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1. SUMMARY

Calcium- and voltage-activated potassium channels (BK) can control neuronal function, but their
functional relevance in activity-dependent changes of synaptic function remains elusive. In this
thesis work, we discuss and present experimental evidence demonstrating that BK channels
participate in a form of synaptic plasticity during early stage of hippocampal development in mice.
At excitatory Schaffer collateral inputs to CA1 pyramidal neuron (SCh-CA1 synapse), we report that
repetitive low-frequency stimulation activates BK channels, but not TRPV1, through 12(S)HPETE, an
arachidonic acid metabolite, produced downstream of postsynaptic metabotropic glutamate
receptors (mGIuRs) to trigger long-term depression (LTD) in hippocampal slices from P7—P10 mice.
Notably, activation of BK channels is subunit specific, as paxilline but not iberiotoxin blocked mGIuR-
LTD. Moreover, 12(S) HPETE does not change the electrophysiological properties of the BK channel
when the BKa subunit is expressed alone but increases the channel open probability when the BKa
is co-expressed with the B4-subunit. The activation of BKgs channels is only required for the induction
but not the expression of LTD, a form of plasticity that also involve calcineurin and protein synthesis.
This form of neonatal BK-mediated plasticity is absent in mature animals (P20-P30), probably due to
changes in BK subunit composition. Finally, we also present evidence that BKgs channel-mediated
LTD in neonatal hippocampus coexists with another form of presynaptic LTD (CB1-dependent LTD)
at SCh-CA1 synapse in early stage of the development, whose mechanism also changes as
hippocampal synapse development continues. Thus, our findings reveal different cellular
mechanisms that regulate synaptic strength during postnatal development at central synapses,
highlighting the contribution of BK channels to the activity dependent regulation of synaptic efficacy
and its activation by lipid messengers to regulate synaptic function in a long-term manner at SCh-

CA1 synapse in the neonatal hippocampus.



1.1 RESUMEN

Los canales de potasio activados por calcio y voltaje (BK) pueden controlar la funcidn neuronal, pero
su relevancia funcional en cambios que dependen de actividad de la funcidn sindptica permanece
inconclusa. En esta tesis, nosotros discutimos y presentamos evidencia experimental que demuestra
gue los canales BK participan en una forma de plasticidad sindptica durante la etapa temprana del
desarrollo de hipocampo en ratones. En las entradas excitatorias de las colaterales de Schaffer a las
neuronas piramidales de CA1 (Sch-CA1), nosotros reportamos que la estimulacion a baja frecuencia
repetitiva activa a los canales BK, pero no los canales TRPV1, a través de 12(S)HPETE, un metabolito
derivado del acido araquidénico, producido rio debajo de los receptores metabotrdpicos de
glutamato (mGIuRs) para gatillar la depresién a largo plazo (LTD) en la sinapsis CA3-CA1 en rebanadas
de hipocampo de ratones de P7-P10 de edad, pero no animales maduros (P20-P30). De manera
notable, la activacidon de los canales BK es especifica de subunidad, ya que la paxilina, pero no la
iberiotoxina, bloquearon la depresién mediada por mGluRs. Ademas, 12(S)HPETE no cambia las
propiedades electrofisioldgicas del canal BK cuando la subunidad BKo. es expresada sola, pero
incrementa la probabilidad de apertura del canal cuando la BKa. es co-expresada con la subunidad
4. La activacidn de los canales BK b4 es solo requerida para la induccidn, pero no para la expresion
de la LTD, una forma de plasticidad que también involucra la activacién de calcineurina y sintesis de
proteinas. Finalmente, nosotros presentamos evidencia que la LTD mediada por los canales BK b4
coexiste con otra forma de LTD presinaptica (LTD dependiente de CB1) en la sinapsis Sch-CA1l en
etapa temprana de desarrollo, cuyo mecanismo también cambia en cuanto el desarrollo sindptico
hipocampal continda. Asi, nuestros hallazgos revelan diferentes mecanismos celulares que regulan
la fuerza sinaptica durante el desarrollo posnatal en las sinapsis centrales, destacando la
contribucion de los canales BK a la regulacién dependiente de la actividad de la eficacia sindptica y
su activacion por mensajeros lipidicos para regular la funcidn sindptica a largo plazo en la sinapsis

Sch-CA1 del hipocampo neonatal.



2. INTRODUCTION

Neuronal communication is the process by which neurons transmit information within the nervous
system. It involves both electrical and chemical signaling mechanisms, allowing for complex
coordination of bodily functions and cognitive processes. Typically, neurons generate electrical
impulses known as action potential when their internal charge surpasses a threshold. These
impulses travel along the axon, a long fiber extending from the neuron, toward the axon terminal.
At the synapse, where two neurons communicate to each other, action potential triggers the release
of neurotransmitters from vesicles in the presynaptic neuron. Neurotransmitters cross the synaptic
cleft and bind to receptors on the postsynaptic neuron, eliciting either excitatory or inhibitory
responses depending on the neurotransmitter and receptor type activated. Neurotransmitters
and/or neuromodulators could also be released from postsynaptic neurons to presynaptic terminals
in a process known as retrograde signaling (Figure 1), a bidirectional mechanism of modulation of
synaptic transmission that influence neuronal development, plasticity, and brain function (Regehr et
al., 2009). One of the best-characterized retrograde signaling systems in the brain is those mediated
by lipid derivates including endovanilloids and endocannabinoids (eCBs), that by activating different
ion channels and receptors regulate synaptic efficacy at both excitatory and inhibitory synapses
(Castillo, 2012; Maki & Poo, 1998; Winters & Vaughan, 2021). In this thesis work, we will focus on
the role of calcium- and voltage-activated potassium channels (BK) in controlling synaptic
transmission and plasticity at excitatory Schaffer collateral inputs to CA1 pyramidal cells (Sch-CA1
synapse) during hippocampal development. As these ion channels can be activated by some lipid
derivates (Hoshi et al., 2013; Sun et al., 2007; Vaithianathan et al., 2008), we will test the possibility
that BK channels could be part of a retrograde signaling that modulate synaptic strength at Sch-CA1
synapse in the hippocampus. In addition, we will also test whether another form of lipophilic
retrograde signal mediated by eCB signaling could also regulate synaptic function by activating BK
channels at hippocampal synapses (Y. Li, Zhang, et al., 2019; Sade et al., 2006). Finally, we present
some additional evidence, from our collaborative work, regarding different mechanisms and

signaling pathways that can regulate synaptic efficacy at central synapse (see annexes).



Figure 1. Schematic diagram of neuronal communication. Excitatory (e.g,. glutamate, yellow circles)
or inhibitory (e.g,. GABA or glycine, orange circles) neurotransmitters released from presynaptic
terminals diffuse into the synaptic cleft and activate synaptic receptors in the postsynaptic neuron.
There, an increase in calcium (Ca*) concentration occurs after the activation of excitatory
postsynaptic receptors that triggers the production of retrograde. These retrograde messengers are
released back into the synaptic cleft to modulate homosynaptic and heterosynaptic synapses as well
as glial cells (represented by X) and thus, profoundly impact neurotransmitter release from
presynaptic terminals. Three types of retrograde signaling have been described: A) exocytic secretion
of soluble factors, B) modulation of presynaptic proteins through connection with postsynaptic
proteins, and C) production of membrane-permeant diffusible factors (Castillo, 2012; Maki & Poo,

1998).



2.1 Hippocampus

The hippocampus, a key brain structure involved in cognitive processing such as episodic memory,
spatial function and navigation (Bird & Burgess, 2008; Rolls & Treves, 2024), is composed by a
characteristic anatomical circuitry known as the “trisynaptic loop”. The entorhinal cortex provides
the major cortical input to the hippocampus through its strongest projection via the perforant path
to the dentate gyrus (DG). Neurons from DG project to the CA3 region via the mossy fiber pathway.
Then, CA3 pyramidal neurons project to the CA1 region via the Schaffer Collateral (SC) pathway.
Finally, CA1 pyramidal neurons project back to the entorhinal cortex closing the loop (Knierim, 2015).
Interestingly, CA3 pyramidal neurons send collaterals that connect with other CA3 neurons, making
a close loop circuitry (Rebola et al., 2017). The hippocampus is known to be vulnerable to adverse
environmental factors such as hypoxia, stress, toxins and malnutrition, and plays relevant role in
preterm children and those exposed to alcohol, toxins and drugs during fetal development (Y. Li,
Shen, et al., 2019). Interestingly, structural and functional alterations in hippocampus have been
related to neurodevelopmental disorders such as autism spectrum disorder (Banker et al., 2021),
schizophrenia (Lieberman et al., 2018), and Rett syndrome (Baj et al., 2014), where disfunctions in
glutamatergic synapses and proteins involved in synaptic transmission and plasticity has been

described (Moretto et al., 2018; Zoghbi & Bear, 2012).

2.2 Long-term synaptic plasticity

Plasticity of synaptic transmission contributes to the remodeling of neuronal circuits and memory
formation (Malenka & Bear, 2004), and it corresponds to the capacity of the neural activity generated
by an experience to modify the neural circuit function and thus modulate a plethora of behaviors
(Citri & Malenka, 2008). These modifications can occur in a small-time window from millisecond to
a few minutes (short-term plasticity) or during longer periods from minutes to hours and days (long-
term plasticity). Depending on the synapse types, brain structures and developmental stage diverse
forms of long-term synaptic plasticity mechanisms have been described, but they can be broadly
divided according to the direction of the synaptic strength change. When synaptic transmission is
increased, the process is known as long-term potentiation (LTP), whereas a depression of synaptic
transmission is called long-term depression (LTD). Although the mechanisms of LTD are diverse, a
common cellular mechanism for its generation involves the participation of group | metabotropic

glutamate receptors (mGIuR-1) (Bellone et al., 2008; Heifets & Castillo, 2009; Liischer & Huber, 2010),
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whose activation can induce presynaptic and/or postsynaptic changes. For instance, a form of LTD
that depends on the activation of mGIluR-I receptors (mGIuR-LTD) has been described in the
hippocampus of neonatal mice (Bolshakov & Siegelbaum, 1994, 1995a). Neonatal mGIuR-LTD has
been shown to involve the activity of the enzyme lipoxygenase 12 (LO-12) to produce an arachidonic
acid metabolite, known as 12(S)HPETE (Feinmark et al., 2003). Once produced, 12(S)HPETE
reportedly trigger a long-term decrease in excitatory neurotransmitter release at Schaffer collateral
to CAl synapse (Feinmark et al., 2003). However, the exact mechanism by which 12(S)HPETE induces
this decrease in neurotransmitter release remains unknown and form part of the main Aim of this

thesis work.

2.3 Lipid signaling in synaptic plasticity

Arachidonic acid (AA) derivatives, including endocannabinoids (eCBs) and endovanilloids, play
diverse roles in fine-tuning synaptic strength via rapid ion channel effects and orchestrating long-
term plasticity through receptor-mediated signaling (Drapeau et al., 1990; Volterra et al., 1992;
Williams et al., 1989). For instance, eCBs (e.g 2-AG and AEA) by regulating short- and long-term
processes at both excitatory and inhibitory synapses is considered a powerful regulator of synaptic
function throughout the brain (Castillo et al., 2012; Heifets & Castillo, 2009; Ohno-Shosaku & Kano,
2014). Typically, eCBs retrogradely activate type 1 cannabinoid receptors (CB1R) to mediate changes
in the synaptic strength (Castillo et al., 2012), but the eCB/endovanilloid AEA could also change
synaptic efficacy by activating the transient receptor potential vanilloid 1 (TRPV1) channels (Chavez
et al., 2010). Likewise, endovanilloids (e.g. AEA, NADA) also play a significant role in modulating
synaptic function in the central nervous system, often in concert or opposition to eCB signaling
(Jamieson et al., 2022; Lee et al.,, 2015; Marinelli et al., 2007). Indeed, these lipophilic signal
molecules represent one of the main ligands that activate TRP channels, including TRPV channels
(Taberner et al., 2015; Watanabe et al., 2003) to increase or decrease synaptic efficacy throughout
the brain (Chavez et al., 2010; Edwards, 2014; Grueter et al., 2010; Marinelli et al., 2007; Meza et al.,
2022; Puente et al., 2011). Interestingly, a presynaptic mechanism of long-term depression at CA3
to CAl interneuron synapse reportedly requires the activation of TRPV1 channels by the
endovanilloid 12(S)HPETE to depress excitatory synaptic transmission (Gibson et al., 2008). However,
whether TRPV1 channels are involved in the neonatal LTD that occurs between CA3 terminals and

CA1 pyramidal neurons is unknown and form part of the specific objective 1.
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Aside from their effect on TRP channels, lipid derivatives have been identified as potential
modulators of the activity of voltage-gated ion channels, such as calcium and potassium channels
(Carta et al., 2014; Huang et al., 1992). Interestingly, large-conductance voltage-gated calcium and
potassium channels (BK) have been reported to be molecular targets of arachidonic acid and its
metabolites in vascular and heterologous systems (Martin et al., 2014; Sun et al., 2007; Zink et al.,
2001). However, this interaction has not been described at central synapses and will be evaluated

extensively in this thesis work.

2.4 BK channels in synaptic function and plasticity

BK channels are activated by an increase in intracellular calcium and a change in membrane potential
and allow the efflux of potassium ions with a high conductance (Carrasquel-Ursulaez et al., 2018;
Latorre et al., 2017; Latorre & Brauchi, 2006). These channels are ubiquitously expressed throughout
the body playing important roles in several physiological processes, such as regulation of blood flow,
renal excretion, muscle contraction, heart rate, and hearing, among others (Latorre et al., 2017). BK
channels are also abundantly expressed in both neurons and glial cells throughout the brain (Hayashi
et al., 2016; Hayashi & Nakanishi, 2015; Kang et al., 1996; Niday & Bean, 2021; Ou et al., 2009; Pratt
et al.,, 2017; Ransom et al., 2002; Sailer et al., 2006; Salzmann et al., 2010; Seidel et al., 2011; Y.
Zhang et al., 2021). There, BK channels are strategically located on both membrane surfaces and
intracellular compartments to regulate neuron excitability and synaptic communication, but their
role in activity-dependent modulation of synaptic function remain poorly understood as we

extensively discuss previously (For review see Ancatén-Gonzalez et al., 2023 in Appendix).

