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Silencing KCC2 in mouse dorsal hippocampus compromises spatial and contextual memory
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Delayed upregulation of the neuronal chloride extruder KCC2 underlies the progressive shift in GABA signaling polarity during development. Conversely, KCC2 downregulation is observed in a variety of neurological and psychiatric disorders often associated with cognitive impairment. Reduced KCC2 expression and function in mature networks may disrupt GABA signaling and promote anomalous network activities underlying these disorders. However, the causal link between KCC2 downregulation, altered brain rhythmogenesis and cognitive function remains elusive. Here, by combining behavioral exploration with in vivo electrophysiology we assessed the impact of chronic KCC2 downregulation in mouse dorsal hippocampus and showed it compromises both spatial and contextual memory. This was associated with altered hippocampal rhythmogenesis and neuronal hyperexcitability, with increased CA1 pyramidal cell burst firing during non-REM sleep. Reducing neuronal excitability with terbinafine, a specific Task-3 leak potassium channel opener, occluded the impairment of contextual memory upon KCC2 knockdown.

Our results establish a causal relationship between KCC2 expression and cognitive performance and suggest that non-epileptiform rhythmopathies and neuronal hyperexcitability are central to the deficits caused by KCC2 downregulation in the adult mouse brain.

Introduction (405 words)

Fast inhibitory synaptic transmission in the central nervous system relies on chloride conductance associated with both GABAA and glycine receptors. Whereas most cell types display high intracellular chloride concentration ([Cl] i ), mature neurons maintain much lower [Cl] i and thereby ensure a hyperpolarizing chloride influx upon GABAA or glycine receptor activation [START_REF] Kaila | Cation-chloride cotransporters in neuronal development, plasticity and disease[END_REF]. This property is supported by the expression of a neuron-specific chloride extruder, the potassium-chloride co-transporter KCC2. Early expression of the sodiumpotassium-chloride cotransporter NKCC1, a ubiquitous chloride importer, and delayed upregulation of KCC2 expression combine to produce a developmental shift in neuronal [Cl] i and, consequently, in the polarity of GABA signaling in the developing CNS, from excitatory to inhibitory or shunting [START_REF] Kaila | Cation-chloride cotransporters in neuronal development, plasticity and disease[END_REF][START_REF] Rivera | The K+/Cl-cotransporter KCC2 renders GABA hyperpolarizing during neuronal maturation[END_REF][START_REF] Virtanen | The Multifaceted Roles of KCC2 in Cortical Development[END_REF].

However, in the mature brain, KCC2 may be downregulated in a variety of pathological conditions, including brain trauma [START_REF] Bonislawski | Brain injury impairs dentate gyrus inhibitory efficacy[END_REF][START_REF] Sawant-Pokam | Preventing neuronal edema increases network excitability after traumatic brain injury[END_REF], stroke [START_REF] Jaenisch | Downregulation of potassium chloride cotransporter KCC2 after transient focal cerebral ischemia[END_REF], stress [START_REF] Mackenzie | Chronic stress shifts the GABA reversal potential in the hippocampus and increases seizure susceptibility[END_REF][START_REF] Sarkar | Neurosteroidogenesis is required for the physiological response to stress: role of neurosteroid-sensitive GABAA receptors[END_REF], epilepsy [START_REF] Pathak | Disrupted dentate granule cell chloride regulation enhances synaptic excitability during development of temporal lobe epilepsy[END_REF][START_REF] Huberfeld | Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy[END_REF][START_REF] Pallud | Cortical GABAergic excitation contributes to epileptic activities around human glioma[END_REF][START_REF] Rivera | Mechanism of activity-dependent downregulation of the neuron-specific K-Cl cotransporter KCC2[END_REF] as well as schizophrenia [START_REF] Arion | Altered expression of regulators of the cortical chloride transporters NKCC1 and KCC2 in schizophrenia[END_REF][START_REF] Hyde | Expression of GABA signaling molecules KCC2, NKCC1, and GAD1 in cortical development and schizophrenia[END_REF][15] and autism spectrum disorders [START_REF] Bertoni | Oxytocin administration in neonates shapes hippocampal circuitry and restores social behavior in a mouse model of autism[END_REF][17][18][19]. Most of these disorders are associated with cognitive impairment, including episodic and working memory deficits [20][21][22][23]. However, whether and how KCC2 downregulation in pathology may contribute to memory deficits has remained unexplored. Downregulated KCC2 expression is classically thought to cause a pathological shift in the polarity of GABA signaling, from inhibitory to excitatory. Thus, depolarizing GABAA receptor-mediated responses are observed in most aforementioned conditions. Such excitatory actions of GABA in mature neuronal networks may then promote anomalous network activities underlying pathological symptoms [START_REF] Pallud | Cortical GABAergic excitation contributes to epileptic activities around human glioma[END_REF]17,[START_REF] Kaila | GABA actions and ionic plasticity in epilepsy[END_REF][START_REF] Buchin | Reduced Efficacy of the KCC2 Cotransporter Promotes Epileptic Oscillations in a Subiculum Network Model[END_REF][START_REF] Tyzio | Oxytocinmediated GABA inhibition during delivery attenuates autism pathogenesis in rodent offspring[END_REF]. However, KCC2 downregulation may also affect neuronal function independent of GABA signaling. KCC2 was shown to regulate activity-dependent synaptic delivery of AMPA receptors through interaction with actin-related protein partners [START_REF] Chevy | KCC2 Gates Activity-Driven AMPA Receptor Traffic through Cofilin Phosphorylation[END_REF][START_REF] Gauvain | The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines[END_REF][START_REF] Li | KCC2 interacts with the dendritic cytoskeleton to promote spine development[END_REF][START_REF] Llano | KCC2 regulates actin dynamics in dendritic spines via interaction with beta-PIX[END_REF], thereby gating long term potentiation induction [START_REF] Virtanen | The Multifaceted Roles of KCC2 in Cortical Development[END_REF][START_REF] Chevy | KCC2 Gates Activity-Driven AMPA Receptor Traffic through Cofilin Phosphorylation[END_REF]31]. In addition, KCC2 was shown to control membrane trafficking of leak potassium channels Task-3 through molecular interaction. KCC2 knockdown therefore induces neuronal hyperexcitability in the dentate gyrus by reducing Task-3 channel membrane expression and function [32]. These effects may combine to perturb both long term synaptic plasticity and cortical rhythmogenesis, two processes critically involved in hippocampus-dependent memory encoding and consolidation [START_REF] Buzsaki | Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and planning[END_REF][START_REF] Nicoll | A Brief History of Long-Term Potentiation[END_REF][START_REF] Whitlock | Learning induces long-term potentiation in the hippocampus[END_REF][START_REF] Colgin | Rhythms of the hippocampal network[END_REF].

