-lasting duration of NGFC-evoked ulPSPs(@smet al., 2003; Price et al.,
2005). Thus, FSI transiently increased the sizethef dEPSPs thereby promoting
thetemporal/spatial integration of the uEPSPseliciby stimulation of perforant

path/other excitatory fibres present in the SLM.

Discussion

The data suggest novel physiological roles for inghmic firing of hippocampal
NGFCs during theta oscillationsand for the preserid¢O in this interneuron type. We

report thatNO acts as a transmitter, released bydiéndrites and likely acting at
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presynaptic site,to modulate the strength of ladhibitory circuits, an event we called
FSI. We also show that FSI transiently modifies $rength of incoming excitatory

postsynaptic potentials onto interneurons.

The FSI plastic event reported here resembles ldssical DSI phenomenon
consisting of postsynaptic depolarization-induceduppsession of  synaptic
inhibition(Alger, 2012).However we triggered FSI the injection of a firing sequence
recordedin vivo during theta oscillations (Fuentealba et al., 2840 replayed in the
same cell typan vitro. In contrast, DSI is usually triggered by a prged steady
depolarization of the postsynaptic neuron (Regelt.£2009). (cf. however,(Dubruc et
al., 2013)). We used anvivo firing sequence during theta oscillations becatisée
rhythm is physiologicallyrelevant and it is cleadgtected in the SLM(Buzsaki, 2002).
Thefiring of NGFCs may have an important role irs tthythm (Capogna and Pearce,
2011). A firing sequence shorter than 60s (10-p@sdluced less robust and reliable FSI
(not shown). However, we have not systematicallgressed the issue of the optimal

firing duration needed to evoke NO release.

Since FSI is evoked by the firing of the postsyiapeuron, the next step has
been to test whether bAPswere present in theseom&uiVe studied this issue by
recordingbAPs with voltage imaging at different detic sites (range: 20-120m from
the soma). We found that bAPs were present imgdrmeurons of the SLM tested and
was particularly robustin NGFCs. The bAPs were distected in the dendrites after the
injection of thein vivo firing used as stimulation protocol to induce F8iggesting a
faithful propagation of the signal during physiakaly-relevant firing. Previous data
obtained by using Gaimaging or dual dendritic and somatic patch claegording of
hippocampal or cortical interneuronsreported sigaift attenuation of bAPs with

distance from the soma because of the higher geoisK™ channels in distal dendrites
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(Goldberg et al., 2003; Aponte et al., 2008; Topolket al., 2009; Hu et al., 2010;
Evstratova et al., 2011).Other studies reported amemmobust bAPs in dendrites of
interneurons by using &4Rozsa, 2004) or voltage imaging (Casale and Mc@m
2011). The notion that emerges from the presenijpaendous studies is of neuron type-
specific attenuation of bAPs along the dendrites vafious interneuron types.
Importantly, we observed that the L-type?Cahannels, but not Gastores, mediate
FSI induction.Since baseline ulPSCs were not aftedly a L-type Cd channel
antagonist,it is likely that G&influx through dendritic channels is involved inist
effect. Thus, as for release of GABA at hippocangyalapses (Jensen and Mody, 2001),
our data suggest that L-type ahannels are use-dependent. Our results are tanmtsis
with the finding that L-type CGa channels,in addition to N-type €ahannels, initiate
DSI (Lenz et al., 1998). Interestingly, when we itmmed dendritic C& levels during
the stimulation protocol used to induce FSI we fbam excellent correlation between
the presence of FSI and supralinear”’Csignal. This result suggests that bAP-
dependent rise of Gais required to trigger the release of retrogrageas(s) mediating
FSI. The mechanisms underlying such differenceseimdritic C&* levels observed in
our studyremain unknown. Several factors could mwlved such as heterogeneous
cd* buffering properties, various €aextrusion rate or variable distribution of

dendriticC&*channel type/concentration amongst different nesstudlied.