BK channels are composed of a fundamental subunit called a. subunit, which corresponds to a seven
(50-S6) transmembrane structure (Latorre et al., 2017). This o subunit can be accompanied by
auxiliary subunits that modulate the activity of the channel. Two main groups of auxiliary subunits
have been described until now: gamma and beta subunits (Q. Li & Yan, 2016). B-subunits are the
most studied, each one corresponding to a two transmembrane structure connected by a large
extracellular loop and classified into 4 subtypes: 31, B2, B3 and B4. All the b subunits modify the BK
channel gating and pharmacology (Ancatén-Gonzalez et al., 2023). 32 and 34 are the most expressed
subunits in the CNS (Contet et al., 2016). B1, B2 and B4 increase Ca* sensitivity by stabilizing the

voltage sensor in the active conformation and slowing down the activation and deactivation kinetics
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(Ancatén-Gonzalez et al., 2023). Additionally, 2 induces a fast and complete inactivation. The
presence of B4 shifts the conductance-voltage curves leftward at all internal Ca** concentration
compared to BK/a. channel. Interestingly, B2 is sensitive to the BK channel blocker iberiotoxin (IBTX)
(B. Wang et al., 2014), whereas b4 is IBTX-resistant (Latorre et al., 2017). However, all BK channels
can be blocked by the tremorgenic fungal alkaloid paxilline (PAX) (Y. Zhou & Lingle, 2014). While the
contribution BK channels subunits to regulate neuronal excitability has been reported (Brenner et
al., 2005; Whitmire et al., 2017), whether and how these subunits participate in synaptic function
and plasticity remains unclear (For review see Ancatén-Gonzalez et al., 2023) and will be evaluated

in specific objective 1.

3. HYPOTHESIS & OBJECTIVES

3.1 HYPOTHESIS

BK channels are involved in mGluR-dependent long-term synaptic depression in neonatal

hippocampus of mouse.

3.2 Main Objective

To determine the role of BK channels in the mechanisms underlying neonatal long-term

depression at the Schaffer collateral to CA1 synapses in the mouse hippocampus.
3.3 Specific Objectives

- To evaluate if BK channels are required for mGIuR-LTD at excitatory synapses in the neonatal
hippocampal of mice.

- To identify the nature of BK channels involved in the regulation of synaptic strength in the
neonatal hippocampal of mice.

- To study the cellular mechanisms involved in BK channel-mediated plasticity in the neonatal
hippocampal of mice.

-  To determine developmental changes in BK channels-mediated plasticity in the

hippocampus of mice.
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4. MATERIALS AND METHODS

Animals

Wild-type (WT) and TRPV1 null mice (TRPV1-/-) were raised in the animal facility of the Universidad
de Valparaiso and held at 20 to 25 °C under a 12-h light/dark cycle with water and food ad libitum.
Animal handling and use followed a protocol approved by the bioethics committee of the
Universidad de Valparaiso (CBC39/2022), in accordance with the bioethics and biosafety regulation
of the Chilean Research Council (CONICYT).

Hippocampal Slice Electrophysiology.

Acute transverse hippocampal slices (400 um thick) were prepared from Postnatal day (P) 7 to P13
mice of either gender as previously described (Chavez et al., 2010, 2014). Briefly, hippocampi were
isolated and cutting using a DKT or Leica TS1200 vibratome in a solution containing the following (in
mM): 215 sucrose, 2.5 KCI, 26 NaHCO3, 1.6 NaH2P0O4, 1 CaCl2, 4 MgCl2, 4 MgS04, and 20 glucose.
After 30-min recovery, slices were incubated in an artificial CSF (ACSF) recording solution containing
the following (in mM): 124 NaCl, 2.5 KCI, 26 NaHCO3, 1 NaH2P04, 2.5 CaCl2, 1.3 MgS04, and 10
glucose equilibrated with 95% 02/5% CO2, pH 7.4. Slices were incubated for 30 min before
recordings. All experiments, except where indicated, were performed at 28 + 1 °C in a submersion-
type recording chamber perfused at 1 to 2 mL/min rate with ACSF supplemented with the GABAA
receptor antagonist picrotoxin (PTX; 50 uM). Extracellular field potentials (fEPSPs) were recorded
with a patch pipette filled with 1 mM NaCl and placed in the CA1 stratum radiatum (100 pm deep).
Whole-cell voltage-clamp recordings (Multiclamp 700B Molecular Devices, USA) were made from
CA1 pyramidal neurons voltage-clamped at -60 mV using patch-type pipette electrodes (3 to 4 M)
containing the following intracellular solution (in mM): 131 Cs-gluconate, 8 NaCl, 1 CaCl2, 10 EGTA,
10 glucose, 10 HEPES, pH 7.2, and 292 mmol/kg osmolality. For current clamp experiments, CA1
pyramidal neurons were recorded using a KCl-based intracellular solution (in mM): 130 KCI, 5 NaCl,
1 MgCl2, 0.2 EGTA, 10 HEPES, 2 MgATP, and 0.1 NaGTP (adjusted to pH 7.2 with KOH). fEPSPs and
EPSCs were evoked by stimulating Schaffer collateral inputs with a monopolar electrode filled with
ACSF and positioned ~100 to 150 um away from the recording pipette. Two pulses (100 ms
interstimulus interval) were used to calculate PPR that was defined as the ratio of the slope or

amplitude of the second EPSP/EPSC to the slope or amplitude of the first EPSP/EPSC, respectively.
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The coefficient of variation (1/CV) was calculated as the squared mean EPSP/ EPSC slope/amplitude
divided by EPSP/EPSC variance. Both PPR and 1/CV were calculated 10 min before and 15 to 20 min
after application of the LTD induction protocol. mGIuR-LTD was evoked using a standard low-
frequency stimulation (5 Hz, 900 pulses, 3 min) as previously described (Feinmark et al., 2003) or by
bath application of 50 mM DHPG, a specific mGIuR agonist. LFS-or DHPH-induced LTD was typically
induced after 10 min of stable baseline and the magnitude of mGIuR-LTD was compared 30 to 40
min after LTD protocol in the absence or presence of the pharmacological agents. Other LFS
protocols including LFS at 1 Hz (900 pulses, 15 minutes), 50 Hz (900 pulses, 18 seconds) as well as
high frequency stimulation (100 Hz, 100 pulses, 1 second) repeated twice (20 seconds apart) and
paired-pulses LFS (PP-LFS) consisted of two stimuli separated by 50 ms delivered during 15 minutes
at 1 Hz 900 times were also used. In some experiments (Fig. 4A), puff application of L-glutamate (1
mM, 25 ms, 1 to 2 PSI bar) onto CA1 pyramidal neurons was delivered while neurons were voltage
clamped at -60 mV. Reagents were obtained from Sigma, Tocris, and Ascent Scientific, prepared in
stock solutions (water or DMSO), and added to the ACSF as needed. Total DMSO in the ACSF was
maintained less than 0.01%. For whole cell experiments, series resistance (range, 8 to 12 M Q) was
monitored throughout the experiment with a 5 mV, 80 ms voltage step, and cells that exhibited
significant change in series resistance (>20%) were excluded from analysis. Data were elicited at 15
to 20-s intervals, filtered at 2.2 kHz, and acquired at 10 kHz using a custom-made routine written in
Igor Pro 6.37 (WaveMetrics, Portland, OR), whereas statistical comparisons were made using paired

Student’s t test at P < 0.05 significance level, using Origin 8.5 Pro software (OriginLab).

Channel Expression and Recordings

BK channels were expressed in X. laevis oocytes. The cDNA coding for the WT human BK _ -subunit
(Gen bank U11058), the human S 2-subunit (Gen bank AF099137) without inactivation domain ( 3
2IR) (Wallner et al.,, 1999) and (3 4-subunit (Gen Bank AF160967) were provided by L. Toro
(University of California, Los Angeles, CA). The mRNA was prepared in vitro by using the mMESSAGE
MMACHINE (Ambion) kit. The oocytes were injected with 50 ng of mRNA and incubated in an ND96
solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH adjusted to 7.4
with NaOH) at 18 °C for 3 to 5 d before electrophysiological recordings. All the recordings were
acquired by using the patch-clamp technique in the inside-out configuration. Data were acquired
with an Axopatch 200B (Molecular Devices) amplifier and the Clampex 10 (Molecular Devices)

acquisition software. Both, the voltage command, and current output were filtered at 10 kHz with
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an 8-pole Bessel low-pass filter (Frequency Devices). Current signals were sampled with a 16-bit A/D
converter (Digidata 1550B; Molecular Devices), using a sampling rate of 500 kHz. Unless otherwise
stated, linear membrane capacitance and leak subtraction were performed based on a P/-8 protocol
(Armstrong & Bezanilla, 1973) Borosilicate capillary glasses (1B150F-4, World Precision Instruments)
were pulled in a horizontal pipette puller (Sutter Instruments). After fire-polishing, pipette resistance
was typically 1to 2 M Q. An agar bridge with Cl-as the main anion was used as the ground electrode.
All experiments were performed at room temperature (18 to 20 °C). Potassium currents ( IK ) were
elicited by 10-ms voltage steps of 10 mV, except for o + S2IR or a + 4 channel currents, that were
elicited by 40-ms pulse durations. The holding voltage was -100 mV for all channels, and the final
voltage was 300 mV. The pipette and bath solutions were almost the same and typically contained
110 mM KOH, 10 mM HEPES, and 5 mM EGTA (free Ca?* ~0.8 nM) (Cox et al., 1997), while the pipette
external solution contained extra 2 mM MgCl2. The pH for both cases was adjusted to 7.4 with about
108 mM HMeSO;s. For test solutions using Ca®* (3 u M), CaCl, was added to reach the desired free
[Ca?*], and 2 mM EGTA was used as calcium buffer. Free calcium concentration was estimated using

the WinMaxChelator Software and checked with a Ca2+-electrode (Hanna Instruments).

Data Analysis. For ionic current experiments, the instantaneous /i, (V) data for each i experiment

were fitted by using a Boltzmann function,

tail i,max

Jrfai.l'.f(V] = m
T+e "

(X]F

where lii,max is the maximum tail current, zdis the voltage dependency for channel activation, Vj, is
the half-activation voltage, T is the absolute temperature (294 K), F is the Faraday’s constant, and R
is the universal gas constant. The best values for lii,max, Vi, and zo were determined by using the
Matlab’s function Isqnonlin. The averaged half activation voltage (< Vi >) and the averaged voltage
dependency (< zd >) were reported as mean £ SEM of the n experiments. Each individual /xii(V)
curve was normalized by dividing by its specific /wij;mex value and then aligned by shifting along the
voltage axis by (<Vh > -V},;). A further shift of the /wi,i(V) curves was done by rounding each voltage
value to the nearest ten. This procedure allowed generating an averaged /ii(V) curve with a voltage

dependence representative of the n experiments (Horrigan & Aldrich, 2002).
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5. RESULTS

This section describes some of the experiments carried out to address the different unknown aspects
of BK channel’s contribution to activity-dependent changes on synaptic efficacy in the hippocampus
of mice during postnatal development. Most of the data shown below has not yet been published
but since it is a follow-up from our recently published article (Ancatén-Gonzélez et al., 2025;
Appendix), in the next section this article is included, and the remaining results were prepared based

on future publication.

5.1 BK channels mediate a presynaptic form of mGIuR-LTD in the neonatal
hippocampus

Summary

Presynaptic BK channels can control transmitter release, but their functional relevance in activity-
dependent changes of synaptic function remains elusive. Here, we report that repetitive low-
frequency stimulation retrogradely activates presynaptic BK channels through 12(S)HPETE, an
arachidonic acid metabolite, produced downstream of postsynaptic metabotropic glutamate
receptors (mGIuRs) to trigger long-term depression (LTD) at CA3-CA1 synapses in hippocampal slices
from P7-P10 mice. Activation of BK channels is subunit specific, as paxilline but not iberiotoxin
blocked mGIuR-LTD and 12(S)HPETE does not change the electrophysiological properties of the BK
channel when the BK « subunit is expressed alone but increases the channel open probability when
the BK « is co-expressed with the 3 4-subunit. Our findings reveal a previously unknown interaction
between 12(S)HPETE and BK channels to regulate synaptic strength at central synapses and increase
our understanding of the mechanisms underlying mGIuR-LTD in neonatal hippocampus that likely

contribute to circuit maturation necessary for the learning process.

Introduction

Activity-dependent long-term depression (LTD) of excitatory synaptic strength contributes to circuit
remodeling and memory formation. Although with varying mechanisms depending upon brain
region and developmental progress, a common cellular mechanism for LTD is the reliance on
postsynaptic activation of group | metabotropic glutamate receptors (mGIuRs) to induce either pre-

or postsynaptic forms of mGIuR-LTD (Liischer & Huber, 2010). In the hippocampus, neonatal LTD is
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known to require mGIuRs to subsequently generate a lipid-derived metabolite from arachidonic acid,
known as 12(S)HPETE. Once produced, 12(S)HPETE travels retrogradely to the CA3 axon terminal to
suppress glutamate release onto CA1 pyramidal neurons in a long-term manner (Bolshakov &
Siegelbaum, 1994, 1995b; Feinmark et al., 2003). However, the precise downstream targets of
12(S)HPETE at presynaptic sites involved in this form of mGIuR-LTD remain elusive.

Lipid derivates, including the lipoxygenase-derived 12(S)HPETE, represent one of the primary
activating ligands of TRP channels (Hardie, 2007; Taberner et al., 2015). For instance, 12(S)HPETE-
dependent LTD in the mature hippocampus has been reported at glutamatergic synapses onto CA1
inhibitory interneurons. This form of plasticity involves the activation of the presynaptic transient
potential vanilloid 1 receptor (TRPV1) (Gibson et al., 2008). Whether TRPV1 channels are also a key
player in neonatal mGIuR-LTD at CA3-CA1 excitatory synapses remains unknown. Apart from their
action on TRP receptors, lipid derivates are also known to modulate synaptic efficacy by directly
acting on voltage-gated ion channels (Boland & Drzewiecki, 2008), including calcium (Roberts-
Crowley et al., 2009) and potassium channels (Besana et al., 2005; Carta et al., 2014). Interestingly,
the large-conductance, calcium- and voltage-activated potassium channels (BK), known to regulate
neuronal excitability and synaptic function throughout the brain (Ancatén-Gonzalez et al., 2023;
Montgomery & Meredith, 2012), are reportedly regulated by different lipoxygenase-derived
metabolites (Faraci et al., 2001; Zink et al., 2001). Moreover, evidence indicates that BK channels are
expressed at presynaptic terminals of CA3 neurons in the mature hippocampus (Hu et al., 2001;
Misonou et al., 2006; Raffaelli et al., 2004; Sailer et al., 2006), opening the possibility that BK
channels are involved in mGIuR-LTD. However, whether presynaptic BK channels contribute to
neonatal activity-dependent mGIuR-LTD remains unknown.

Here, using electrophysiological recordings in acute hippocampal slices from P7—P10 mice, we
evaluate the role of TRPV1 and BK channels as potential downstream effectors of 12(S)HPETE
signaling in mediating neonatal mGIluR-LTD. We find that activation of presumably presynaptic BK,
but not TRPV1, channels by 12(S)HPETE is required for the induction of mGIuR-LTD at immature CA3—
CA1 synapses. The contribution of BK channels is subunit specific, involving BK containing (3 4 but
not 3 2 subunit. These results identify a mechanistically necessary step for the induction of mGIuR-
LTD during postnatal development that likely involves retrograde activation of BK channels at

presynaptic terminals to impact synaptic function in a long-term manner.
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Note: The text and figures in the next section have been recently published (Proc Natl Acad Sci U S
A. 2025 Jan 14;122(2):e2411506122. doi: 10.1073/pnas.2411506122) and minor changes have

been made to ensure continuity.