Here we tested whether KCC2 downregulation in mouse dorsal hippocampus was sufficient to impair memory and explored the underlying mechanisms. Using RNA interference to partially knockdown but not fully ablate KCC2 expression in a cell-type specific manner, we observed deficits in both spatial and contextual memory upon KCC2 downregulation in hippocampal principal neurons but not GABAergic interneurons. Our data indicate this effect is associated with altered hippocampal rhythmogenesis and involves, at least in part, neuronal hyperexcitability and bursting behavior.

Materials and Methods (2778 words) • RNA interference and viral vectors

In order to suppress KCC2 expression in mice, we used RNA interference with a previously validated short hairpin RNA (shRNA) sequence (shKCC2:

AGCGTGTGACAATGAGGAGAACTTCCTGTCATTCTCCTCATTGTCACACGCT, [START_REF] Bortone | KCC2 expression promotes the termination of cortical interneuron migration in a voltage-sensitive calcium-dependent manner[END_REF]). A sequence devoid of target in mouse genome (shNT:

GGAATCTCATTCGATGCATACCTTCCTGTCAGTATGCATCGAATGAGATTCC, [START_REF] Gauvain | The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines[END_REF]) was used as control. These sequences were inserted in pAAV vectors under U6, CaMKII or mDlx promoters. Since the two later are polymerase II promoters, shRNA sequences were then embedded into micro-RNA (mir30) backbone [START_REF] Fellmann | An optimized microRNA backbone for effective single-copy RNAi[END_REF]. Finally, once plasmids were cloned (pAAV-U6-shKCC2(shNT)-CMV-GFP-SV40, pAAV-CamKII-shmirKCC2 (shmirNT)-SV40-CMV-GFP-SV40, pAAV-mDlx-GFP-shmirKCC2 (shmirNT)-WPRE-SV40), they were used to produce purified AAV particles for co-expression with GFP (AAV2.1, titer 10 13 TU/ml, Atlantic Gene Therapy, Nantes). For KCC2 expression rescue, a Flag-tagged recombinant KCC2 sequence [START_REF] Chamma | Activitydependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF] was modified to make it shRNA-proof. Mutated shRNA target sequence was synthetized (Genscript) and then subcloned in place of the original target sequence using classical digestion, ligation and transformation. Sequence was mutated in order to prevent shRNA complementarity without changing amino-acid sequence (AACGAGGTCATCGTGAATAAATCC modified to AATGAAGTGATTGTCAACAAGTCC). The sequence was cloned into a pAAV-CamKII-KCC2flag-WPRE-SV40vector to replace the KCC2flag sequence and used to produce purified AAV particles as above.

• Animals C57BL/6JRj mice were housed in standard laboratory cages on a 12-hours light/dark cycle, in a temperature-controlled room (21°C) with free access to food and water. Mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and were delivered to our animal facility at least a week before surgery or behavioral testing. All procedures conformed to the International Guidelines on the ethical use of animals, the French Agriculture and Forestry Ministry guidelines for handling animals (decree 87849, license A 75-05-22) and were approved by the Charles Darwin ethical committee (agreement 2016042916319074v5).

• Stereotaxic surgery

Eight-weeks old mice were anesthetized with ketamine/xylazine (100/15 mg/kg) and placed on a heating pad at 36-37°C for the entire surgery. Ten minutes before opening the skin, lidocaine (2%) was applied locally on the skin. The virus was bilaterally injected in dorsal hippocampus (500nl in both the dentate gyrus and CA1 for each hemisphere) at the following stereotaxic coordinates from Bregma: -1.8 mm anteroposterior (AP), ±1.2 mm mediolateral (ML) and -2.1, -2.0, -1.9, -1.3, and -1.25 mm dorsoventral (DV). This procedure usually resulted in widespread infection of the entire dorsal hippocampus. After surgery, body temperature was maintained using a heating pad under the cage until the animal recovered from anesthesia. The analgesic carprofen (0.5 mg/mouse/day) was then added to the drinking water for the next 24 hours. Behavioral experiments or electrophysiological recordings were then conducted 10 to 14 days after surgery. The spread of viral infection was systematically verified at the end of all experiments when animals were sacrificed. Only data from mice with generalized GFP expression throughout the dorsal hippocampus were considered for behavioral, biochemical or electrophysiological analysis.

• Silicon probe implantation

One week after viral injection, mice were implanted with a 32 or 16-channel linear silicon probe (Neuronexus A1x32-6mm-50-177-CM32 or A1x16-5mm-50-413-CM16LP in some experiments, with 50-micron inter-electrode spacing). Mice were anesthetized with isoflurane (4% for induction, 1-2% for maintenance) in a stereotaxic frame for the entire surgery and their body temperature was maintained with a heating pad. In order to reduce pain, mice were injected with buprenorphine before surgery (0.1 mg/kg). First, the skull was cleaned and the craniotomy at the probe location was re-opened. Two screws were implanted on the frontal bone (1 per hemisphere), 1 on the parietal bone (contralateral to the probe) and 1 reference screw above the cerebellum. Then, the probe was descended into the dorsal right hippocampus at the following coordinates from Bregma: -1.8 mm (AP), -1.2 mm (ML), -2.4 mm (DV, for the 32-channels silicon probes) or -2.0 mm (DV, for the 16channels silicon probes). Once the probe was positioned, the craniotomy was covered with Vaseline to protect the probe.