Next, we identified NO as the signalmediating K3Uir data are consistent with
the idea that the prolonged physiological firingtieé postsynaptic cell leads to Ga
dependent release of NO from dendrites which aets/presynaptic NO-sGC receptors
which, in turn, depresses GABA release from axamitgals. Our pharmacological
results clearly involved NO as a signal mediatir®):#he non-specific nNOS inhibitor

L-NAME blocked FSI in virtually all cell pairs tesd, the specific NO-sGCreceptor
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blocker ODQ abolished FSI in all cell pairs testim, NO precursor L-arginine tended
to potentiate FSI, and pairs of Td-Tomato-nNOS egping neurons displayed a
significantly higher frequency of FSI occurrencenpared to randomly recorded pairs.
A dendritic release of NO is consistent withits eyass nature that does not require
vesicles for its release (Garthwaite, 2008). limgortant to note that our data cannot
firmly exclude a purely postsynaptic mechanismhaigh the kinetics of ulPSCs
during FSI was indistinguishable from that of cohtulPSCs, a result that makes a
postsynaptic modulation of the GARAeceptorunlikely. Additional functional tests to
investigate presynaptigersus postsynaptic mechanisms (such as the CV analysiseof
synaptic responses) were precluded by the needlletting tens of ulPSCs to perform
this analysis. This would have requiredunrealisticg-lasting recordings due to the
well-known requirement of low frequency stimulatitmevoke stable NGFC-mediated
events (Tamas et al., 2003; Price et al., 2005). @sults are consistent with data
showing high expression of the NO-sGC receptohen$LM,and with the detection of
the molecular machinery for retrograde NO signgllisuch as NOs in hippocampal
interneurons (Szabadies al., 2007) in addition to CA1 pyramidal cells (Buregteal.,
2002). Functionally, it has been reported that N@ased from CA1l pyramidal cell
retrogradelymediates DSI (Makara et al., 2007).Hewrethis effect by NO was only
observed after prior activation of the muscaringetglcholine receptor and it was

triggered by the steady depolarization of the postptic neuron(Makara et al., 2007).

Theevidence that NO is a retrograde signal releaseth postsynaptic
GABAergic neurons totransiently depress synaptigbition is unprecedented to our
knowledge. An endocannabinoid is the classicabgeaide mediator of DSI including
synaptic connections between hippocampal intermeprmcipal cell (Ohno-Shosaku et

al., 2001; Wilson and Nicoll, 2001), hippocampaldieaum CCK expressing
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interneurons (Ali, 2007), and also mediates th&isdlced hyperpolarization of low-

threshold spiking dendrite-targeting cortical iniurons (Bacci et al., 2004).

What cell types of the hippocampal SLM are involvied FSI? The great
majority of anatomically-identified recorded paeghibiting FSI were identified as
NGFCs. This cell type expressesnNOS together welierml other non-specific
markersin the rodent hippocampus (Price et al.52G0ientealba et al., 2010). Fate-
mapping analysis shows that hippocampal NGFCs elérirom the median ganglionic
eminence express nNOS whereasNGFCs originatingircélndal ganglionic eminence
are nNOS negative (Tricoire et al., 2010; Tricomad Vitalis, 2012). Our data
demonstratea selective influence of NNOS expredd$@®ECs on local synaptic activity.
Moreover, a small percentage of pairs displaying W&e likely to beperforant path-
associated or CCK basket interneurons. This latemeuron typeis well known to
express the CBreceptor (Katona et al., 2001; Nyiri et al., 2Q0B)t we previously
observed thatCCKfrequently co-localizes with nNGSBsingle cell PCR analysis of
SLM interneurons (Price et al., 2005). We cannotlede that other types of
interneurons of SLM including Schaffer collateratsaciatedcells could also be
involved in FSI, because of non-recovery of some ocofr recorded cells or

incompletesampling.

It is important to note that FSI was detectableyom ~30-40% of all
synaptically-coupled pairs recorded without anyspiand that this percentage rose to
~80% when only nNOS-expressing interneurons of3hkl were tested. This finding
agrees with the observations that some,but nM@HFCs express nNOS(Tricoire et al.,
2010) and that only a third of nNOS expressoefjs also express NO-sGCreceptor