Results

12(S)HPETE Is a Key Player of Presynaptic mGIuR-LTD in the Neonatal Hippocampus.

To investigate the presynaptic mechanisms involved in the induction of mGIluR-LTD, we recorded field
excitatory postsynaptic potentials (fEPSPs) and currents (EPSCs) from CA1 pyramidal neurons while
stimulating CA3 Schaffer collateral inputs in acute hippocampal slices of neonatal (postnatal day P7—
P10) mice (Materials and Methods). Consistent with previous reports (Bolshakov & Siegelbaum,
1994b, 1995b; Feinmark et al., 2003; Zakharenko et al., 2002), low-frequency stimulation (LFS, 5 Hz,
3 min) induced a robust LTD that required postsynaptic mGluRs as it was eliminated by the mGIuR5
antagonist MTEP (10 uM, Fig. 1A). Moreover, LFS-induced LTD can also be abolished by loading CA1
pyramidal neurons with GDPS, a broad-spectrum G protein antagonist but was normally induced
when NMDA receptors were blocked with APV (S| Appendix, Fig. S1 A—C). LFS-induced LTD was also
independent of GABAergic transmission as it was normally induced in the presence (Fig. 1A) or
absence of the GABAA receptor antagonist picrotoxin (50 uM; SI Appendix, Fig. S1B). Similarly,
MGIuUR-LTD could be mimicked by pharmacological activation of mGIuRs with DHPG (50 uM, 10 min),
an effect that was also eliminated in the continuous presence of MTEP (Fig. 1B). Importantly, both
electrical and chemical forms of mGIuR-LTD were accompanied by changes in the paired-pulse ratio
(PPR) and coefficient of variation 1/CV2; Fig. 1 A and B), consistent with a presynaptic origin.
Moreover, LFS-and DHPG-induced LTD occluded each other (SI Appendix, Fig. S1 D and E), indicating
that mGluR activation by either pharmacological means or synaptic activity suppresses glutamate
release in the young hippocampus through a common presynaptic mechanism.

Previous evidence indicates that presynaptic mGIuR-LTD requires a postsynaptic signal pathway that
involves the activation of 12-lipoxygenase and the production of the lipid metabolite 12(S) HPETE
(Bolshakov & Siegelbaum, 1995b; Feinmark et al., 2003; Normandin et al., 1996). Accordingly, two
independent 12-lipoxygenase inhibitors, baicalein (10 pM) and cinnamyl-3,4-dihydroxy- a-
cyanocinnamate (CDC; 10 uM), were able to eliminate both LFS- (Fig. 1C) and DHPG-induced mGIuR-
LTD (SI Appendix, Fig. S1F). Moreover, bath application of 12(S)HPETE (100 nM), but not its
metabolite 12-HETE (100 nM), was sufficient to reduce fEPSPs in a long-lasting manner in the young

hippocampus (Fig. 1D). Consistent with a presynaptic mechanism, 12(S)HPETE-mediated synaptic
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depression was accompanied by changes in PPR and 1/ CV2 (Fig. 1D) and occluded the induction of
either LFS- or DHPG induced mGIuR-LTD (S| Appendix, Fig. S2 A and B). Moreover, 12(S)HPETE had
no further effect on fEPSP amplitude if applied after the induction of LFS-LTD (SI Appendix, Fig. S2C).
Altogether, these results strongly support the idea that 12(S)HPETE is a key player in the induction

of presynaptic mGIuR-LTD in the neonatal hippocampus (Feinmark et al., 2003).
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Figure 1. Arachidonic acid metabolite 12(S)HPETE is necessary to induce mGIuR-LTD in the young
hippocampus.

(A) Low-frequency stimulation (LFS, 5 Hz, 3 min) induces a LTD of fEPSP (black circle) that was
eliminated in the continuous presence of the mGIuR antagonist MTEP (10 uM; open circle). Top,
Representative traces of two consecutive fEPSP (100-ms interstimulus interval) before (black) and
after (grey) LFS induction, and in the continuous presence of MTEP. Bottom, summarized graphs. (B)
Representative traces (Top) and time course (Bottom) showing that bath application of the mGIuR
agonist DHPG (50 uM, 5 min) also induces LTD of fEPSP, an effect that was eliminated in the
continuous presence of MTEP. Note that LFS-and DHPG-induced mGIuR-LTD were accompanied by
changes in PPR and coefficient of variation (1/CV2, Right), suggesting a presynaptic mechanism
involved. In the PPR and 1/CV2 summarized plot, each open circle represents a single slice. (C)
Representative traces (Top) and time course (Bottom) showing that blocking 12-lypoxigenase, and
the production of 12(S)HPETE with two independent blockers (Baicalein and CDC), eliminates LFS-
induced LTD. (D) Representative traces (Top) and time course (Bottom) showing that 12(S) HPETE
(100 nM), but not its metabolite 12-HETE (100 nM), reduced fEPSP at CA3-CA1 synapses, an effect
that was accompanied by changes in PPR and 1/CV2. (E) Representative traces (Top) and time course
(Bottom) showing that LFS-induced mGIuR-LTD was unaffected by two different TRPV1 antagonists
Capsazepine (CPZ, 10 uM) and AMG 9810 (AMG, 10 uM). (F) Representative traces (Top) and time
course (Bottom) showing that LFS-induced mGIuR-LTD is similar in wild-type (TRPV1+/+) and
TRPV1-/- deficient mice. In all panels, data are presented as mean + SEM, and average sample traces
taken at times indicated by numbers are shown next to each summary plot. *P <0.05, **P <0.01, and
the number of slices (s) and animals (a) are indicated in parenthesis.

mGIuR-LTD at CA3-CA1 Synapses Does Not Involve the Activation of TRPV1 Channels.

What is the potential target of 12(S)HPETE at presynaptic terminals to induce mGIuR-LTD? In the
mature hippocampus, at excitatory CA3 to interneuron synapses, mGIuR-LTD reportedly requires
activation of presynaptic TRPV1 channels (Gibson et al., 2008). However, LFS-induced mGIuR-LTD at
immature CA3 to CA1l synapses was normally induced when TRPV1 channels were blocked with
capsazepine (CPZ, 10 pM) or AMG 9810 (AMG; 10 uM Fig. 1E) or in slices from TRPV1 deficient mice
(TRPV1-/-; Fig. 1F), further supporting that, unlike the excitatory CA3 to interneuron synapse
(Gibson et al., 2008), TRPV1 channels are not involved in presynaptic mGIuR-LTD mediated by
12(S)HPETE at excitatory CA3-CA1 synapses in the neonatal hippocampus. Consistent with this idea,
12(S)HPETE markedly reduced fEPSPs in the continuous presence of CPZ or AMG (Sl Appendix, Fig.
S3A) or in hippocampal slices from TRPV1-/- mice (SI Appendix, Fig. S3B), strongly suggesting that
TRPV1 channels are not required for 12(S)HPETE-mediated depression in the young hippocampus.
Accordingly, bath application of capsaicin (1 uM), a TRPV1 agonist, had no significant effect on basal
synaptic transmission at CA3-CA1 excitatory synapses (S| Appendix, Fig. S3C), but depressed the CA3-

interneuron synapses in naive slices (Sl Appendix, Fig. S3C).
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BK Channels Are Required for the Induction of mGIuR-LTD in the Neonatal Hippocampus.

Previous evidence suggests that BK channels regulate synaptic transmission at CA3 axon terminals
(Hu et al., 2001; Raffaelli et al., 2004) and can be regulated by different lipoxygenase-derived
metabolites (Faraci et al., 2001; Zink et al., 2001), but whether they play a role in regulating mGIuR-
LTD remains unknown. To assess their involvement in mGIuR-LTD, we first applied BK channel
antagonists before delivering LFS-or DHPG to induce mGIluR-LTD. Blocking BK channels with
iberiotoxin (100 nM) had no effect on electrical and chemical forms of mGIuR-LTD (Fig. 2 A and B).
However, bath application of the BK channel antagonist paxilline (1 or 10 uM) was able to abolish
both forms of LTD (Fig. 2 A and B). For completeness, we also performed experiments using apamin,
a blocker of the small-conductance voltage-and Ca2+-sensitive potassium (SK) channels known to
regulate synaptic plasticity in the adult hippocampus (Rice & Stackman, 2024). While apamin (300
nM) was able to reduce medium afterhyperpolarization current (ImAHP) in CA1 pyramidal neurons,
it failed to block LFS-induced mGIuR-LTD (S| Appendix, Fig. S4 A and B). Thus, our results suggest that
paxilline-sensitive BK channels are involved in mGIuR-LTD. Accordingly, paxilline but not iberiotoxin
eliminated 12(S) HPETE-induced depression of synaptic transmission (Fig. 2C). Importantly, paxilline
had no effect on basal synaptic transmission (Sl Appendix, Fig. S4C) or in synapses already expressing
12(S) HPETE-mediated depression (SI Appendix, Fig. S4D) and LFS-induced LTD was normally
expressed when paxilline was applied immediately after tetanus (SI Appendix, Fig. S4E), suggesting
that paxilline-sensitive BK channels are required for the induction, but not maintenance of mGluR-
LTD. Moreover, bath application of the specific BK channel agonist NS11021 (3 uM) was sufficient to
reduce basal synaptic transmission at CA3-CA1 synapses (Fig. 2D). This effect was accompanied by
changes in PPR and 1/CV2 and was eliminated in slices preincubated with paxilline but not with
iberiotoxin (Fig. 2D). Moreover, a short application of N511021 (5 min) also induces a long-lasting
and irreversible reduction of fEPSP (S| Appendix, Fig. S4F). Consistent with the idea that paxilline-
sensitive BK channels are required for the induction, but not maintenance of synaptic depression at
CA3-CA1l synapses, paxilline had no effect on synapses already expressing NS11021-mediated
depression (Sl Appendix, Fig. S4G). Moreover, in the continuous presence of NS11021, LFS and DHPG
were not able to further suppress fEPSPs (Fig. 2E). Importantly, NS11021-mediated depression could
not be induced at synapses already expressing 12(S)HPETE-mediated depression (Fig. 2F). Inversely,
12(S)HPETE had no effect on synapses already expressing NS11021-mediated depression (Fig. 2F).
These two-way occlusion experiments indicate that 12(S)HPETE-and NS11021-mediated synaptic

depression share a common mechanistic step to induce mGIuR-LTD. To explore this possibility, we
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delivered a subthreshold induction protocol, which by itself did not have persistent effects on fEPSPs
(SI Appendix, Fig. S5A) and did not occlude further induction of LFS-LTD (SI Appendix, Fig. S5B). We
tested whether such a protocol could be potentiated to trigger LTD by slightly elevating BK channel
activity with the use of brief application of BK agonists 12(S)HPETE or NS11021, which does not by
itself produce lasting suppression. Under these recording conditions, the subthreshold induction
protocol triggered robust LTD that was blocked by paxilline (SI Appendix, Fig. S5 C and D). Altogether,
these results support the idea that paxilline-sensitive BK channel activation is necessary to induce

MGIUR-LTD in the young hippocampus.
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Figure 2. Activation of BK channels containing the BK84 subunit is involved in mGIluR-LTD.

(A) Average traces (Top) and time course (Bottom) showing that LFS-and (B) DHPG-induced mGluR-
LTD were unaffected by bath application of iberiotoxin (IBTx, 100 nM) but were eliminated in the
continuous presence of Paxilline (Pax, 10 or 1 uM). (C) Average traces (Top) and time course (Bottom)
showing that bath application of the 12(S)HPETE (100 nM) depresses fEPSP in the continuous
presence of IBTx but had no effect in the presence of Pax. (D) Average traces (Top) and time course
(Bottom) showing that bath application of NS11021 (3 uM), a BK channel agonist, depresses fEPSP
in the continuous presence of IBTx but had no effect in the presence of Pax. NS1121-mediated
depression of fEPSP was accompanied by changes in PPR and 1/CV, suggesting a presynaptic
mechanism of action. (E) Average traces (Top) and time course (Bottom) showing that preincubation
with NS11021 (3 uM) is able to block LFS-and DHPG-induced mGIuR-LTD. (F) Average traces (Left)
and time course (Right) showing that 12(S)HPETE-induced suppression of fEPSP occluded the
NS11021-mediated depression of fEPSP at CA3-CA1 synapses (Top), and inversely, NS11021-induced
depression blocks further effect of 12(S)HPETE (Bottom), suggesting a common mechanism of action.
In all panels, data are presented as mean + SEM, and averaged sample traces taken at times
indicated by numbers are shown next to each summary plot, and the numbers of slices (s) and
animals (a) are indicated in parentheses. *P < 0.05.

The BK Channel Containing B4 but not the B2 Subunit Is Sensitive to 12(S)HPETE. The differential
effect between iberiotoxin and paxilline on mGIuR-LTD, and 12(S)HPETE-and NS11021-mediated

depression, suggests that BK channels containing B4 but not B2 subunits are required for this form
of LTD. To further investigate this possibility, we tested the effect of 12(S)HPETE on human BK
channels formed by the , the + B2, and + B4 subunits expressed in Xenopus laevis oocytes. Notably,
12(S) HPETE does not change the BK channel voltage dependence when the BKa subunit is expressed
alone (Fig. 3A) but strongly increases the channel open probability when the B4-subunit was
coexpressed with the a subunit (Fig. 3B). The addition of 12(S)HPETE intracellularly to a final
concentration of 100 nM produces a 50-mV leftward shift of the normalized BKB4 channel open
probability (lwi/laimax)-voltage curve (Fig. 3B). The half voltages obtained from the lwi/ltaimax VS
voltage curves were plotted against 12(S)HPETE concentration, and the data were fitted using a Hill
equation (see legend of Fig. 3C). The best fit to the data was obtained with a dissociation constant
of 0.98 nM and a Hill coefficient of 3 (Fig. 3C). Demonstrating that the effect of 12(S)HPETE is subunit
specific, this metabolite did not modify the voltage dependence of + B2 channels (Fig. 3D).
Importantly, 12(S)HPETE-mediated effect in BKB4 channel open probability is amplified by internal
Ca?* given that in the presence of 3 uM internal Ca%, the probability of opening-voltage curve shifted
leftward by 77 mV, twice the effect observed in the absence of internal Ca?* (Fig. 3E). Moreover,
cytoplasmic Ca?* does not affect the binding of 12(S)HPETE to the BK channel as the equilibrium

dissociation constant is close to 1 nM (Fig. 3F). These results support the idea that BK channels

25



formed by a and B4 subunits, but not B2-subunits, are necessary for the induction of 12(S)HPETE-
mediated depression and mGIuR-LTD in the young hippocampus and a tight binding accompanies

this subunit specificity.
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Fig. 3. BK channels containing /44 but not /2 subunit are directly activated by 12(S)HPETE.