The head-stage was then built using a thin layer of SuperBond dental cement applied onto the skull, followed with Unifast TRAD dental cement on the probe and the screws.

Pieces of copper mesh were then arranged around the probe to create a Faraday cage and cemented onto the skull after soldering the ground and reference of the probe with the reference electrode above the cerebellum to the copper mesh.

After surgery, body temperature was maintained with a heating pad under the cage until the animal recovered from anesthesia. The mice were then individually housed to avoid damage to the probe. For 3 days after surgery, mice were fed with high-calorie liquid chocolate and received two daily injections of buprenorphine (0.1 mg/kg s.c.). Behavioral experiments and recordings were performed one week after surgery, once the animals had fully recovered.

• Canula implantation and terbinafine treatment

A home-made canula [40] was implanted into the left ventricle at the following coordinates from Bregma: -0.4 mm (AP), -1.0 mm (ML), -3.0 mm (DV), either on the day of silicon probe implantation or the day of viral injection. Mice were handled daily for a week and received 10 µL of saline injection to habituate them to intracerebroventricular (icv) injection. On the fear conditioning day, mice received 10 µL of 1 mM terbinafine solution in saline or 10 µL of saline, 30 minutes before experiencing the tone-shock association. They received a second injection 4 hours later. On the next day, mice received a third injection 30 minutes before testing contextual memory retrieval.

• In vivo recordings and signal analysis

Animals implanted with silicon probes were connected to a recording controller (Intan Technologies, Los Angeles, USA). For sleep recordings, after a 10-minute exploration of the arena, mice were placed in their home cage. The experimenter observed the mouse and the recorded signal at all times and recorded the states of alertness: mice were considered to be sleeping when they were motionless and in a sleeping position. Sleep was further subdivided into slow-wave sleep (SWS, i.e. when slow-waves/SWR were detected in the LFP recordings)

and REM (characterized by high theta activity). Mouse movements indicated wakefulness.

Analyses were performed on 30 minutes of good quality SWS that were obtained, on average, during the 4 to 6 hours after exploration.

Data were acquired at 20 kHz using Intan Recording Controller software (version 2.05). All analyses were performed offline using MATLAB built-in functions, Chronux [41], the FMAToolbox (http://fmatoolbox.sourceforge.net/), as well as custom-written scripts available upon request.

Electrode positioning was assessed from layer-specific features, including spikes and ripples (in st. pyramidale), sharp waves (in st. radiatum and st. lacunosum/moleculare), and maximum theta power (in st. lacunosum/moleculare), as described in [START_REF] Navas-Olive | Multimodal determinants of phase-locked dynamics across deep-superficial hippocampal sublayers during theta oscillations[END_REF]. The position of the other electrodes was inferred based on the electrode spacing (50 m) and verified post hoc after sacrificing the animals. Power spectra and spectrograms were computed using multi-tapers estimates on the raw LFP signal. Gamma-band was defined as 25-90 Hz. Slow and fast gamma ranges (respectively 25-55 and 60-90 Hz) were determined according to [START_REF] Colgin | Frequency of gamma oscillations routes flow of information in the hippocampus[END_REF]. Theta power was determined in the 5-10 Hz band. Spike detection was performed using high-pass (>500 Hz) filtering and semi-automatic thresholding. Bursts of spikes were defined as a minimum of 3 spikes with inter-spike interval less than 20 ms. This value was determined from the distribution of all inter-spikes intervals (ISI) where 40-50% recordings show ISI <20 ms in our data set. Burst detection using an alternative Poisson surprise method [START_REF] Legéndy | Bursts and recurrences of bursts in the spike trains of spontaneously active striate cortex neurons[END_REF] resulted in no significant difference in mean burst duration or mean number of spikes per bursts (Mann-Whitney test, p=0.19 and 0.73, respectively). Ripple detection was performed by band-pass filtering (100-600 Hz), squaring and normalizing, followed by thresholding of LFP recorded in CA1 pyramidal layer. SWR were then detected semiautomatically as events exceeding a signal to noise ratio, which was manually set and varied between animals. Accurate detection of SWR was later visually confirmed on raw LFP signals.

• Behavioral tests

Open field

Mice were gently placed facing the wall of a large white arena cleaned with 10% ethanol (50 x 50 x 40 cm, 90-100 lux) for a 10 minutes recording period. Their activity was recorded and analyzed using Ethovision software (Noldus). Mice were considered in the center of the arena (1/9 of the arena) when their body center was in the central zone.

Elevated-O-maze

The apparatus consisted in a white circular maze (35 cm of diameter, lane is 6 cm wide), elevated 50 cm above the floor, and divided in 4 quadrants: two opposite "closed" quadrants surrounded by 12 cm high opaque walls (the safe environment 

Place recognition

The arena and the objects were cleaned with 10% ethanol and the luminosity in the center of the arena was set to 10 lux in order to promote exploration. A cue card was placed on one wall to allow to orient the mice in the arena. On the three first days, mice were habituated to the arena, with two habituations per day, at least 3 hours apart. On the first habituation (H1), all mice from a single cage were placed in the arena for 30 minutes, allowing them to explore together the environment to help reduce stress. For the next four habituations (H2 to H5), mice were placed alone in the arena for 10 minutes. On the last habituation (H6), two identical objects were introduced to help reduce stress associated with novelty.

During the first exposure, 24 to 72 hours after H6, two identical objects were presented to the mouse for 10 minutes. Then, 10 minutes (short-term memory) or 24 hours later (long-term memory), mice were placed back in the arena with one object moved and the other in the same position. Mouse behavior was video-recorded and analyzed manually during the exposure session, in order to ensure that mice were exploring enough and did not have an initial preference for one of the objects. The data recorded during the memory test were manually scored. Exploration was considered when the mouse's head was turned toward the object and its nose was within 2 cm of the object. All manual scorings were performed blind to the experimental condition. Scoring was performed for each object sequentially on the same day, with random order between scoring sessions. A discrimination index (DI) was used as a measure of discrimination between novel and old location and obtained by dividing the difference in time spent in the old versus new locations by the total exploration time. Exploration was considered only when the animal was both in contact and facing the object.