(Szabadits et al., 2007).
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What is the functional role of FSI in the hippocahpetworks? The SLM is an
area of integration containing several excitatonpuits and local but also distant
inhibitory inputs (Soltesz and Jones, 1995; Cappg0al;Melzer et al., 2012). Feed-
forward inhibition (Buzsaki, 1984; Pouille and Seemi, 2001; Jarsky et al., 2005;
Price et al., 2008)limits the temporal summationE#SPs and generates a narrow
‘window of excitability’ during which action poteials can occur in the postsynaptic
neuron. We observed here that NGFC-mediated sI@&®P$Pmodify the size of unitary
EPSPs evoked by the stimulation of fibres presertheé SLM such as the perforant
pathway. Crucially, this effect was transientlyeatiated by coincident-occurring FSI.
Furthermore, chains of interneurons are likely tmordinate the spatiotemporal
organization of distinct but connected networks(@iki et al., 2009; Chamberland and
Topolnik, 2012).We speculate that FSI occurringnierneurons of the SLM transiently
strengthens the rhythmic coordination between titerkinal cortex and the CAl area

of the hippocampus.
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Figure Legends

Figure 1. NGFC in vivofiring pattern induces a transient suppression of synaptic
inhibition (FSI). A, NGFC paired recording vitro, current clamp mode, presynaptic
action potentials (PRE, black traces) evoked depoig ulPSPs in a postsynaptic cell
recorded with an electrode filled with 84 mMGblution (POST, left dark blue traces
superimposed recorded 120 s or 60 s before theaulstiilon protocol). Injection of
firingrecordedin vivofrom an NGFC for 60 s (stimulation protocol) in thestsynaptic
NGFC recordedn vitro induced a transient decrease of the amplitudeh@fuiPSP
(POST, middle trace), that returned to the basééwmel 60 s and 120 s after the end of
the stimulation protocol (right traces superimp9sBdNGFC paired recording, voltage
clamp mode, presynaptic action currents (PRE, biades) evoked inward ulPSCs in a
postsynaptic cell recorded with an electrode fiNgth 84 mMCI solution (POST, left
light blue traces superimposedrecorded 120 s & B6fore the stimulation protocol).
Injection of in VivoNGFC firing for 60 s (stimulation protocol) in thostsynaptic
NGFC induced a transient decrease of the amplitdidbe ulPSC (middle trace), that
returned to the baseline level 60 s and 120 s #feelend of the stimulation protocol
(right traces superimposed). Inset, scaled tralse® $10 changes in the kinetics of the
ulPSCs before and during FS)Jmean ulPSP (CC, current clamp) or ulPSC (VC,
voltage clamp) peak amplitude before and after shmulation protocol (repeated
sequentially three times) for the cell pairs shawrA and B; error bars are SEDI.
summary of normalized peak amplitudes of ulPSPs @@ent clamp) or ulPSCs (VC,
voltage clamp) before and after the stimulationtqgueol in all pairs showing FSI, error
bars are SEM (p < 0.001, n = 23 for CC data, n fatlVC data). In the graphs of
panelsC and Dof this and subsequent figures, 0 s indicates mgBSP or ulPSC

amplitude detected 125 or 250 ms after the eneostimulus protocol.
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Figure 2.bAP along the dendrites of NGFCs or other interneurons of the SLM. A,
Image of an NGFC (after biocytin-streptoavidin-Gg@&ction) showing characteristic
stellate dendrites (top picture, objective x20)isTimeuron was loaded with JPW-1114
and voltage imaging was performed from dendrittessiincluded in the red box; in
particular, AF/F signals at the sites indicated (1-4, bottomup& 4x4 pixels) were
analyzedB, Left, A depolarizing current pulse (800 pA, 3 nmrgjuced a somatic action
potential (AP) recorded in current clamp (greercd)aand the correspondingf/F
signals from the site 1-4 in A isillustrated. Thedlrvertical bar denotes the AP peak
recorded from the soni. Middle traces, fractional changes of voltage rfascence
(AF/F) in response to a ~ 10 mV membrane potenti@ipgiarization lasting 350 ms
(average of 9 traces) injected into the soma acorded from sites 1-4 of the dendrites;
somatic current clamp recording is illustrated ba top.B, Right tracesAF/Fof the
bAPs peak amplitude calibrated with the correspogdF/Finduced by the
hyperpolarizing current pulse recorded from regib#as of the dendritesC, group data
of bAP peak amplitude recorded at different demdsites normalized to the bAP
amplitude recorded at 20-30m (shortest distance) from the soma. Note that bAPs
occurs in NGFCs and in other interneurons of thaMSlbon-NGFC) without any
significant decrement (bAP peak amplitude deteetedendrites >7@um or ~20um
away from the soma was not significantly differpr#,0.5, n = 24)D, Top trace, effect
of 1uM TTX on an AP recorded in current clamp evokedabgepolarizing current
pulse (800 pA x 3 ms, top traces). Bottom tracéoefof JuM TTX on AF/F bAP
recorded from a dendrite of an NGFC. Blue tracestrol; Red traces, TTX. Note that
TTX blocks the AF/F of the bAP, whereas it sparéd-/F of the subthreshold