(A) Normalized l.4i-V relationship (li(V)) for BK o channels before (white diamonds) or after (black
diamonds) the addition of 12(S)HPETE (100 nM) to the cytoplasmic side in 0 [Ca?*].. The li(V) data
(mean = SEM) were fitted using a Boltzmann function (Materials and Methods). Fit parameters
were Vi, =180 and 182 mV;: zs=1.02 and 0.98 before (n = 5) and after (n = 5) the addition of 12(S)
HPETE, respectively. (B) Normalized li(V) (mean = SEM) for BK a + 34 channels before (white
hexagons) or after the addition of 12(S)HPETE at concentrations of 0.001 nM (black squares); 1 nM
(black circles) or 100 nM (black triangles) to the internal side. Fit parameters were Vi, = 233 mV and
25=0.69, n = 7 (control); V=217 mV and z5= 0.78, n =4 (0.001 nM); Vi, =196 mV and z;=0.81, n =
4 (1 nM); and Vy, =183 mV and z s=0.76, n =5 (100 nM). (C) Average Vi, values obtained from the
lwair(V) curves plotted against 12(S)HPETE concentration (mean = SEM). Data were fitted using a Hill
equation where Vi, = Viax + (V 0=Vimax ) X [HPETE]"/ K" + [HPETE] " where Vmax is the half voltage in the
absence of 12(S)HPETE, V, is the half voltage at the indicated 12(S)HPETE concentration, K the
dissociation constant, and n the Hill coefficient. 12(S)HPETE binding produces a leftward shift in V, (
AVy ) (n = 3 to 4). (D) Normalized Iwqi-V (mean = SEM) for BK « + 8 2 IR channels before (white
diamonds) or after (black diamonds) the addition of 100 nM 12(S)HPETE to the cytoplasmic side in O
[Ca?*].. Fit parameters were Vi, = 178 and 174 mV; z5= 0.99 and 0.90 before (n = 4) and after (n = 4)
the addition of 12(S)HPETE, respectively. (E) Normalized Ilwi(V)(mean = SEM) for BK « + /(4
channels, in the presence of 3 « M of Ca*?, before (open circles) or after the addition of 12(S)HPETE
at different concentrations. Data were fitted using a Boltzmann equation (Materials and Methods).
The parameters were before the addition of 12(S)HPETE: Vi, = 46.86 = 1.12 mV, and zs = 1.00 =*
0.04eo(n=3);,03nM: V,=33.34 =1.31mV,andzs=1.1 £0.06 eo(n=3); 1 nM: V=-233 =
1.25mV,and z5=1.36 =006 (n=3); 5nM: V= 31.18 =1.99mV,andzs=1.34 +=0.12 (n = 3);
100nM (n=4): V=-30.33 £0.56 mV, and zs =1.77 = 0.06 (n = 4). (F) Average V,, values obtained
from the lw.i(V) curves plotted against 12(S)HPETE concentration (mean = SEM) in the presence of 3
« M of Ca*?. The Ve -[12(S)HPETE] data were fitted to a Hill equation as described in Fig. 3C.

Presynaptic BKB4 Channels Likely Regulate CA3-CA1 Synapses and mGIuR-LTD

Although BK channels are expressed in pre-and postsynaptic compartments in the hippocampus
(Ancatén-Gonzalez et al., 2023; Brenner et al., 2005; Contet et al., 2016; Hu et al., 2001; Raffaelli et
al., 2004; Sailer et al., 2006) and its inhibition with either paxilline and iberiotoxin can regulate the
excitability of CA1 pyramidal neurons (S/ Appendix, Fig. S6), the changes in PPR and 1/CV2 that we
observed after the induction of 12(S)HPETE-and NS11021-mediated depression as well as in mGIuR-
LTD (Figs. 1-3) suggest that presynaptic rather than postsynaptic BK channels are necessary for the
induction of mGIuR-LTD. Consistent with this idea, BK 3 4 channel activation by bath application of
the agonist NS11021 or 12(S) HPETE has no effect on CA1 responses elicited by brief puffs of
glutamate (monitored at -60 mV), a manipulation known to shortcut glutamate release (Fig. 4A).

Moreover, bath application of the BK channel agonist NS11021 depressed isolated NMDA receptor
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(NMDAR)-mediated EPSCs (Materials and Methods) to an extent similar to that of AMPAR-mediated
fEPSPs (Fig. 2C), consistent with a decrease in glutamate release (Fig. 4B). Additional observations
further support a presynaptic localization of BK 3 4 to regulate synaptic plasticity. First, when EPSCs
and fast afterhyperpolarization current (IfAHP) were recorded from the same CA1 pyramidal neuron,
bath application of 12(S)HPETE induced depression of EPSC but had no effect on postsynaptic IFAHP
(Fig. 4C). Second, 12(S)HPETE-induced LTD was associated with an increase in failure rate in minimal
stimulation experiments (Fig. 4D), an effect that was eliminated in the continuous presence of
paxilline (Fig. 4E). Third, loading CA1 pyramidal cells with the BK channel blocker paxilline through
the patch pipette, a manipulation known to reduce the excitability of CA1 pyramidal neurons (J.
Zhang et al., 2018; Y. Zhou & Lingle, 2014)(S/ Appendix, Fig. S6 A—C), does not affect synaptic
depression induced by either NS11021 or 12(S)HPETE (Fig. 4F and SI Appendix, Fig. S6D).
Additionally, bath-applied paxilline abolished LFS-induced mGIuR-LTD, but intracellularly loaded
paxilline (Fig. 4G) or cesium to block BK channels failed to prevent LTD (S/ Appendix, Fig. S6E).
Altogether, these results strongly suggest that presynaptic rather than postsynaptic BK channels are

necessary for the induction of mGIuR-LTD.
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Fig. 4. Activation of BK 3 4 is required for mGIuR-LTD.

(A) Average traces (Top) and time course (Bottom) showing that postsynaptic response to exogenous
glutamate puff application (1 mM, 25 ms) was unaffected by bath application of BK channel agonist
12(S)HPETE (100 nM) and NS11021 (3 « M). (B) Average trace (Top) and time course (Bottom)
showing that NS11021 induces a depression of isolated NMDAR-mediated currents in a similar way
as to AMPAR-mediated currents. (C) Average trace (Left) and summarized graph (Right) showing that
12(S)HPETE (100 nM) decrease presynaptic neurotransmission (EPSC; Top) without affecting
postsynaptic excitability (lanp; Bottom) recorded at the same time from neonatal CA1 pyramidal
neuron. (D) Individual traces (Top) and summarized graphs (Bottom) showing that 12(S)HPETE (100
nM) increased failure rate and decreased synaptic efficacy but had no effect on synaptic potency of
minimal stimulation experiments in the CA1 area of the hippocampus, supporting a presynaptic
mechanism of action. (E) Individual traces (Top) and time course (Bottom) showing that bath
application of paxilline (10 « M) eliminated 12(S)HPETE-mediated increase in failure rate and
decrease in synaptic efficacy, supporting that 12(S) HPETE effect is mediated by presynaptic BK /54
channels. (F) Representative traces (Top) and time course (Bottom) showing that loading CA1
pyramidal neuron with paxilline (Pax; 10 « M) was not able to block NS11021-and 12(S)HPETE-
induced synaptic depression. (G) Representative traces (Top) and time course (Bottom) showing that
Pax in bath, but not intracellularly applied, is able to block LFS-induced LTD in the neonatal
hippocampus. In all panels, data are presented as mean = SEM, and averaged sample traces taken
at times indicated by numbers are shown next to each summary plot and the numbers of cells (c) and
animals (a) are indicated in parentheses. ns, no significant; * P < 0.05, ** P < 0.01.

Discussion

So far, our findings reveal that BK 3 4 channels are a crucial substrate involved in classical mGIuR-
LTD in the neonatal hippocampus and identify a form of lipids-derived retrograde modulation of
synaptic function that involves an interaction between 12(S)HPETE and BK channels at central
synapses. Notably, this modulation of synaptic strength mediated by BK channels is subunit specific
as BK 3 4, but not BK 3 2, is activated in an activity-dependent manner to depress in a long-term
manner CA3-CA1 excitatory synaptic transmission in the young hippocampus.

Multiple forms of retrograde signaling mediated by lipid messengers, including endocannabinoids
and endovanilloids/eicosanoids, are known to modulate synaptic function and plasticity at central
synapses, mainly by activating CB1 and TRPV1 receptors, respectively (Castillo et al., 2012; Regehr
et al., 2009). Now, we add to this repertoire that the lipoxygenase product from arachidonic acid,
12(S)HPETE, can directly bind and activate presumably presynaptic BK channels containing 34
subunit generating a long-lasting depression of transmitter release at CA3-CA1 excitatory synapses
in the young hippocampus (S/ Appendix, Fig. S7). Thus, our data, together with those indicating that
retrograde regulation of potassium channels by arachidonic acid metabolites regulate synaptic

plasticity at the CA3 area of the hippocampus (Carta et al., 2014), support the idea that lipid-derived
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metabolites and potassium channels interaction might play an important role in the mechanisms
underlying hippocampal synaptic plasticity. An additional observation of our results is the input-
specific effect of the retrograde modulation mediated by 12(S)HPETE in the hippocampus. While at
excitatory CA3 to interneuron synapses, 12(S)HPETE acts through TRPV1 channels to regulate
synaptic plasticity (Gibson et al., 2008), our results demonstrated that at excitatory CA3-CA1l
synapses BK 3 4, but not TRPV1 channels are required to regulate synaptic plasticity. The differential
reliance on BK 3 4 versus TRPV1 depending on whether the postsynaptic target is pyramidal versus
interneurons suggests that CA3 axon terminals may express specific receptor subtypes depending
on the postsynaptic partner (SI Appendix, Fig. S3C). In addition, it is also unclear whether the
retrograde modulation mediated by 12(S) HPETE could also be expressed at other synapses type
within the neonatal brain and in the adult hippocampus. Interestingly, a functional interaction
between TRPV1 and BK channels has been suggested in the peripheral nervous system (Y. Wu et al.,
2013). Whether this functional interaction also regulates central synapses remains unclear, and
further investigation is necessary to understand when and how retrograde modulation by

12(S)HPETE regulates synaptic function through TRPV1 or BK 3 4 channels.

Consistent with a retrograde modulation of synaptic function, we demonstrated that 12(S)HPETE
acts on presynaptic BK channels (Fig. 4) despite their expression in postsynaptic compartments
where they are known to regulate neuronal excitability (Brenner et al., 2005; Hunsberger & Mynlieff,
2020). While the differential activation of pre- vs postsynaptic BK channels by this lipid-derived
remains unclear, it could be due to different 3 -subunits expressed in both neuronal compartments.
For instance, it has been proposed that 3 4 subunits are present in CA3 pyramidal neurons(Deng et
al., 2013; Shruti et al., 2012) and dentate granule cells in the dentate gyrus (Brenner et al., 2005),
whereas 32 are present in CA1 pyramidal neurons (Shao et al., 1999). Moreover, some reports
indicate that subtypes of the BK channel, depending on their 3 subunits, can be differentially
activated by lipids (Dopico & Bukiya, 2014; Hoshi et al., 2013) and also some hormones (King et al.,
2006). Consistent with this idea, our results using heterologous expression demonstrate that BK 3
4, but not a- and or BK 3 2 channel, is directly modulated by 12(S)HPETE. Moreover, 12(S)HPETE-
mediated retrograde suppression of synaptic function was blocked by paxilline but not by
iberiotoxin, which blocks BK 32 and aBK but not BK 34 channels. Interestingly, at mature

hippocampal synapses, the role of presynaptic BK channels can only be unmasked by blocking Kv
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channels and BK channels become sensitive to iberiotoxin (Hu et al., 2001), opening the possibility
that developmental changes in the expression or quantity of 3 4 subunits may occur at presynaptic
terminals during postnatal development to regulate synaptic function.

BK channels have been involved in some forms of short-term plasticity (Deng et al., 2013; Zaman et
al., 2017), and our present results demonstrated their involvement in long-lasting depression in the
neonatal hippocampus. While the exact mechanisms by which BK channels can generate a LTD vs a
short-term plasticity is unknown, it is possible that the localization of BK 3 4 at the presynaptic nerve
terminal likely modulates both the amplitude and duration of depolarization evoked calcium influx
limiting vesicle fusion at active zones and decreased neurotransmitter release (Hu et al., 2001;
Raffaelli et al., 2004) in a long-term manner. It is also possible that changes in kinase/phosphatase
balance downstream of BK activation might also be involved (Ancatén-Gonzalez et al., 2023; Castillo,
2012; Leenders & Sheng, 2005). Another possibility is the transient presence of some molecular
mediator or pathway that interacts with the (4 auxiliary unit of the BK channel, as has been
reported for some proteins in the postsynaptic domain (Lohmann & Kessels, 2014). While further
investigations are required to fully understand the contribution of presynaptic BK channels to
regulate short vs long-term synaptic plasticity, it has been suggested that synaptic plasticity
mechanisms have been implicated to synaptic maturation and circuitry formation (Chaudhury et al.,
2016). Particularly, LTD has been related to structural changes and a decrease in synaptic contacts
(Becker et al., 2008; Piochon et al., 2016). Thus, a functional relevance of this BK-mediated plasticity
can be related to the circuitry wiring, where LTD has been associated with pruning and a decrease
in synaptic contacts (Becker et al., 2008; Piochon et al., 2016). Thus, synaptic plasticity could be
relevant for establishing the hippocampal circuit, and BK channels could play a key role in its
development, acting as a frequency filter, allowing high transmission rates to propagate but
suppressing synapses that rely on low rates of transmission. In this way, BK channels may drive
neuronal wiring in early development by enabling active synapses to undergo synaptic potentiation.
However, whether BK channels’ contribution to synaptic plasticity plays a role in synaptic wiring