Fear conditioning

On day 1, mice were exposed to the experimental chamber and let free to explore.

Each mouse was placed four minutes in box 1 (27x27 cm, black environment, white light), cleaned with 70% ethanol. On the second day, mice were allowed to explore box 1 for 4 minutes before a tone was delivered for 30 seconds (4 Hz, 85 dB) that co-terminated with a two-seconds foot shock (0.25 mA) delivered through the floor grid. After a 30-second interval, the tone-foot shock procedure was repeated. On the third day, mice were placed back in box 1 to evaluate contextual memory (i.e., without receiving any foot-shock).

Freezing was then assessed during the first 3 minutes of exploration. Two hours later, they were placed in a box 2 to test cued memory. Box 2 was white and round, with no grid on the floor, red light, and was cleaned with 1% acetic acid. After 4 minutes of exploration, the tone (4 Hz, 85 dB) was played for 30 seconds, followed by 30 seconds of silence. This sequence was repeated 6 times. The freezing behavior was plotted at 30-second intervals to account for this alternating condition. The fear memory test was generally preferred to place recognition because the cue memory part of the test provides an internal, hippocampalindependent control.

The freezing behavior was analyzed manually, as described in [START_REF] Ceccom | A specific role for hippocampal mossy fiber's zinc in rapid storage of emotional memories[END_REF][START_REF] Daumas | Encoding, consolidation, and retrieval of contextual memory: differential involvement of dorsal CA3 and CA1 hippocampal subregions[END_REF], blind to the experimental condition. Briefly, the experimenter watched the video for 1 second every 5 seconds and noted whether the animal was moving or freezing (no movement, mouse looking ahead). The percentage of time the animal spent freezing was then averaged. We compared our manual scoring results with those obtained with the motility detection tool of the Packwin software (v2.0.05, Panlab), with a sampling rate of 50Hz and duration filter of 500ms. We found that the results were similar but that manual scoring better differentiated freezing-related immobility from light activity including head movements.

•

Western blot analysis

Ten to fourteen days post-infection, animals were sacrificed and their brain dissected. Parasagittal slices (300-400 µm) were prepared and the infected (GFP positive) dorsal hippocampus areas were dissected under an epifluorescence macroscope. Dissected tissues were homogenized using a 2-ml Dounce homogenizer in a buffer containing 0.32 M sucrose, 2 mM HEPES, pH 7.4, 1 tablet of cOmplete TM EDTA-free protease inhibitor (Roche), 30 mM NaF, and 5 mM sodium orthovanadate. The homogenates were then centrifuged at 20,000 g for 10 min at 4°C and the pellets resuspended in 50 mM Tris-HCl, pH 7.4. The protein concentration of all samples was then determined using a Pierce™ BCA Protein Assay Kit (Thermo Fisher). Equal amounts of proteins were then separated on a 4%-12% SDS polyacrylamide gradient gel (Invitrogen) and transferred onto a nitrocellulose membrane (GE Healthcare) at 100 V for 1 hour in order to ensure efficient transfer of high molecular weight proteins using a liquid transfer system (Bio-Rad). The membrane was blocked for one hour at room temperature in 5% milk (diluted in 1X TBS -0,1% Tween 20) then washed three times for 5 min in 1X TBS -0,1% Tween 20. These washing conditions were used after incubation with primary and incubation with secondary steps. The membrane was incubated overnight at 4°C with the primary antibody (diluted in 5% milk, 1X TBS -0,1% Tween 20). Then the secondary antibody (diluted in 5% milk, 1X TBS -0,1% Tween 20) was added for 1 hour at room temperature. The membrane was then probed using the Odyssey blot imaging system (LI-COR).

The primary antibodies used were: rabbit anti-KCC2 (1:1000, Millipore), mouse anti-Tuj1 (1:10000, R&D systems). The secondary antibodies used were: goat anti-rabbit 800

(1:5000, Tebu-Bio or 1:15000, LiCor), goat anti-mouse 700 (1:5000, Tebu-Bio or 1:15000, LiCor).

• Histology

Mice were deeply sedated using sodium pentobarbital (200 mg/kg i.p.) and then transcardially perfused with ice-cold PBS solution, followed by ice-cold 4% paraformaldehyde (PFA) in PBS pH 7.4. Extracted brains were fixed in 4% PFA overnight and then equilibrated in 30% sucrose in phosphate buffer saline (PBS). A sliding cryotome was used to section the brains into 40 μm-thick coronal sections. Immunohistochemistry experiment was performed when necessary. Only mice with a minimal infection spread of 500 µm in both dorsal hippocampi (CA1, CA3, DG) were considered for further behavioral analysis.

• Immunohistochemistry Slices were incubated for 1 hour at room temperature in a blocking solution containing 10% goat serum, 0.1% Triton X-100 in PBS. Incubation with primary antibody (rabbit anti-KCC2 (1:500, Millipore), chicken anti-GFP (1:1000, Millipore), mouse anti-Flag

(1:1000, Sigma-Aldrich), mouse anti-GAD67 (1:1000, Abcam)) was then performed in blocking buffer overnight at 4°C. After 3 x 10 min washes in PBS, slices were incubated with secondary antibodies with a dilution of 1:1000 in blocking buffer for 1 hour (goat anti-rabbit-cy3, donkey anti-mouse-cy5, donkey anti-chicken-488 (Jackson Labs)). After another 3 x 10 min washes, slices were mounted on a coverslip in Mowiol/Dabco (25 mg/mL) solution.