depolarization evoked by the somatic subthreshefbtirizing pulse.
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Figure 3. Stimulation protocol of weak subthreshold depolarizing current pulses
does not dicit FSI.A, stimulation protocol (60 s, blue) applied to atggnaptic NGFC
(POST) elicited FSI of ulPSC peak amplitude (blueldie trace) recorded with an
electrode filled with 84 mMClsolution and evoked by presynaptic action curréPRE,
black traces). In contrast, subsequent injectionwetk subthreshold depolarizing
current pulses (75 pA x 1 ms) (red) did not evoké (fed middle trace). Left and right
traces show ulPSCs before and after BSImean ulPSCs peak amplitude before and
after firing or subthreshold stimulation protocol the data shown in A (dark symbols
denote values immediately after stimulation protpcG, normalized data (mean and
SEM) for all cell pairs studied with this protod®iSI controlwas 76.8 + 2.7% and97.4

+ 2.5% with subthreshold pulses, n = 11).

Figure 4.TheL-type Ca*" blocker nimodipineinhibits FSI

A, Presynaptic action currents (PRE, black tracesm)ked inward ulPSCs in a
postsynaptic NGFC recorded with an electrode filleth 84 mMCI solution (POST,
blue traces). Injection of the stimulation proto@olthe postsynaptic cell induced a
transient depression of the ulPSC amplitude (midtlie trace), that returned to control
level 60 s after the end of the stimulation protdaght blue trace). Application of the
L-type C&" channel blocker nimodipine (1@M inhibited FSI (red traces)B,
quantification of the ulPSC peak amplitude thatuoeed before or during the bath
application of nimodipine for the data shown in dakk symbols denote values
immediately after stimulation protocollt, normalized data (mean and SEM) for all
ulPSCs studied with this protocol (FSI control w&s9 + 6.0% and 96.7 + 3.5% with

nimodipine, p < 0.01,n = 4).
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Figure 5. Sustained elevation of Ca®* in the dendrites of postsynaptic interneurons
triggersFSl.

A, AF/F C&" signal from anNGFCwith FSI (A1) or without FSI (Aflled with OG5N
(blue trace) associated with an AP (green tracgylesitrial).B, Same as A (in the same
neurons) but for a train of ten APs at 100 Hz (&ngal); note the increased decay time
compared to the calcium signal associated with lsifgP; the red trace is the
summation of 10 templataF/F C&" signals associated with the single AP (note the
faster decay time)C, AF/F C&" signals (blue traces) associated with the stirmrat
protocol (green traces, single trial) from the déed of two NGFC cells, one
exhibiting FSI (C1) and the other not showing FSR); the red traces are again the
linear summation of single AP templat&/F C&" signals; note the larger supralinear
summation ofAF/F C&" signals in the cell exhibiting FSD, Columns and error bars
are the mean and the SEM of the differencaffF dendritic C&' signal occurring 60 s
and 10 s after the onset of the stimulation prdBigoostsynaptic neurons with FSI
(blue column) and in cells without FSI (red columihjs value in the two populations
of neurons was significantly different (n = 6, f005).E, calibration of OG5NAF/F
Cd" signal in terms of MFAF/F C&" signal: plot of OG5NAF/F peak vs MFAF/F
peak associated with different protocols (spad&PSs at 100 Hz; square, 10 APs at 100
Hz; triangle, 20 APs at 100 Hz, n = 6) in the sacedls. The linear fit gives a
conversion factor of 2.5; given that 1% for MF2 responds to ~250 nM, 1% for

OG5N corresponds to ~100 nM.