requires further investigations.
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Supplementary Figures
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Supplementary Figure 1: Cellular mechanism involved in mGIluR-LTD in neonatal hippocampus. A,
Representative traces (top) and time course (bottom) showing that loading CA1 pyramidal neurons
with GDPSS (10 mM), a broad G-protein blocker, block LFS-induced mGIuR-LTD. B, mGIuR-LTD can be
induced in the absence of GABAAR antagonist picrotoxin (PTX, 50 uM). C, mGIuR-LTD can be also
elicited in the continuous presence of the NMDAR antagonist APV, 25 uM. D, LFS-induced mGIuR-LTD
occluded further DHPG mediated effect on fEPSP. E, DHPG-induced LTD also occluded LFS-induced
LTD, supporting the idea of a common mechanism of action. F, Slices pre-incubated with two
independent 12-lypoxigenase inhibitors (baicalein (10 M) and CDC (10 pM)) eliminated DHPG-
induced mGIuR-LTD. In all panels, data are presented as mean + S.E.M and averaged sample traces
taken at times indicated by numbers are shown next to each summary plot. The numbers of slices
(s), cells (c) and animals (a) are indicated in parentheses.
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Supplementary Figure 2: The lipoxygenase metabolite 12(S)HPETE is necessary for induction of
mGIuR-LTD in the young hippocampus A, 12(S)HPETE-induced reduction of fEPSP occluded LFS-
induced mGIuR-LTD. B, 12(S)HPETE-induced reduction of fEPSP also occluded DHPG-induced LTD,
supporting the idea of a common mechanism of action of 12(S)HPETE to induce mGIuR-LTD. C,
12(S)HPETE (100 nM) has no further effect when applied after the LTD induction. In all panels, data
are presented as mean + S.E.M and averaged sample traces taken at times indicated by numbers are
shown next to each summary plot. The numbers of slices (s) and animals (a) are indicated in
parentheses.
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Supplementary Figure 3: TRPV1 channels are not required for 12(S)HPETE mediated depression at

excitatory CA1-CA3 synapse. A, Representative traces (top) and time course (bottom) showing that
bath application of 12(S)HPETE reduces fEPSP in the continuous presence of TRPV1 antagonist
capzasepine (CPZ, 10 uM) or AMG 9810 (10 uM). B, Representative traces (top) and time course
(bottom) showing that bath application of 12(S)HPETE (100 nM) reduces AMPA-mediated
transmission at CA3-CA1 synapses in slices obtained from TRPV1 deficient mice (TRPV1-/-). C,
Representative traces (top) and time course (bottom) showing that bath application of capsaicin (1
uM), a TRPV1 agonist, did not affect neonatal CA3 excitatory Schaffer collateral to CA1 synapses (Sc-
CA1) but markedly depress excitatory CA3 to interneuron synapses in the CA1 area of the neonatal
hippocampus (SC-INT CA1). In all panels, data are presented as mean *+ S.E.M and averaged sample
traces taken at times indicated by numbers are shown next to each summary plot. The numbers of
slices (s), cells (c) and animals (a) are indicated in parentheses.
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Supplementary Figure 4: BK channels are required for the induction not the maintenance of
synaptic depression at CA3-CA1 synapse in the neonatal hippocampus. A, Representative traces
(left) and summary plot (right) show that the SK channel blocker Apamin (300 nM) decreases medium
afterhyperpolarization current (Imanp) induced by 135 mV somatic current injection during 200 ms in
CA1 pyramidal neuron. B, In the continuous presence of apamin LFS-induced mGIuR-LTD was
normally induced. C, Representative traces (top) and time course (bottom) showing that paxilline
(PAX, 10 uM) had no effect on basal synaptic transmission. D, Representative traces (top) and time
course (bottom) showing that PAX (10 uM) had no effect on synapses already expressing 12(S)HPETE-
mediated depression. E, LFS-induced mGIuR-LTD was normally expressed when PAX was applied after
low frequency tetanus, suggesting that paxilline-sensitive BK channels are required for the induction,
but not maintenance of mGIuRLTD. F, Brief application of BK channel agonist NS11021 (5 min)
produce a long-lasting and irreversible depression of fEPSP. G, Pax had no effect on synapses already
expressing NS11021-mediated depression of fEPSP. In all panels, data is presented as mean + S.E.M
and averaged sample traces taken at times indicated by numbers are shown next to each summary
plot. The numbers of slices (s), cells (c) and animals (a) are indicated in parentheses.
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Supplementary Figure 5: Brief activation of BK channels paired with subthreshold protocol induce
robust LTD at CA3-CA1 synapse that were sensitive to paxilline. A, Representative traces (top) and
time course (bottom) showing that a subthreshold protocol (450 pulses) was not able to depress CA3-
CA1 synaptic transmission and did occlude further induction of LFS induced LTD (B). C, Representative
traces (top) and time course (bottom) showing that a brief application (~2 min) of NS11021 (3 uM).
(C) and 12(S)HPETE (100 nM) (D) paired with subthreshold protocol is sufficient to trigger paxilline-
sensitive LTD in neonatal hippocampus. In all panels, data is presented as mean + S.E.M and averaged
sample traces taken at times indicated by numbers are shown next to each summary plot. The
numbers of slices (s) and animals (a) are indicated in parentheses.
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Supplementary Figure 6: Loading CA1 pyramidal neuron with paxilline reduces
afterhyperpolarization current in CA1 pyramidal neurons. A, Representative traces (top) showing
that loading CA1 pyramidal neuron with paxilline (Pax; 10 uM) or bath application of PAX or
iberiotoxin (IBTx, 100 nM) decrease fast afterhyperpolarization current (lganp) induced by 135 mV
somatic injection during 20 ms in CA1 pyramidal neurons. B, Time course showing the effect of
loading Pax on Isanp. €, Summarized plots showing the effect of blocking Isane by loading Pax onto CA1
pyramidal neuron or by bath application of PAX and iberiotoxin. D, Representative traces (top)
showing that loading CA1 pyramidal neuron with paxilline (Pax; 10 uM) for 30 min has no effect on
LFS-induced mGIuR-LTD. E, Representative traces (top) showing that loading CA1 pyramidal neuron
with cesium chloride, know to block BK channels, also has no effect on LFS-induced mGIuR-LTD. Data
are presented as mean * S.E.M and in the summarized plots each open circle represent a single cell.
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Supplementary Figure 7: Potential model of retrograde activation of presynaptic BK channels
mediated mGIuR-LTD in neonatal hippocampus. Glutamate release during repetitive low frequency
stimulation activates Gg-coupled (mGIuR5) receptors, leading to the activation of phospholipase C
(PLC) and 12-lipoxygenase signal pathway (12-LO), which likely triggers the biosynthesis of
12(S)HPETE, an arachidonic acid (AA) metabolite that retrogradely cross the synaptic cleft, and by
activating presynaptic BK4 channels, suppress transmitter release in a long-term manner at
excitatory CA3-CA1 synapses in the neonatal hippocampus. Solid black lines denote established signal
transduction pathways. How exactly BK channels suppress transmitter release remains an open
question (question mark; Decrease in intracellular calcium concentration and/or changes in
kinase/phosphatase balance).
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Supplementary Table 1: Quantitative analysis of cellular mechanisms involved in mGIuR-LTD in
neonatal hippocampus. The table includes quantitative analyses of slice electrophysiology
experiments shown in Figs. 1, 2, and 4. “n” represents number of slices (s), cells (c) and animals (a).
PPR, paired-pulse ratio; 1/CV2 coefficient of variation; IBTX, iberitoxin; Pax, Paxilline; lsaup, Fast
Afterhyperpolarization current.

Parameter Value n p value Figure
(mean £ s.e.m)
LFS 62.15+4.58 10s/7a p < 0.001 1A
LFS-MTEP 98.58 + 3.56 7s/5a p=0710
PPR Pre 1.59 £ 0.05 10s/7a p=0.023 1A
Post 1.75 £ 0.04 10s/7a
1/CV? Pre 16.08 £ 2.19 10s/7a p =0.027 1A
Post 9.33 +1.54 10s/7a
DHPG-LTD 68.69 £ 5.08 7s/7a p < 0.001 1B
DHPG-MTEP 105.85 + 13.68 5s/5a p=0.698
PPR Pre 1.62 £ 0.05 7s/7a p=0.033 1B
Post 1.67 + 0.06 7s/7a
1/CV? Pre 13.38 + 1.31 7s/7a p = 0.002 1B
Post 6.35 £ 0.89 7s/7a
LFS in Baicalein and CDC Baicalein 96.71 £ 5.00 8s/6a p=0.628 1C
CDC 103.74 £ 22.00 6s/4a p=0872
12(S)HPETE
Basal Transmission 68.41 £ 8.93 9s/6a p < 0.001
PPR Pre 1.31+£0.12 9s/6Ba p =0.009
Post 1.37 £ 0.05 9s/6a
1D
1/CV? Pre 12.70 + 3.10 9s/6a p=0.018
Post 545+ 0.73 9s/6a
12HETE 90.05+ 11.64 6s/4da p=0413
Basal Transmission
LFS in Capsazepine (CPZ) CPZ79.15+£5.22 12s/8a p < 0.001 1E
and AMG9810 (AMG) AMG 71.30 + 6.61 6s/4da p = 0.001
LFS in WT and TRPV1 KO WT 60.95 +5.03 9s/6Ba p < 0.001 1F
mice TRPV1KO63.78+487 | 8s/6a p < 0.001
WT vs TRPV1 KO p=0531
LFS-IBTx 72.31£5.13 6s/5a p = 0.001 2A
Pax 10 uM 104.94 + 1.82 10s/8a p =0.200
Pax 1 uM 97.80 £4.31 6s/5a p = 0.561
DHPG + IBTx 61.18 £ 7.85 5s/4a p=0.038 2B
DHPG + Pax 100.73 +6.15 6s/Ba p=0.985
12(S)HPETE + IBTx 61.18 £ 7.85 5s/4a p=0.038 2C
12(S)HPETE + Pax 100.73 £ 6.15 6s/Ba p =0.985
NS11021 71.80 £5.90 9s/7a p = 0.007 2D
PPR Pre 1.30 £ 0.09 9s/7a
Post 1.33 £ 0.10 9s/7a p =0.023
1/CV? Pre 11.62 + 1.61 9s/7a
Post 8.21 + 1.31 9s/7a p=0.023
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NS11021 + IBTx 74.51+7.44 5s/3a p =0.027
NS11021 + Pax 96.33+5.28 6s/3a p=0517
In NS11021 2E
LFS 89.94 £ 5.60 7s/5a p=0.188
DHPG 92.86 £6.73 5s/4a p=0.399
12(S)HPETE-NS11021 12(S)HPETE 69.49 6s/6a 2F
6.97 6s/6a p=0715
NS11021 66.01 £ 8.90
NS11021-12(S)HPETE NS11021 54.39 £ 5.01 5s/5a 2F
12(S)HPETE 50.31 = 5s/5a p =0.571
4.74
Glutamate puff
12(S)HPETE 103.38 £ 6.06 9c/5a p = 0594 4A
NS11021 99.81 £4.85 5c/3a p=0.970
NMDA-mediated EPSC + 66.64 £ 5.47 6clda p < 0.001 4B
NS11021
12(S)HPETE
EPSC 4940 + 8.01 5c¢c/3a p =0.003 4C
lfaHP 1.26 +0.14 p=0.091
Minimal Stimulation 9c/8a
Failure rate Pre 0.46 £ 0.08
Post 0.69 £ 0.07 p < 0.001
Synaptic efficacy Pre 17.09 + 6.06 4D
Post6.15 £ 1.97 p =0.021
Synaptic Potency Pre 23.26 £ 4.71
Post 18.81 + 2.28 p = 0.641
Minimal Stimulation in Pax 6clda
Failure rate Pre 0.41+£0.05
Post 0.33 £ 0.04 p=0432
Synaptic efficacy Pre 11.00 £ 0.97 4E
Post 15.13 £ 1.06 p =0.091
Synaptic Potency Pre 21.53 £1.59
Post 25.77 £ 2.93 p=0.252
Pax in pipette
NS11021 69.94 + 8.04 5c¢c/5a p =0.020 4F
12(S)HPETE 57.60+7.77 4c/2a p=0.012
LFS
Control 4533 £2.55 7cl/5a p < 0.001
Pax in pipette 57.60+7.77 6c/da p = 0.004 4G
Pax in bath 108.25 £ 9.87 6cl/da p = 0.441
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Supplementary Table 2: Quantitative analysis of cellular mechanisms involved in mGIuR-LTD in
neonatal hippocampus. The table includes quantitative analyses of experiments shown in
Supplementary Figures 1 to 6. “n” represents number of slices (s), cells (c) and animals (a). PTX,
picrotoxin; lanp, Fast Afterhyperpolarization current; Imanp, medium afterhyperpolarization current;
Pax, Paxilline; IBTx, iberiotoxin; SC, Schaffer collateral; INT, Interneuron.

Parameter Value n p value | Supplementary
(mean * s.e.m) Figure
LFS
GDPBS 105.04 = 18.01 5c¢c/3a p=0.786 1A
Without PTX 64.94 +4.92 5s/4a p =0.002 1B
APS 83.36 £ 6.20 7s/6a p=0.043 1C
LFS-DHPG 59.33 + 6.68 5s/4da 1D
56.62 + 6.29 p =0.805
DHPG-LFS 61.65 +5.29 5s/5a 1E
57.61 + 3.66 p=0.582
DHPG Baicalein 99.01 £5.46 5s/3a p =0.868 1F
DHPG CDC 103.12 £ 12.05 5s/3a p=0419
12(S)HPETE-LFS 72.83 +3.94
68.39 + 3.59 5s/5a p=0429 2A
12(S)HPETE-DHPG 74.37 £7.52
67.91+10.18 5s/4da p =0.302 2B
LFS 59.33 £+ 6.69
12(S)HPETE after 56.62 + 6.29 5s/4da p=0.804 2C
induction
12(S)HPETE in CPZ 71.34 £7.55 5s/3a p =0.005 3A
12(S)HPETE in AMG 72.37 £8.34 5s/3a p=0.011
12(S)HPETE in EPSC 71.37 £ 7.98 3c/2a p=0.023 3B
TRPV1 KO fEPSP 58.58 + 9.38 3s/2a p=0.012
Capsaicin effect on 56.73+9.20 11c/7a | p<0.001 3C
SC-CA1 INT synapse 97.03 £ 3.79 7c/5a p=0.458
SC-CA1 synapse
ImaHP in Apamin Imane 0.99 £ 0.001 2c/1a 4A
+Apamin -0.81 £ 0.33 2c/1a p=0.033
LFS in Apamin 59.42 +9.05 5s/5a p =0.007 4B
Pax in basal 103.95+524 7s/7a p=0.234 4C
transmission
12(S)HPETE-Pax 77.50 + 4.94 5s/5a p=0.332 4D
72.61+5.36
LFS-Pax 77.51 +3.37 9s/8a p = 0.300 4E
73.39 £5.85
NS11021 short 64.99 + 17.08 6c/3a p =0.004 4F
application
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NS11021-Pax 7428 +7.53 6s/3a p=0.282 4G
62.63 £ 6.85
450 pulses 93.931£7.50 6s/da p = 0.441 5A
450 to 900 pulses 450 pulses 90.58 £ 4.14
900 pulse 67.33 + 843 5s/3a p =0.039 5B
450 pulses control
+ NS11021 62.58 £ 11.73 p=0.012 5C
“+Pax 105.97 £ 11.23 5s/3a p=0.610
450 pulses control 5D
+ 12(S)HPETE 63.52 + 8.02 p = 0.001
“+Pax 98.99 £ 10.67 5s/3a p =0.928
ltaHP
Control 0.99+0.00
Internal Pax 047 £0.12 4c/2a p=0.023 6B/C
Pax in the bath 0.58£0.10 5cl/da p =0.004 6C
IBTx in the bath 048 +0.11 4c/2a p =0.003 6C
LFS-Internal Pax 4948 £12.32 5¢/3a p <0.001 6D
CsCl internal solution 55.37 £15.02 7cl/b5a p <0.001 BE
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5.2 BK-mediated LTD during hippocampal development and its underlying mechanisms

Summary

BK channels play an important role in mGluR-mediated long-term depression (LTD) in the neonatal
hippocampus. However, the cellular and molecular signaling underlying this form of synaptic
plasticity remains unclear. It is also unknown whether BK channels also contribute to activity-
dependent changes of synaptic strength at mature synapses. Here, we show that in neonatal
hippocampus BK-mediated LTD involves activation of calcineurin and protein synthesis. Importantly,
we found that BK channels do not contribute to mGluR-mediated LTD at mature synapses, likely by
changes in BK subunit composition. Moreover, we found that BK-mediated LTD in neonatal
hippocampus coexists with a form of LTD that requires endocannabinoid signaling. Together these
results contribute to the understanding of cellular process occurring during hippocampus
development, highlighting the role of BK channels in the neonatal stage of development and could
be relevant to unveiling the mechanisms underlying neurodevelopmental disorders in which BK

channels have been involved.