Immunofluorescence images were acquired using an upright confocal microscope (Leica TCS SP5), using a 40X 

Results (1852 words)

KCC2 down-regulation in dorsal hippocampal neurons impairs spatial and contextual memory in mice

Genetic ablation of Slc12a5 encoding the KCC2 transporter in mice is associated with severe developmental defects leading to premature death around birth, due to respiratory complications [START_REF] Hubner | Disruption of KCC2 reveals an essential role of K-Cl cotransport already in early synaptic inhibition[END_REF] and seizures [48]. In order to evaluate the impact of KCC2 downregulation, as observed in the human pathology, independent of developmental defects associated with constitutive ablation, we used virus-based chronic silencing by RNA interference. Adult mice were infected bilaterally in dorsal hippocampus with AAV vectors expressing either non-target (shNT) or previously validated KCC2-specific (shKCC2) shRNAs [START_REF] Bortone | KCC2 expression promotes the termination of cortical interneuron migration in a voltage-sensitive calcium-dependent manner[END_REF] (Figure 1A-C). Effective KCC2 downregulation was verified after 2-4 weeks by immunostaining (Figure 1D) and western blot analysis of micro-dissected hippocampal extracts (Figure 1E-F). KCC2 expression was reduced by >70% in hippocampal extracts from mice infected with virus expressing shKCC2 as compared to shNT (t-test p<0.001). Viral infection per se resulted in no change in KCC2 expression, with no significant difference between samples from mice infected with control (shNT) virus and non-infected animals (ttest p=0.388).

We next explored the effects of chronic KCC2 downregulation on mouse behavior. No consistent difference was observed between control and KCC2 knockdown mice in terms of locomotor activity or anxiety (Supplementary Figure S1). Thus, we tested whether KCC2 downregulation might affect hippocampus-dependent spatial [START_REF] Barker | When is the hippocampus involved in recognition memory? The Journal of neuroscience: the official[END_REF][START_REF] Vogel-Ciernia | Examining object location and object recognition memory in mice[END_REF] and contextual memory. In an object-place recognition paradigm (Figure 1G), mice explored two identical objects for 10 minutes in an arena with a cue card, and one of the objects was moved to a new location in the arena 24 hours later. While control mice showed a significant preference for the moved object (Figure 1H), this preference was significantly reduced in KCC2knockdown mice (t-test p=0.017). This shows that KCC2 silencing in dorsal hippocampus compromises spatial memory. We next evaluated the performance of mice in contextual and cued fear memory. Mice received 4 foot-shocks associated with a tone on the training day.

On the next day, contextual and cued memories were tested (Figure 1I). In the hippocampus dependent contextual memory test, the freezing response of KCC2-knockdown (shKCC2)

mice was significantly reduced compared to that of control (shNT) mice (Figure 1J; t-test p=0.050). However, no difference in freezing behavior was observed between the two groups in the sound-cued memory test (Figure 1K; two-way repeated measures ANOVA p=0.329), which primarily depends on the amygdala and not the hippocampus [START_REF] Phillips | Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning[END_REF]. Our results therefore suggest that chronic KCC2 downregulation in the dorsal hippocampus specifically impairs both spatial and contextual memory.

[Figure 1 near here]

KCC2 silencing in hippocampal principal neurons is sufficient to compromise contextual memory

We next aimed to explore the cellular and network mechanisms underlying memory deficits upon KCC2 knockdown in dorsal hippocampus. Since KCC2 is expressed in both hippocampal principal cells and at least some interneurons subtypes [START_REF] Gulyas | The KCl cotransporter, KCC2, is highly expressed in the vicinity of excitatory synapses in the rat hippocampus[END_REF][START_REF] Otsu | Cation-chloride cotransporters and the polarity of GABA signalling in mouse hippocampal parvalbumin interneurons[END_REF], we tested whether KCC2 silencing in either neuron subtype might be sufficient to recapitulate memory deficits induced by unspecific silencing. In order to specifically suppress KCC2 expression in principal neurons or interneurons, shRNA sequences were imbedded into a mir30 backbone [START_REF] Fellmann | An optimized microRNA backbone for effective single-copy RNAi[END_REF] and inserted downstream Pol II promoters specific to either cell type in the forebrain (pCamKII [START_REF] White | A Molecular Toolbox for Rapid Generation of Viral Vectors to Up-or Down-Regulate Neuronal Gene Expression in vivo[END_REF] and pmDlx [START_REF] Dimidschstein | A viral strategy for targeting and manipulating interneurons across vertebrate species[END_REF], respectively) (Figure 2B). These constructs efficiently suppressed KCC2 expression in principal neurons and interneurons of dorsal hippocampus, respectively, as illustrated by immunofluorescence detection (Figures 2C-D). Five to six weeks following viral injection, mice were then exposed to a fear-conditioning paradigm (Figure 2A). During the contextual memory test, mice infected with a virus expressing pCaMKII-shmirKCC2 targeting principal neurons showed significantly less freezing than control mice (t-test p=0.019; Figure 2F), comparable to the effect observed in mice with celltype unspecific silencing (Figure 1J). In contrast, mice infected with a virus expressing pmDlx-shmirKCC2 targeting GABAergic interneurons displayed a freezing response comparable to that of the control group (t-test p=0.215). Again, mice expressing either pCaMKII-shmirKCC2

or pmDlx-shmirKCC2 in the dorsal hippocampus showed no deficit in cued memory as compared to their respective controls (Supplementary Figure S2).

These results show that KCC2 silencing only in the dorsal hippocampal principal neurons, but not interneurons, is sufficient to impair contextual fear memory. In order to further test the specificity of our knockdown approach, we then performed a rescue experiment in which KCC2 silencing was induced in dorsal hippocampus using an AAV1-pU6-shKCC2-CMV-GFP vector and then specifically rescued in principal cells using an AAV1-pCaMKII-KCC2*Flag vector, expressing a Flag-tagged and shRNA-proof recombinant KCC2

(Figure 2B). Co-infection was confirmed by western blot analysis with GFP and Flag antibodies (Figure 2E). In animals co-expressing pU6-shKCC2 and pCamKII-KCC2Flag, total tests. These data show that KCC2 knockdown in principal neurons recapitulates the behavioral impact of unspecific neuronal knockdown. Since no evidence supports a cell-type specific KCC2 downregulation in the pathology, the remaining of our analysis was performed using the non-specific pU6 construct.