Figure 6. ThenNOS inhibitor L-NAME blocksFSI
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A, Presynaptic APs (PRE, black traces) elicited teming ulPSPs (control, left traces
superimposed) recorded with an electrode fillechvd# mMCI solution showing FSI
immediately after stimulation protocol applied tgastsynaptic NGFC (control, blue
middle trace). The ulPSP recovered 60 s aftertiheikation protocol (blue trace, right).
Application of the nNOS inhibitor L-NAME (2QM) blocked FSI (red tracesp,
quantification of the ulPSP peak amplitude thatuod before or after the stimulation
protocol (dark symbols) in control and in the preseof L-NAME for the data shown
in A. C, normalized data (mean and SEM, shaded areasilifaiPSPs or ulPSCs
studied with this protocol (FSI control was 76.@.5%and 95.1 + 2.4%with L-NAME,

p < 0.001, n = 10).

Figure 7. The NO receptor antagonist ODQ blocks FSI

A, Presynaptic action currents (PRE, black tracesm)ked inward ulPSCs in a
postsynaptic NGFC recorded with an electrode filleth 84 mMCI solution (POST,
blue traces). Injection of the stimulation proto@olthe postsynaptic cell induced a
transient depression of the ulPSC amplitude (midtlie trace), that returned to control
level 60 s after the end of the stimulation protqoght blue trace). Application of the
NO receptor antagonist ODQ (1) blocked FSI (red traces, quantification of the
ulPSCpeak amplitude that occurred before or inghesence of ODQ for the data
shown in A (dark symbols denote values immediatdtgr stimulation protocol)C,
normalized data (mean and SEM) for all ulPSPs B'S@s studied with this protocol

(FSI control was 71.1 + 3.7% and 96.8 £+ 2.3% wilb@ p < 0.01,n = 8).

Figure 8. FSI occurs frequently in pairs of neurons expressingnNOS-Cre-

tdTomato
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A, NGFC paired recording, voltage clamp mode, aypragstic action current
(PRE, black trace) evoked an inward ulPSC in agyosiptic NGFC recorded with an
electrode filled with 84 mMClsolution (POST, red traces superimposed). Injeabid
the stimulation protocol in the postsynaptic caliuced a transient depression of the
ulPSC amplitude (middle trace), that returned totid level 60 s and 120 s after the
stimulation protocol (right traces superimpos@&iuIPSC mean peak amplitude before
and after the stimulation protocol for the datavemon A. C, summary of mean and
SEM peak amplitudes of ulPSCs before and afterstimulation protocol in all pairs
recorded (FSI = 69.4 + 2.6%, p < 0.001, n =0).bar graphs that the probability to
observe FSI was significantly higher when pairdddfomato neurons were recorded
compared to pairs recorded in wild type rats (78¥sws 35% FSI detection, p < 0.01,
chi square testl, Examples of two tdTomato expressing neurons efhilppocampal
SLM (left), also immunopositive for nNOS(middle);n@erged picture is shown on the
right. AnnNOSimmunopositive cell not expressing ddiato is also visibleF,

summary data, 98 out of 104 tdTomato expressingomsiualso expressed nNOS.

Figure 9. FSI transiently modulates EPSPsimpinging onto NGFCs

A, An EPSP train was injected as synaptic conduetarsing dynamic clamp (POST,
dEPSPs, blue trace, - 60 s) in a postsynaptic N@fie an action potential in a
presynaptic NGFC (PRE, black trace) elicited a cidient ulPSP. Application of the
stimulation protocol in the postsynaptic cell evdbleetransient, smaller ulPSP (FSI). As
a result, a significant enhanced depolarizatioellevas reached by several dEPSPs of
the train (red trace), the depolarization levethed EPSPs returned to the baseline 60 s
after FSI (green trace, 60 8, C, normalized values of the dEPSPs amplitude during

FSI (red bars) or 60 s after FSI (recovery, greams) versus before FSI (blue
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histograms), for the events shown above (B) oralbrecorded cell pairs (C). In the
presence of FSI, the first three dEPSPs had sogmifiy larger amplitude than before

FSI (p < 0.05, n = 8).
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