Introduction

Metabotropic glutamate receptors (mGluRs), particularly group | mGluRs (mGIuR1 and mGIuR5), are
key modulators of synaptic plasticity. Their activation leads to long-term changes in synaptic
strength, primarily through long-term depression (LTD) (Antion et al., 2008; Kamsler et al., 2010; Le
Duigou et al., 2011; Luscher & Huber, 2010; Speranza et al., 2022; Watabe et al., 2002) and, in some
contexts, long-term potentiation (LTP) (Anwyl, 2009; Galvan et al., 2008; Gubellini et al., 2003; H.
Wang et al., 2016), influencing learning and memory processes (Ancatén-Gonzalez et al., 2025;
Bolshakov & Siegelbaum, 1994; Brager & Johnston, 2007; Gil-Sanz et al., 2008; Izumi & Zorumski,
2012; Kamsler et al., 2010; Kwag & Paulsen, 2012; C. Li et al., 2007; Perez et al., 2001; Purgert et al.,
2014; Watabe et al., 2002). Although mGIuR can modulate synaptic transmission and plasticity
through diverse intracellular signaling cascades (Liischer & Huber, 2010; Niswender & Conn, 2010),
the exact mechanism underlying mGIuR-LTD at early stage of hippocampal development have
received much less attention than those occurring at mature synapses (Chaudhury et al., 2016). For

instance, in the hippocampus, a developmental change in the mechanism underlying mGIluR-LTD has
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been reported (Nosyreva & Huber, 2005) including a decrease in AMPA receptor (AMPAR) surface
expression in adult animals, whereas in neonatal animals, mGIuR-LTD results in large decreases in
presynaptic function. Conversely, mGIuR-LTD at mature synapses results in little or no change in
presynaptic function, suggesting a change from presynaptic to postsynaptic mechanism of
expression of mGIuR-LTD (Nosyreva & Huber, 2005). Recently, we reported that mGIuR-LTD in
neonatal hippocampus involves the activation of, presumably, presynaptic BK channels to decrease
neurotransmitter release (results 5.1; (Ancatén-Gonzélez et al., 2025)). Likewise, functional BK
channels exist in the presynaptic terminal and can regulate transmitter release (Hu et al., 2001) and
have been involved in the expression of LTP at mature hippocampus (Pham et al., 2023). However,
whether presynaptic BK channels are also involved in mGIuR-LTD at mature hippocampus remains

unknown.

Intracellular levels of calcium (Ca?*) are strictly and finely controlled in all synaptic components
(Rusakov, 2006) that are involved in processes such as neurotransmitter release and synaptic
plasticity (Chindemi et al., 2022; Cummings & Mulkey, 1996; Eshra et al., 2021; Singh et al., 2021).
Notably, BK channels are known to be activated by intracellular rise in Ca®* (Irie & Trussell, 2017;
Latorre et al., 2017; Lorenzo-Ceballos et al., 2019; Oh et al., 2015; Shah et al., 2022), and its activation
also reportedly induced changes in presynaptic action potential (AP) waveform that profoundly
influence Ca? influx and thus neurotransmitter release (Dittman & Ryan, 2019; Hirono et al., 2015;
Roshchin et al., 2018). However, how changes in presynaptic Ca* influx impact on BK channels-
mediated LTD remains unclear. One source of Ca?*that has been suggested to be involved in neonatal
mGIuR-LTD is the Ca?* entry through L-type voltage-gated calcium channels (VGCCs) (Bolshakov &
Siegelbaum, 1994). Otherwise, VGCCs involved in the synchronous release of neurotransmitters have
been also reported including Cav2.1 (P/Q-type) and Cav2.2 (N-type) (Dolphin, 2020; Dolphin & Lee,
2020). While the expression and functional role of these VGCCs in regulating synaptic transmission
and synaptic plasticity at mature hippocampus has been reported (Igelmund et al., 1996), its roles at

early stage of hippocampal development remain elusive.

Different synaptic signaling including phosphorylation or dephosphorylation of synaptic proteins
also has been reported to be involved in the modulation of synaptic strength (Colbran, 2004;
Leenders & Sheng, 2005; Sanderson et al., 2016; J.-H. Wang & Kelly, 1996), an effect that tightly
depends on the intracellular Ca?* concentration (Bradshaw et al., 2003). For instance, protein kinases

add phosphate groups to target proteins (phosphorylation), typically activating signaling pathways
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that enhance synaptic strength, whereas phosphatases remove these phosphate groups
(dephosphorylation), generally acting to dampen or reverse the effects of kinases and are
particularly important for LTD mechanism (Colbran, 2004; Lee, 2006). Previous evidence suggests
that LTD in young hippocampus (2-4 weeks) is modulated by kinases such as diacylglycerol kinases
(DGK) and Protein Kinase C (PKC) interaction (Yang et al., 2011), and CaMKIl (Mayford et al., 1995),
but whether these enzymes are involved in neonatal stage has not been directly tested. While the
balance between these kinases and phosphatases can define the direction of the synaptic plasticity

(Neveu & Zucker, 1996), their role in regulating neonatal BK-mediated plasticity remains unknown.

Results

Presynaptic BK channels did not contribute to mGIuR-LTD at mature hippocampus.

To investigate whether presynaptic BK channels are involved in the induction of mGIuR-LTD at
mature synapses in the hippocampus and to determine potential changes in the underlying
mechanism during postnatal development, we recorded fEPSPs while stimulating CA3 Schaffer
collateral inputs in acute CA1l hippocampal slices of adult (postnatal day P20-30) mice using
previously described low frequency stimulation (LFS) (Ancatén-Gonzalez et al., 2025). Unlike
neonatal hippocampus (Chapter 5.1), LFS protocol elicited a LTP at mature synapses that was
dependent on NMDA receptor (NMDAR) activation, as bath application of the NMDAR inhibitor APV
decreased LTP (Figure 5.2.1A). As LFS in adult hippocampus elicit an LTP, to evaluate whether BK
channels participate on mGluR-mediated LTD, we next induced mGIluR-LTD by bath application of
the mGluR agonist DHPG (50 uM). Under this experimental condition, however, bath application of
the BK channel blocker paxilline has no effect on DHPG-induced LTD (Figure 5.2.1B) suggesting that
BK channels did not contribute significantly for mGIuR-LTD at mature hippocampus. To further
determine whether BK channels are indeed expressed at mature synapses, we bath apply the BK
channels agonist 12(S)HPETE (100 nM) or NS11021 (3 uM) known to depress synaptic transmission
in neonatal hippocampus (Ancatén-Gonzélez et al., 2025) and found no effect on basal synaptic
transmission (Figure 5.2.1C), suggesting that BK channels might not be expressed at mature
synapses. However, previous evidence has shown that blocking voltage-gated K* channels with 4-
aminopyridine (4-AP) to broaden the presynaptic action potential promotes BK channel activation
by prolonging the depolarization and increasing the Ca?* influx at synaptic terminal (Hu et al., 2001).

To test this possibility, 4-AP (10 uM) was bath-applied, and the effects of BK channels agonist were
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tested. While the BK channel opener NS11021 significantly reduced excitatory function in the
presence of 4-AP, bath application of 12(S)HPETE did not reduce transmission (Figure 5.2.1D). As
12(S)HPETE only impacts BKgs (Ancatén-Gonzélez et al., 2025), these results open the possibility that
BK channels undergo to a subunit composition change at Sch-CA1 synapse during hippocampal
maturation. If this were the case, we expect that blocking BK channels with both Iberiotoxin (lbtx)
and Paxilline (PAX) might increase synaptic transmission as previously reported (Hu et al., 2001).
Consistent with this idea, we found that these antagonists had no effects on basal excitatory synaptic
transmission under normal conditions but increased synaptic efficacy in the presence of 4-AP (1mM)
(Figure 5.2.1E-F). Moreover, we found that even in the presence of 4-AP, BK channels did not
contribute significantly for mGIuR-LTD as LFS at mature hippocampus did not trigger a LTD (Figure
5.2.1G). Altogether these experiments suggest that in mature synapses presynaptic BK channels did
not contribute to mGIuR-LTD, its activation are masked by voltage-gated K* channels and presumably
a change in subunit composition from BKgs to BKp, occurs during hippocampal postnatal

development.
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Figure 5.2.1 BK channels are not required for mGIuR-LTD presumably by changes in its subunit
composition at mature synapses. A, LFS induced mGIuR-LTD in neonatal but not in adult
hippocampus. This protocol instead induces a LTP that is blocked by the NMDARs antagonist APV
(50uM). B, DHPG induced mGIluR-LTD in adult hippocampus is unaffected by BK channel blocker PAX
(10uM). C, Activation of BK channels with NS11021 (3uM) and 12(S)HPETE (100 nM) do not change
the strength of synaptic function in mature animals. D, In the presence of 4-AP, a voltage-gated K+
channels blocker, NS11021 but not 12(S)HPETE reduces synaptic function in adult hippocampus. E,
The BK channel blocker IBTX has no effect on basal transmission under normal conditions but increase
fEPSP in the presence of 4-AP (ImM). F, The BK channel blocker PAX has no effect on basal
transmission under normal conditions but increase fEPSP in the presence of 4-AP. G, Even in the
presence of 4-AP LFS stimulation did not trigger a LTD in adult hippocampus. Data are presented as

mean * S.E.M and the number of slices (s) and animals (a) used are included.

Presynaptic BK channels contribute to LTD but not to LTP at neonatal hippocampus.

As BK channels did not significantly contribute to mGIuR-LTD in adult hippocampus (Figure 5.2.1),
next we concentrate on understanding the cellular and molecular mechanism involved in neonatal
MGIuUR-LTD. First, we evaluate whether BK channel contribution to synaptic plasticity is frequency-
dependent in neonatal hippocampus as previously it has been suggested that LFS-induced mGIuR at
1 and 5 Hz shares the same mechanism (Feinmark et al., 2003). Toward this end, we delivered electric
train stimulation at different frequencies (e.g. 1 to 100 Hz) in control conditions and in presence of
the BK channel blocker paxilline (PAX, 10 uM). Interestingly, LFS stimulation delivered at 1 Hz and 5
Hz induced LTD that were eliminated by PAX (Figures 5.2.2A-B), whereas higher frequencies
stimulation (50 and 100 Hz) were insensitive to PAX (Figures 5.2.2C-D). These results indicate that
BK channel’s contribution to synaptic plasticity is indeed frequency dependent filtering synapses

with high rate of transmission (Figure 5.2.2E).
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Figure 5.2.2. BK channel contribution to synaptic plasticity is frequency-dependent. Trains of low
frequency stimulation (LFS) at 1 Hz (A) and 5Hz (B) are eliminated by Paxilline (PAX,10 uM), but not
at 50 Hz (C) or 100 Hz (D) stimulation, indicating that BK channels are required for LTD processes
induced by LFS, but not in LTP (E). Data are presented as mean * S.E.M and the number of slices (s)

and animals (a) used are included.
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Mechanisms underlying BK channel-mediated LTD in neonatal hippocampus.

To determine the mechanisms involved in the BK channel-mediated LTD induced by LFS in neonatal
hippocampus, next we tested the participation of different biological agents involved in synaptic
plasticity processes, including Ca?* signal, kinases and phosphatases (Colbran, 2004; Incontro et al.,
2018; Murakoshi et al., 2017; Pang et al., 2010; Stanton & Gage, 1996; J.-H. Wang & Kelly, 1996). For
instance, arachidonic acid (AA) activity requires Ca®* and is involved in mGIuR-LTD (Bolshakov &
Siegelbaum, 1995). To test whether postsynaptic Ca%* is required for the induction of mGIuR-LTD we
load CA1 pyramidal neurons with the Ca%* chelator BAPTA (10 mM) and found that LFS stimulation
did not produce a mGIuR-LTD (Suppl Figure 5.2A), indicating that postsynaptic Ca®* is required for
this form of plasticity. Importantly, when CA1 neurons were loaded with BAPTA bath application of
NS11021 or 12(S)HPETE to activate BK channels induced a strong depression of synaptic function
(Suppl Figure 5.2B), further supporting a presynaptic rather than a postsynaptic mechanism of action
of BK channels to trigger LTD. Continuing with the source of Ca?* required to produce AA metabolite,
next we applied LFS stimulation in the presence of cyclopiazonic acid (CPA, 1uM), an inhibitor of
intracellular Ca?* stores (SERCA pump). While CPA has no effect on basal synaptic transmission (Suppl
Figure 5.2C), it decreases the magnitude of LTD induced by LFS (Figure 5.2.3A), suggesting that SERCA
pump might also be involved in the production of the AA metabolite involved in mGIuR-LTD. In
contrast, CPA did not significantly reduce NS11021-induced depression compared to control
conditions (Figure 5.2.3B), supporting a role of postsynaptic SERCA pump in the induction of mGIuR-
LTD. Finally, we tested the role of different VGCCs in the magnitude of mGIuR-LTD. As previously
reported (Bolshakov & Siegelbaum, 1994) we found that the L-type VGCCs blocker Nimodipine
significatively decreased LFS-induced LTD (Figure 5.2.3C). Nimodipine (10 uM), however, was unable
to decrease NS11021-induced depression observed in control conditions (Figure 5.2.3D), suggesting
that L-type VGCCs are involved in mGIuR-LTD induction but not after BK channel activation.
Moreover, we found that mibefradil (10 uM), a T-type Ca?* channel blocker has no effect on LFS- and
NS11021-induced depression (Figure 5.2.3E-F), indicating that this type of VGCCs do not participate
in the hippocampal neonatal LTD. The participation of other VGCCs were also tested using specific
blockers, including the N-type blocker - Conotoxin MVIIA (100 nM), P/Q-type blocker m-Agatoxin
IVA (100 nM), and the R-type blocker SNX-488(100 nM). While all of them were able to decrease
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excitatory, a higher effect was observed with N and P/Q blocker (Figures 5.2.3G). Importantly,
blocking R-type decreased LFS-induced LTD but not blocking N- and P/Q type (Figure 5.2.3H),

suggesting the participation of R- type VGCCs in the mechanism underlying mGIuR-LTD.
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Figure 5.2.3. L- but not T-type Ca?* contributes to the induction of mGIuR-LTD. A, Cyclopiazonic acid
(5uM), a SERCA pump blocker decreased magnitude of LFS-induced LTD (B) but not NS11021-induced
LTD. €, Nimodipine(10uM) a L-type VGCC blocker decreased LFS-induced LTD, but not NS11021-
induced LTD (D). E, Blocking T-type Ca** channels with Mibefradil (10 M) has no effects on LFS- and
NS11021-induced LTD (F). Blockers for N-,B/Q-, and R- type VGCCs (@w—Conotoxin MVIIA, @- Agatoxin
IVA and SNX-482, respectively) decrease basal excitatory transmission (G), but only SNX-482 reduced
LFS-induced LTD (H). Data are presented as mean * S.E.M and the number of slices (s) and animals

(a) used are included.