[Figure 2 near here]

KCC2 silencing enhances neuronal excitability and impairs hippocampal rhythmogenesis

Memory consolidation relies in part on hippocampal rhythmic activities [START_REF] Colgin | Rhythms of the hippocampal network[END_REF], such as theta-and gamma-band activities that occur during rapid eye movement (REM) sleep [56,[START_REF] Buzsaki | Theta oscillations in the hippocampus[END_REF], as well as sharp-wave ripples (SWRs) associated with non-REM sleep and immobility [START_REF] Buzsaki | Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and planning[END_REF][START_REF] Girardeau | Selective suppression of hippocampal ripples impairs spatial memory[END_REF]. Such activities involve temporally precise interactions between glutamatergic and GABAergic neurons [START_REF] Adamantidis | Oscillating circuitries in the sleeping brain[END_REF][START_REF] Colgin | Theta-gamma coupling in the entorhinal-hippocampal system[END_REF][START_REF] Gan | Phase-Locked Inhibition, but Not Excitation, Underlies Hippocampal Ripple Oscillations in Awake Mice In Vivo[END_REF][START_REF] Valero | Determinants of different deep and superficial CA1 pyramidal cell dynamics during sharp-wave ripples[END_REF][START_REF] Amilhon | Parvalbumin Interneurons of Hippocampus Tune Population Activity at Theta Frequency[END_REF]. Since KCC2 knockdown is known to affect both glutamatergic [START_REF] Chevy | KCC2 Gates Activity-Driven AMPA Receptor Traffic through Cofilin Phosphorylation[END_REF][START_REF] Gauvain | The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines[END_REF] and GABAergic [START_REF] Rivera | The K+/Cl-cotransporter KCC2 renders GABA hyperpolarizing during neuronal maturation[END_REF]32,[START_REF] Pellegrino | Knocking down of the KCC2 in rat hippocampal neurons increases intracellular chloride concentration and compromises neuronal survival[END_REF] synaptic function as well as neuronal membrane excitability

[32], we hypothesized that these combined effects may impair hippocampal rhythmogenesis. To test this hypothesis, we bilaterally injected mice with AAV1-pU6-shNT or AAV1-pU6-shKCC2 vectors in the dorsal hippocampus and then implanted a silicon probe in one hippocampus (Figure 3A-C). The silicon probe was positioned to record LFP signal throughout the CA1 to DG axis.

Theta-band activity (5-10 Hz) was recorded throughout hippocampal layers during REM sleep, with maximal power within st. lacunosum/moleculare, as previously reported [32,57] (Figure 3D-E). No difference was observed in the power profile of theta-band activity between KCC2 knockdown and control mice (Kruskal-Wallis test p=0.774). Gamma-band activity is also detected during various behavioral states including REM sleep and can be divided in slow (25-55 Hz) and fast (60-90 Hz) gamma components, with distinct underlying mechanisms and functional impact on memory encoding and consolidation [START_REF] Colgin | Rhythms of the hippocampal network[END_REF][START_REF] Colgin | Theta-gamma coupling in the entorhinal-hippocampal system[END_REF]. We therefore distinguished the two components and observed a significant and specific decrease in the power of slow (Kruskal-Wallis test p=0.003, Figure 3E) but not fast gamma oscillations (p=0.247) in KCC2 knockdown mice as compared to control.

We then tested whether KCC2 silencing might affect SWRs during slow-wave sleep (Figure 3F-H). Whereas SWR duration increased modestly (by about 10%) in KCC2 knockdown as compared to control mice, their mean rate increased by 140% (Figure 3H;

Kolmogorov-Smirnov test p<0.001 for both). However, their time-frequency profiles were similar, with no sign of high-frequency oscillation or fast-ripple component (250-500 Hz) that represent hallmarks of the epileptic hippocampus [65,66] (Figure 3H). This lack of epileptiform activity was consistent with the lack of spontaneous seizures in KCC2 knockdown animals observed during weeks of behavioral evaluation.

More strikingly, however, we observed a large and significant increase (by about 125 % on average) in multiunit activity (MUA) within st. pyramidale of CA1 of KCC2 knockdown mice as compared to controls (Figure 3F,I). This increase in frequency (Kolmogorov-Smirnov test p<0.001, Fig. 3I) was not homogenous but was associated with a remarkable (+268 %) increase in the occurrence of bursts of MUA (Kolmogorov-Smirnov test p<0.001; Figure 3F,I).

This increased burst frequency was not just a mere reflection of the increased MUA, as the burst event fraction (number of bursts divided by the number of spike trains) was also significantly increased in KCC2 knockdown mice (Figures 3J; Mann-Whitney test, p=0.010).

Moreover, spike bursts were more often associated with ripples than in control mice (Figure 3N, Mann-Whitney test, p=0.010).

Altogether, these results show that KCC2 downregulation in dorsal hippocampus affects hippocampal rhythmogenesis by i) reducing slow gamma rhythm during REM sleep, ii) increasing SWR rate and duration and iii) increasing MUA and bursting in CA1 as well as promoting spike bursts during SWRs. Such neuronal hyperexcitability may then generate unspecific noise and compromise memory consolidation [START_REF] Iwasaki | Contextual Fear Memory Retrieval Is Vulnerable to Hippocampal Noise[END_REF], thereby contributing to impaired hippocampus-dependent memory.

[Figure 3 near here]

The specific Task-3 channel opener terbinafine reduces neuronal excitability and occludes memory impairment upon KCC2 silencing KCC2 interaction with leak potassium channel Task-3 controls membrane trafficking and expression of Task-3, thereby influencing membrane resistance and excitability [32].

Thus, reducing KCC2 expression was shown to increase hippocampal principal neuron excitability in vitro, independently of changes in GABAergic signaling. This effect promoted anomalous recruitment of dentate granule cells during dentate spikes which was prevented by chemogenetic silencing of granule cells in vivo [32]. We hypothesized a similar effect may also contribute to increase neuronal firing and contamination of SWRs with bursts of action potentials upon KCC2 knockdown. We therefore tested whether increasing Task-3 function, using the selective activator terbinafine [START_REF] Tian | A Small-Molecule Compound Selectively Activates K2P Channel TASK-3 by Acting at Two Distant Clusters of Residues[END_REF][START_REF] Wright | Terbinafine is a novel and selective activator of the two-pore domain potassium channel TASK3[END_REF], might prevent neuronal hyperexcitability and thereby rescue or occlude memory upon KCC2 silencing. In KCC2-knockdown mice, we implanted an intracerebroventricular (icv) canula and a silicon probe to record neuronal activity in the right dorsal hippocampus while injecting terbinafine in the left lateral ventricle (Figure 4A). Infusion of terbinafine (10 µl, 1 mM solution) but not saline reduced multiunit activity in the CA1 area by about 40% for up to two hours (Figure 4C-E, t-test p=0.013).

Terbinafine intraventricular infusion had no significant effect on speed, immobility time, or time spent in the center of the arena, suggesting terbinafine has no major effect on locomotion or anxiety compared to saline (Figure S3). We then tested the effect of terbinafine infusion on contextual memory in mice following KCC2 silencing. Mice were infected with either the pU6-shKCC2 or pU6-shNT viral vector and a canula was implanted to allow infusion of terbinafine or saline as a control. As in previous experiments, KCC2

knockdown mice receiving saline infusion showed reduced freezing as compared to control mice in a contextual fear memory paradigm (t-test p=0.023; Figure 4F-G). However, in mice receiving intraventricular terbinafine infusion, no difference in freezing was observed between KCC2 knockdown mice and controls (t-test p=0.104). Noticeably, control mice receiving terbinafine infusion showed a slight reduction in freezing levels compared to saline-treated mice (t-test, p=0.056), suggesting intraventricular terbinafine treatment might also partially impair contextual memory. Interestingly, however, infusion of terbinafine did not further affect contextual memory in KCC2 knockdown mice. Together, our results show that a Task-3 channel activator reduces neuronal excitability and occludes the impairment of contextual memory induced by KCC2 silencing in dorsal hippocampus.

[Figure 4 near here] Discussion (972 words)

We show that chronic KCC2 downregulation in the dorsal hippocampus induces spatial and contextual memory deficits that can be mimicked by KCC2 silencing in principal neurons but not GABAergic interneurons. This memory impairment is associated with neuronal hyperexcitability and bursting as well as altered hippocampal rhythmogenesis, but no detectable spontaneous epileptiform activity. Finally, our results show that intraventricular administration of terbinafine, a specific Task-3 channel activator, reduces neuronal hyperexcitability and occludes contextual memory impairment upon KCC2 silencing in dorsal hippocampus.

Reduced neuronal KCC2 expression has been reported in animal models of epilepsy [START_REF] Pathak | Disrupted dentate granule cell chloride regulation enhances synaptic excitability during development of temporal lobe epilepsy[END_REF][START_REF] Kourdougli | Depolarizing GABA contributes to glutamatergic network rewiring in epilepsy[END_REF] as well as postoperative tissue from intractable epilepsy patients [START_REF] Huberfeld | Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy[END_REF][START_REF] Pallud | Cortical GABAergic excitation contributes to epileptic activities around human glioma[END_REF][START_REF] Munakata | Altered distribution of KCC2 in cortical dysplasia in patients with intractable epilepsy[END_REF][START_REF] Palma | Anomalous levels of Cl-transporters in the hippocampal subiculum from temporal lobe epilepsy patients make GABA excitatory[END_REF][73]]. Computational modeling predicted that complete KCC2 suppression in only 30% of principal neurons may be sufficient to promote seizures, at least under conditions of neuronal hyperexcitability [START_REF] Buchin | Reduced Efficacy of the KCC2 Cotransporter Promotes Epileptic Oscillations in a Subiculum Network Model[END_REF]. Here, this hypothesis was tested experimentally and show that chronic reduction in KCC2 expression throughout mouse dorsal hippocampus affects neuronal and network activity but fails to trigger detectable epileptiform activity or seizures. Similarly, no sign of an epileptic network was detected upon KCC2 knockdown in rat dentate gyrus [32]. These results contrast with those obtained upon complete genetic ablation of the KCC2b isoform [START_REF] Woo | Hyperexcitability and epilepsy associated with disruption of the mouse neuronal-specific K-Cl cotransporter gene[END_REF] or conditional deletion of KCC2 carboxy-terminal domain in mouse dorsal hippocampus [START_REF] Kelley | Locally Reducing KCC2 Activity in the Hippocampus is Sufficient to Induce Temporal Lobe Epilepsy[END_REF], both leading to spontaneous seizures. This suggests that the complete loss of KCC2 expression or expression of a truncated, likely dysfunctional transporter induce a more severe phenotype than that induced by KCC2 downregulation as observed in the pathology.

Further supporting this conclusion, hypomorphic KCC2-deficient mice retaining 15-20% of normal KCC2 expression also failed to display spontaneous seizures [START_REF] Tornberg | Behavioural phenotypes of hypomorphic KCC2-deficient mice[END_REF].

Our data therefore demonstrate that memory deficits are induced by KCC2 downregulation independent of epileptiform activity. Memory involves a sequence of events (encoding, consolidation and retrieval, [START_REF] Colgin | Rhythms of the hippocampal network[END_REF][START_REF] Bliss | A synaptic model of memory: long-term potentiation in the hippocampus[END_REF]) which may all, in principle, be affected by KCC2 downregulation. Expression of long-term potentiation, a key mechanism for engram formation and selection [START_REF] Kim | Encoding of Discriminative Fear Memory by Input-Specific LTP in the Amygdala[END_REF][START_REF] Nabavi | Engineering a memory with LTD and LTP[END_REF], is hindered upon KCC2 knockdown in hippocampal neurons due to altered activity-dependent AMPA receptor trafficking in dendritic spines [START_REF] Chevy | KCC2 Gates Activity-Driven AMPA Receptor Traffic through Cofilin Phosphorylation[END_REF].