As our results strongly suggest that increases in postsynaptic Ca%* are required to induce neonatal
LTD in the hippocampus, next we tested the contribution of presynaptic Ca? to induce LTD. Toward
this end, we delivered LFS stimulation protocol and/or BK channel agonists in the presence of the
cell membrane-permeable Ca%* chelator with different binding kinetics including the fast chelator
BAPTA-AM and the slow chelator EGTA-AM. Consistent with this idea, BAPTA-AM reduces basal
excitatory transmission, whereas EGTA-AM did not (Suppl! Figure 5.2D). Moreover, in slices pre-
treated with BAPTA-AM, we found that both LFS- and DHPG-induced LTD were eliminated (Suppl
Figure 5.2E) consistent with a fast requirement for Ca?* changes in the induction of LTD. Importantly,
12(S)HPETE- and NS11021-induced LTD, two different forms of synaptic depression not affected by
loading postsynaptic CA1 neuron with BAPTA (Suppl Figure 5.2B), were eliminated in the presence
of BAPTA-AM (Suppl Figure 5.2E), strongly suggesting that fast presynaptic Ca?* signal are required
for BK-mediated LTD. In contrast, we found that EGTA-AM also eliminated LFS-induce LTD (Suppl
Figure 5.2F) but had no effect on NS11021-induced LTD (Suppl Figure 5.2G). Given the differences in
kinetics of BAPTA-AM and EGTA-AM, these results suggest that the presynaptic source required to

induce BK-mediated depression should be closed to BK channels in the presynaptic terminal.
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As changes in intracellular Ca®* concentration modify the activity of phosphatases and kinases
(Colbran, 2004; J.-H. Wang & Kelly, 1996) and different protein kinases are present in presynaptic
terminal including cyclic-AMP-dependent protein kinase A (PKA), Ca+2/ calmodulin -dependent
kinase Il (CaMKIll), and protein kinase C (PKC) (Leenders & Sheng, 2005), next we tested the identity
of kinases and phosphatases involved in mGIuR-LTD in neonatal hippocampus using specific
pharmacology. First, we tested the contribution of PKA by applying the PKA inhibitor H89 (10 uM)
which by itself did not significatively changed the basal transmission (Supp Figure 5.4A) and had no
effect on the magnitude of mGIuR-LTD induced by LFS stimulation (Figure 5.2.4A). Moreover, we
found that the activation of adenylyl cyclase with Forskolin, which by itself increased excitatory
synaptic strength (Suppl Figure 5.4B) also had no effect on LFS-induced LTD (Figure 5.2.4A), indicating

that cAMP and PKA are not involved in this form of plasticity.

Second, we tested the participation of PKC, through the PKC inhibitor chelerythrine chloride (5 puM),
which interestingly depressed basal transmission when was applied to the bath (Suppl Figure 5.4C).
In the presence of the PCK inhibitor, NS11021 was able to depress excitatory CA3-CA1l synapse
(Figure 5.2.4B), suggesting that PKC is not required for the BK channel-mediated depression of

glutamate release.

Third, we tested the involvement of CaMKIl, a well-known protein kinase involved in hippocampal
synaptic plasticity and also in BK channel regulation (Coultrap & Bayer, 2012; Ninan & Arancio, 2004;
Shibata et al., 2021; Z. W. Wang, 2008) , in the neonatal LTD. To this end, we delivered LFS stimulation
protocol in two different conditions, one in the presence of the CaMKIl inhibitor KN93, and another
in presence of the inactive form of KN93, KN92. In both conditions a synaptic depression was
observed, but the magnitude of the LTD evoked in presence of KN 93 was smaller than those
observed in presence of K92 (Figure 5.2.4C), suggesting a small, but significant involvement of
CaMKIl in the neonatal LTD. More importantly, when the peptide inhibitor CaMKIlI 290-309 (Nelson
et al., 2005) was loaded in CA1 pyramidal cells no effect on the magnitude of LFS-LTD was found
(Figure 5.2.4D), suggesting that presynaptic rather than postsynaptic CaMKIl is involved in the

neonatal LTD.

Fourth, we evaluated the participation of the phosphatase calcineurin (CaN), which has been

previously involved in other form of presynaptic LTD in the hippocampus (Heifets et al., 2008; Jensen
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& Edwards, 2012; Lin et al., 2003; Reyes-Garcia & Escobar, 2021; Sanderson et al., 2016; Zhuo et al.,
1999). To this end, we bath-applied the CaN inhibitor FK506 (1uM) and then delivered the LFS
stimulation protocol and found a full block of LFS-induced LTD (Figure 5.2.4E). Likewise, FK506 was
also able to block NS11021-induced LTD (Figure 5.2.4F), strongly suggesting that CaN plays an

important role in regulating BK channel mediated LTD.

Finally, we also evaluated whether protein synthesis could be also involved in mGIuR-LTD in neonatal
hippocampus as previously shown in other forms of LTD (Barnes et al., 2010; Calixto et al., 2003;
Monday et al., 2020; Perrone-Capano et al.,, 2021; Till et al.,, 2011). To this end, we incubated
hippocampal slices in the protein synthesis inhibitor Anisomycin (10 pM) and found that both LFS-
and NS11021-induced LTD were eliminated (Figure 5.2.4G-H), suggesting that mGIuR-LTD in neonatal

hippocampus requires local protein synthesis.
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Figure 5.2.4. Neonatal mGIuR-LTD requires presynaptic calcineurin activity and protein synthesis.
A, Blocking PKA with H89 or activating cAMP with forskolin did not affect LFS-induced LTD. Inhibiting
PKC signaling through chelerythrine chloride (5uM) was unable to prevent NS11021-induced
depression (B). Blocking CaMKIl with KN93 reduced the magnitude of LFS-induced LTD respect to the
inactive form of KN93, KN92(C), but blocking postsynaptic CaMKIl loading the peptide CAMKII 290-
309 in the postsynaptic cell did not affect LFS-induced LTD (D). Inhibition of both calcineurin and
synthesis protein were able to block LFS- and NS11021- induced LTD (E-H). Data are presented as

mean * S.E.M and the number of slices (s), cells (c) and animals (a) used are included.

5.3 Does BK-mediated plasticity work in concert with other types of synaptic plasticity to
regulate synaptic strength in the neonatal hippocampus?

Once we have determined part of the cellular and molecular mechanisms underlying BK-mediated
plasticity in neonatal hippocampus, we focus on understanding whether this form of synaptic
plasticity works in concert or in opposite way with other types of synaptic plasticity to regulate
synaptic strength early in hippocampal development. For instance, like endovanilloid signaling
another lipid-based signaling molecules that play a crucial role in regulating synaptic transmission
and plasticity throughoutthe brain is the endocannabinoid (eCB) system. Their modulation
of synaptic functionis multifaceted, involving both short- and long-term effects on excitatory
and inhibitory synapses (Castillo, 2012; Lu & MacKie, 2016). Notably, eCB-mediated synaptic
plasticity (eCB-LTD) often coexists with and interacts with other forms of synaptic plasticity including
those involving metabotropic glutamate receptor (mGIuR)-dependent LTD, sharing common
signaling pathways (e.g., calcium elevation) (Meunier et al.,, 2017) to create a complex
regulatory network that shapes neural circuit function. Interestingly, BK-mediated LTD requires
activation of mGIuR5 (Ancatén-Gonzalez et al., 2025; Bolshakov & Siegelbaum, 1994; Feinmark et
al., 2003), and requires CaN and protein synthesis, two independent mechanisms involved in
different forms of eCB-mediated plasticity (Heifets et al., 2008; Monday et al., 2020), opening the
possibility that BK-mediated LTD might coexist with some form of eCB-mediated plasticity at
neonatal hippocampus. In support of this idea, type 1 cannabinoid receptor (CB1R), which are
present at excitatory hippocampal terminals in mature animals (Kawamura et al., 2006), seem to be

present also early during embryonic and neonatal development (Vitalis et al., 2008) contributing to
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modulation of synaptic plasticity (Yasuda et al., 2008). However, whether CB1R-depedent plasticity
co-exist with BK-mediated LTD to regulate synaptic strength at the Sch-CA1 synapse in neonatal
hippocampus remains unknown.

To test this possibility, we applied the CB1R agonist WIN55,212-2 (WIN, 5 uM) while field EPSP were
recorded in neonatal hippocampus to determine whether CB1Rs are functional expressed at
excitatory Sch-CA1 synapses. Like those effects reported in mature animals (Izumi & Zorumski, 2012),
we found that the activation of CB1R decreased excitatory Sch-CAl synapses, an effect that was
accompanied by an increase in PPR (Figure 5.2.5A) suggesting a presynaptic locus of action. Next,
we evaluate whether LFS, known to induce BK-mediated LTD in neonatal hippocampus, is sensitive
to blockage of CB1R. As shown in Figure 5.2.5B, however, LFS-induced LTD was unaffected by
blocking CB1R with the inverse agonist, AM251 (4 uM). Such result is consistent with the idea that
during LFS (5Hz, 3min) activation of mGluR triggers the production of the endovanilloid 12(S)HPETE
(Ancatén-Gonzalez et al., 2025; Bolshakov & Siegelbaum, 1994; Feinmark et al., 2003) rather than
producing eCB signaling to depress in an activity-dependent manner excitatory Sch-CA1 synapses.
Moreover, these results also suggest that an additional mechanism might be involved if they do not
occlude each other. Accordingly, after WIN-mediated depression LFS induced an additional
suppression of the excitatory transmission (Figure 5.2.5C). Inversely, activation of CB1R induced an
additional depression to the LFS-induced LTD (Figure 5.2.5D), supporting the idea that CB1R- and BK
channel mediated LTD require different signal pathways (induction and/or expression) to depress
transmitter release at Sch-CAl synapse in neonatal hippocampus. For instance, WIN-mediated
depression is insensitive to CaN inhibitor FK506 (Figure 5.2.5E) as well as to the protein synthesis
blocker anisomycin (Figure 5.2.5F), suggesting that BK channel-mediated LTD and CB1R-mediated
depressing does not share the same mechanism to reduce synaptic function and coexist at immature

hippocampus.
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Figure 5.2.5. CB1R- and BK-dependet LTD co-exist at immature hippocampus. Activation of CB1Rs
using WIN 55,212-2 (5uM) induces a LTD which was accompanied by a change in PPR suggesting a
presynaptic locus (A). LFS-induced LTD was not affected when protocol was delivered in the presence
of the CB1R inverse agonist AM251 (4uM) (B). LFS stimulation induces an additional depression to
the eCB-induced LTD (C), and the same result is observed when the protocols are inverted (D),
suggesting different mechanisms. Activating CB1R induces a LTD that was not affected by blocking
calcineurin (E) or protein synthesis (F). Data are presented as mean + S.E.M and the number of slices

(s) and animals (a) used are included.
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As the activation of mGIluR5 with DHPG produce an LTD that was fully blocked by the BK channel
blocker paxilline (Ancatén-Gonzélez et al., 2025), suggest that mGIuR5 might not be the mechanism
to induce eCBs production in neonatal hippocampus. To confirm that mGIuR signaling does not
require CB1R to depress excitatory Sch-CA1 synapse in neonatal hippocampus, we applied the group
I- mGluR agonist DHPG (50uM) in presence of the CB1R inverse agonist AM251 (4uM) and found
that DHPG was able to induce a long-lasting depression of fEPSP(Figure 5.2.6A), suggesting that
other mechanisms for the induction of eCB-mediated plasticity might be involved. Some of the
mechanisms involved in eCB-mediated LTD include astrocytic CB1Rs and NMDA receptors (NMDARs)
(Han et al., 2012). For instance, an interaction between presynaptic NMDAR and CB1R to induce LTD
has been described in neocortex (Sjostrom et al., 2003). To evaluate if NMDAR are required for the
induction of neonatal eCB-mediated LTD, we applied NMDA (50uM, 3 min) that induced a robust
LTD accompanied by changes in PPR, effects that were eliminated in slices pre-incubated with the
CB1R inverse agonist AM251 (Figures 5.2.6B). Moreover, NMDA-induced depression was not
occluded by DHPG-induced LTD (Figure 5.2.6C), supporting the idea that mGluR- and NMDA-induced
plasticity coexist at neonatal hippocampus. To test this idea, we next applied a stronger stimulation
protocol (paired-pulse low frequency; PP-LFS), consisting in 900 paired stimuli at 1Hz for 15 minutes
and evaluate if both mGIluR- and NMDAR-dependent effects can be elicited by synaptic activity. PP-
LFS induced a robust LTD that was partially reduced by bath application of the NMDARs antagonist
APV (25 pM) and fully blocked by subsequent application of the mGIuR5 antagonist MTEP (10uM)
(Figure 5.2.7A). Notably, PP-LFS-induced LTD was also partially reduce by the BK channel antagonist
paxilline or the CB1Rs inverse agonist AM251 but was eliminated in the presence of both antagonists
(Figure 5.2.7B). Altogether these results further demonstrate that BK channel- and CB1R-mediated
LTD coexist at neonatal hippocampus and that these forms of LTD do not share the same mechanism

for induction and expression.
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Figure 5.2.6. NMDA-mediated LTD in neonatal hippocampus requires activation of CB1R. A, mGlur5
activation by DHPG (501M, 5 minutes) induces robust depression in the presence of the CB1Rs inverse
agonist AM251(4uM). B, NMDA (20uM, 3 minutes) induced a presynaptic form of LTD that requires
CB1R activation, as this depression was blocked in presence of AM251 (4uM). C, DHPG- and NMDAR-
induced LTD does not occlude to each other, suggesting different mechanisms. Data are presented as

mean * S.E.M and the number of slices (s) and animals (a) used are included.
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Figure 5.2.7. eCB- and BK channel-mediated LTD coexist in neonatal hippocampus. A, Paired-pulse
low frequency stimulation (PP-LFS) induces a strong depression that was partially blocked by NMDAR
antagonist APV (25 uM) and subsequent application of the mGLuR5 inhibitor (MTEP 10uM)
completely blocked it, indicating that PP-LFS was able to induce both mGIluR- and NMDAR-induced
plasticity in neonatal Sch-CA1 synapse. B, PP-LFS induced plasticity was partially blocked by Paxilline
(PAX, 10 uM) or AM251 (4uM), and subsequent application of these antagonists eliminated PP-LFS-
induced LTD. Data are presented as mean + S.E.M and the number of slices (s) and animals (a) used

are included.
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6. DISCUSSION

In this thesis work, we demonstrated a form of LTD in neonatal hippocampus that is mediated by
MGIuURS5, that triggers the production of the arachidonic acid metabolite 12(S)HPETE), to activate
presynaptic BK channels at Sch-CAl synapse. Moreover, we demonstrated part of the cellular
mechanisms underlying this form of plasticity, and its coexistence with an additional form of LTD
mediated by NMDAR and CB1Rs, increasing our current understanding of the mechanism underlying
synaptic plasticity early in the hippocampal development. Interestingly, these mechanisms change
with the hippocampal development, and BK channel’s contribution to mGIuR-LTD is no longer

observed in mature synapses.