Impaired hippocampal LTP may thus contribute to the spatial and contextual memory deficits upon KCC2 downregulation in dorsal hippocampus. In addition, hippocampal rhythmogenesis is involved in both memory encoding and consolidation [START_REF] Colgin | Rhythms of the hippocampal network[END_REF]. Given the importance of GABA signaling in both hippocampal theta-and gamma-band oscillations [START_REF] Wulff | Hippocampal theta rhythm and its coupling with gamma oscillations require fast inhibition onto parvalbumin-positive interneurons[END_REF][START_REF] Csicsvari | Mechanisms of gamma oscillations in the hippocampus of the behaving rat[END_REF], which are critical to memory encoding and retention [START_REF] Colgin | Rhythms of the hippocampal network[END_REF]82], it is remarkable that KCC2 downregulation had only little effect on these oscillations, with only a moderate reduction of slow gamma band activity power. This may reflect the relative preservation of the driving force of GABAA receptor-mediated currents upon KCC2 knockdown, due to the parallel depolarization of their reversal potential and of resting membrane potential [32].

SWRs however were affected by KCC2 downregulation, with an increased frequency of occurrence but only a moderate effect on duration and no effect on their frequency components. SWR initiation is thought to be triggered by a gradual buildup of principal cell activity in the recurrent CA3 network, which in turn recruits parvalbumin interneurons to generate the major component of the ripple [START_REF] Schlingloff | Mechanisms of sharp wave initiation and ripple generation[END_REF]. Therefore, the increased frequency of SWRs upon KCC2 knockdown cannot be specifically attributed to altered KCC2 function in interneurons and likely reflects a combination of changes in both neuronal excitability and GABA signaling. Of note, increased duration (>100 ms) but not frequency of hippocampal SWRs have been shown to improve spatial memory performance in rats [START_REF] Fernández-Ruiz | Long-duration hippocampal sharp wave ripples improve memory[END_REF]. Instead, KCC2

silencing induced only a very modest (about 10%) increase in SWR duration but a 2-fold increase in their frequency. Collectively, these data suggest that the observed alterations in SWR properties may not primarily contribute to degrading memory performance upon KCC2

knockdown. Instead, we suggest coincidence with spike bursts may degrade their information content and memory consolidation.

Thus, one of the most striking alteration of hippocampal activity induced upon KCC2 knockdown was increased neuronal firing and bursting. This effect on neuronal excitability is reminiscent of that reported for the first time upon genetic ablation of KCC2 in cerebellar granule cells [START_REF] Seja | Raising cytosolic Cl-in cerebellar granule cells affects their excitability and vestibulo-ocular learning[END_REF]. It was particularly apparent during non-REM sleep, where bursts of multiunit activity often superimposed with SWRs, which play a crucial role in memory consolidation [START_REF] Buzsaki | Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and planning[END_REF][START_REF] Girardeau | Selective suppression of hippocampal ripples impairs spatial memory[END_REF]. The identity of hyperexcitable neurons could not be resolved in this study, as our silicon probe layout with a 50 m electrode spacing did not allow reliable spike sorting and distinction between principal cells and interneurons. During SWRs, co-firing patterns of neurons activated during previous wakefulness are replayed [START_REF] Pfeiffer | The content of hippocampal "replay[END_REF], likely contributing to memory consolidation. Neuronal hyperexcitability and bursting resulting from KCC2 knockdown may then act to scramble the information content of replay firing sequences, thereby compromising the specificity of memory consolidation. Nonspecific firing of just few hippocampal CA1 neurons was indeed shown to compromise reactivation of memory engram cells [START_REF] Iwasaki | Contextual Fear Memory Retrieval Is Vulnerable to Hippocampal Noise[END_REF]. Increased hippocampal activity correlating with cognitive decline has been reported in aging rodents and can be rescued by using low doses of antiepileptic drugs acting to decrease neuronal excitability [START_REF] Bakker | Reduction of hippocampal hyperactivity improves cognition in amnestic mild cognitive impairment[END_REF][START_REF] Koh | Treatment strategies targeting excess hippocampal activity benefit aged rats with cognitive impairment[END_REF][START_REF] Wilson | Age-associated alterations of hippocampal place cells are subregion specific[END_REF]. Similarly, here, normalizing neuronal activity with a Task3-specific channel opener occluded the contextual memory deficits induced by KCC2 suppression, suggesting neuronal hyperexcitability may play a critical role in these deficits. It is unlikely that this effect of terbinafine reflects a nonspecific disturbance in mouse behavior, because no changes in locomotion or anxiety were observed upon terbinafine infusion. Further exploration of the behavioral effects of terbinafine, however, would clarify its impact on memory performance and better predict its therapeutic potential. Saline-injected mice infected with U6-shKCC2 vector display reduced freezing compared to control mice infected with U6-shNT expressing vector (t-test, t=2.2, DF=14, *p=0.023).

However, this effect was occluded by icv infusion of terbinafine (t-test, t=0.4, DF=13, p=0.346). Terbinafine induced a noticeable yet non-significant reduction of freezing in the control group (U6-shNT, t-test, t=1.7, DF=11, p=0.06). 
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  1.30-N.A. objective and Ar/Kr laser set at at 491 and 561 nm for excitation of Cy3 and FITC, respectively, for images of the entire hippocampus. Stacks of 25-30 µm optical sections were acquired at 512x512 pixel resolution with a z-step of 1 µm. Comparison of means was performed using Student's t-test for normally distributed variables (as tested with Shapiro-Wilk test) of equal variances (Brown-Forsythe test). T-values and degrees of freedom (DF) are indicated in figure legends. Otherwise, comparison of mean was performed using the non-parametric Mann-Whitney rank sum test. Two-way ANOVA was used for comparison of distributions when data were normally distributed with equal variances. Kolmogorov-Smirnov test was used to compare distributions. Statistical significance was set to p≤0.05.

• Statistics

All statistical tests were performed using SigmaPlot 13 software (Systat Software Inc.). When necessary, proportions were arcsin-transformed prior to performing appropriate statistical test.
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