BK channels have been involved in some forms of short-term plasticity(Gutzmann et al., 2019) and
long-term potentiation (Pham et al., 2023), but the molecular mechanisms involved in BK channel-
mediated synaptic plasticity are largely unknown. Presynaptic properties such as synaptic facilitation
and calcium sensitivity are lower during postnatal days (PD)7-9 than PD 12-15, producing that long-
term potentiation (LTP) is strongly induced after the first postnatal week but not before (Muller et
al., 1989), indicating that changes during development occur in a fine temporal window. Our results
indicate that BK channel’s activity changes with the hippocampal development. The LFS protocol
that induces BK channel-mediated LTD during neonatal stage (p7-10) generates a slow increasing
LTP, that requires NMDAR, but not BK channels. The changes in the involvement of BK channel in
long-lasting depression could be due to changes in the presence or stoichiometry of 4 subunits
coupled to a subunit, considering that 34 subunit changes the functional properties of BK channels
such as biophysical characteristics and sensitivity to agonists (Latorre et al., 2017). Another
possibility, but not exclusive, is the increase in the Kv channel activity, that can mask BK channel’s
activity (Hu et al., 2001). Interesting, BK channels in CA3 terminals in mature hippocampus regulate
excitatory transmission on other CA3 pyramidal neurons (Raffaelli et al., 2004), but on CA1 pyramidal
neurons they are masked by Kv channels (Hu et al., 2001), so the characteristics of BK channels and
their role in neurotransmitter release in the same neuron could be different depending on the
postsynaptic partner. While further investigations are required to fully understand the contribution
of presynaptic BK channels to regulate short vs long-term synaptic plasticity, it has been suggested
that synaptic plasticity mechanisms have been implicated to synaptic maturation and circuitry
formation (Henson et al., 2017; Shinoda et al., 2010). Particularly, LTD has been related to structural

changes and a decrease in synaptic contacts (Q. Zhou et al., 2004). Thus, a functional relevance of
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this BK-mediated plasticity can be related to circuitry wiring, where LTD has been associated with
pruning and a decrease in synaptic contacts(Piochon et al.,, 2016). Synaptic plasticity could be
relevant for establishing the hippocampal circuit and further for the hippocampal-mediated
behavior. In this way, BK channels could play a key role in the hippocampal development, acting as
a frequency filter, allowing high transmission rates to propagate but suppressing synapses that rely
on low rates of transmission, which could have in the circuit wiring by enabling active synapses to
undergo synaptic potentiation late in development. In this line, we did not observe participation of
BK channels in the response to high frequency stimulation in slices from P7-10 mice, which is a well-
studied protocol to induce LTP (Yasuda et al., 2003). Interestingly, this BK channel-mediated
mechanism disappears after neonatal stage, which is coherent with the synaptic changes proposed
for presynaptic components during development (Dumas & Foster, 1995; Muller et al., 1989).
However, whether BK channels’ contribution to synaptic plasticity plays a role in synaptic wiring and

the maturation of the presynaptic terminals requires further investigations.

The exact mechanisms by which BK channels can generate a LTD vs short-term plasticity are
unknown, but it is possible that the localization of BK channels at the presynaptic nerve terminal
likely modulates the calcium influx initiating activation of kinases and/or phosphatases that require
calcium increases, and their activity limits vesicle fusion at active zones and decreases
neurotransmitter release in a long-term manner (Leenders & Sheng, 2005). Interestingly, 34 subunit
is also reported in neonatal astrocytes (Gebremedhin et al., 2003), which have been involved in some
LTD mechanisms (Cavaccini et al., 2020; Durkee et al., 2021), but the glial participation in this
phenomenon should be addressed. Our results also indicate that BK channel-modulated LTD
requires CaN activation and protein synthesis, two processes that have been described in other
forms of presynaptic plasticity (Jensen & Edwards, 2012; Rodriguez-Moreno et al., 2013). While the
connection between these steps remains unclear, it is possible that activation of CaN could be a
consequence of changes in calcium levels due to BK channel regulation over presynaptic calcium
channels, whereas protein synthesis processes can be regulated by CaN (Lim et al., 2023; Schwartz
et al., 2009), but if this occurs in neonatal BK-mediated plasticity need to be tested. However, a
previous study reported that mGIuR-LTD does not require protein synthesis during P8-15 rats
(Nosyreva & Huber, 2005) and thus, a possible explanation for this difference is the use of different
animal model (mice vs rat). As presynaptic function changes profoundly in short temporal windows
during development (Muller et al., 1989; Wasling et al., 2004), another possibility is the stage of the
development tested (P7-10 vs P8-P15).
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Interestingly, according to our results, an eCB-mediated LTD that does not require CaN and protein
synthesis coexists with the BK channel-mediated LTD. Previous eCB -mediated plasticity mechanisms
have involved calcineurin and protein synthesis processes (Heifets et al., 2008; Monday et al., 2020;
Puighermanal et al., 2009), so this form of plasticity is different and occurs early in the development
supporting as a complement to the BK channel-induced plasticity. However, the role of CB1R in the
hippocampal Sch-CA1 synapse to decrease excitatory transmission seems to be complex. CB1R is
functional expressed early in this synapse (Al-Hayani & Davies, 2000), and a CB1R-mediated LTD that
requires mGIuR5 activation has been suggested (Péterfi et al., 2012), but other authors indicate that
NMDARs and not mGluRs, are required for depressing excitatory neurotransmission in young
hippocampus (Han et al., 2012). However, the latter induces a postsynaptic form of LTD, which is
different to our results suggesting a presynaptic locus of the eCB-LTD. Remarkably, a heterosynaptic
form of eCB-mediated LTD was reported in neonatal hippocampus (Yasuda et al., 2008), and now
our result indicate that homosynaptic LTD mediated by eCBs could be also induced in neonatal
synapses (Figure 7). Interestingly, a suppression of inhibitory transmission mediated by
endocannabinoids required NMDAR activation in cultured hippocampal neurons (Ohno-shosaku et
al., 2007), supporting that this connection can be possible. In this work we showed that a stronger
protocol than typically applied LFS (e.g PP-LFS), probably increases glutamate release to a higher
level than the requirement for 12(S)HPETE induction through mGIuR activation and additionally
induces eCB production mediated by NMDAR activation. However, a previous report did not find an
effect of blocking CB1R using AM281 on the LTD evoked by PP-FLS (Nosyreva & Huber, 2005), The
reason for this discrepancy is unclear but could be related to the pre-treatment and the
concentration of the CB1R antagonists (AM251 4uM and AM281 1uM). Additionally, in that study
rats from P8-15 were used, and we evaluated eCB-LTD in mice from P7-10. Whether changes in PP-
LFS- induced LTD occur during the P10-15 developmental window or involvement of cannabinoid
signaling is different between species should be addressed, but reports suggest profound
modifications in small temporal windows during early development (Muller et al., 1989; Wasling et
al., 2004), and differences in cannabinoid signaling between rodent species have been proposed (H.
Y. Zhang et al., 2015). NMDARs can be expressed in pre- and/ or postsynaptic compartments and can
be formed by different subunits composition to modulate the receptor properties (Cull-Candy et al.,
2001). Indeed, reports suggest that 2A subunit is more determinant for LTD than 2B subunit in
hippocampus from young animals (Bartlett et al., 2007). Also, presynaptic NMDARs have been

related to LTD in cortex from neonatal stage but not in mature animals (Corlew et al., 2007), but
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whether this developmental switch in the requirement of different NMDAR for the induction of
specific synaptic plasticity mechanisms occur in the hippocampus should be confirmed. Interestingly,
exogenous activation of endocannabinoid signaling during early development also produced
negative consequences into the behavior late in the development (Higuera-Matas et al., 2015).
Whether overactivation or inhibition of the synaptic processes depending on these lipid-mediated
pathways produces negative consequences for the development must be demonstrated. It has been
proposed that an adequate level of arachidonic acid is required for the correct development of
neural networks (Weseler et al., 2008). Interestingly, lipid concentration in offspring could be easily
modified by the mother’s diet (Salem & Van Dael, 2020) and endocannabinoids also are easily
transported through milk to affect synaptic maturation processes (Scheyer et al., 2020). Thus, these
neonatal synaptic processes could be susceptible to exogenous lipid increases or decreases but this

hypothesis should be addressed.

Why are two different mechanisms for depressing excitatory synaptic transmission required in
neonatal hippocampus? Gabaergic transmission is an important mechanism required to control
excitatory activity to avoid detrimental consequences of excitatory overactivity but is not inhibitory
in nature during early development (Ben-Ari, 2002). Thus, other mechanisms could be necessary to
keep in an adequate level the excitatory signaling on pyramidal neurons, especially when circuity
wiring is highly active. This idea can be in line with our result (Figure 7) in which a stronger protocol
is required to induce both mechanisms, suggesting that an increase in the glutamate release by
activity could lead to the production of two different, or more, signals that depress glutamate
release. Indeed, this is coherent with the need of tetanic stimulation to evoke a heterosynaptic LTD
mediated by eCBs (Yasuda et al., 2008). Whether these retrograde signaling mechanisms modulate
the release of other neurotransmitters, such as GABA, should be tested. LTD processes have been
related with destabilization in hippocampal synapses (Wiegert et al., 2018; Wiegert & Oertner, 2013)
and dendritic morphological development in CAl is highly vulnerable to changes in the synaptic
activity (Groc et al., 2002), so disturbances in the mechanisms that control synaptic plasticity in
neonates could generate negative consequences for the hippocampus in development and open the
possibility to the appearance of neurodevelopmental disorders that involve hippocampus
perturbances. In this line, previous reports indicate that prenatal and early disturbances during
hippocampal development produce negative outcomes in behavior, learning and synaptic plasticity
processes evaluated in mature stages (Yang et al., 2006). Importantly, most evidence showing that

synaptic disturbances are involved in developmental disorders such as autism(Y. Zhang et al., 2024)
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or schizophrenia (X.-L. Wu et al., 2022) are focused on mature stage, when the synapses have been
established. However, we show that important processes are occurring early in the development
that are different to those occurring in mature synapses, and the understanding of these
mechanisms is important to evaluate if neurodevelopmental disorders are early expressed in
synaptic disturbances mediated by BK channels and endocannabinoid signaling, or the further

consequences of the early synaptic plasticity disruptions.
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7. Supplementary Figures and tables
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Figure Supplementary 5: Intracellular BAPTA blocked LFS-induced LTD (5.2A) but not
NS11021/12(S)HPETE-induced LTD (5.2B). The inhibitor of intracellular Ca?* stores (SERCA pump)
Cyclopiazonic acid did not change basal transmission (5.2C). Fast permeable calcium chelator BAPTA-
AM decreased excitatory transmission but not the slow permeable calcium chelator EGTA-AM (5.2D).
BAPTA-AM blocked both LFS-and DHPG-induced LTD (5.2E) and also the NS11021/12(S)HPETE-
induced LTD (5.2F). EGTA-AM also blocked LFS-induced LTD (5.2G) but no NS11021-induced LTD
(5.2H).
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Figure Supplementary: The PKA inhibitor h89 did not significatively change basal transmission
(5.4A), but the cAMP activator Forskolin increased excitatory synaptic strength (5.4B). The PKC
inhibitor Chelerythrine Chloride decreased basal excitatory transmission at Sch-CA1 synapse (5.4C).

70



Table 1. Quantitative analysis of cellular mechanisms involved in mGIuR-LTD in neonatal
hippocampus. The table includes quantitative analyses of experiments shown in Figures 5.2.1A to
5.2.6B. “n” represents number of slices (s), cells (c) and animals (a).

Parameter Value (meant SEM) | n (slices/cells, P value Figure
animals)

LFS in p7-10 61.31 +4.26 12s/8a p<0.001| 3.2.1A
LFS in p20-30 153.05  +19.85 10s/8a P=0.021

LFS in APV 113.69  +11.89 5s/5a P=0.314

DHPG in P20-30 60.29  +7.97 8s/4a P=0.001 | 5.2.1B
DHPG in PAX P20-30 68.84  +10.88 7s/4a 0.028
Post-12(S)HPETE 122.18 +#30.76 4s/2a P=0.526 | 5.2.1C
Post-NS11021 104.49  +13.57 7s/5a P=0.400
Post-12(S)HPETE in 4AP 100.83  +10.80 5s/3a P=0.942 | 5.2.1D
Post-NS11021 in 4AP 54.58 +6.28 10s/5a p<0.001
Post-PAX in control 102.04 +2.14 6s/4a P=0.384 | 5.2.1F
Post-PAX in 4AP 149.12  +12.47 7s/5a P=0.005
Post- LFS in 4AP 90.71  #13.25 11s/5a P=0.499 | 5.2.1F
LFS Control 61.31 +4.26 12s/8a p<0.001 | 5.2.2A
LFS in CPA 85.18 15.64 8s/4a P=0.034
NS11021 Control 71.80 +5.90 9s/7a P=0.007 | 5.2.2B
NS11021 in CPA 71.39 16.67 5s/3a P=0.012

LFS Control 61.31 +4.26 12s/8a p<0.001 | 5.2.2C
LFS in Nimodipine 87.26 16.01 9s/6a P=0.078
NS11021 Control 71.80 +5.90 9s/7a P=0.007 | 5.2.2D
NS$11021 in Nimodipine 63.33 +4.97 5s/3a P=0.001

LFS Control 61.31 +4.26 12s/8a p<0.001 | 5.2.2E
LFS in Mibefradil 60.58 16.29 6s/3a P=0.001
NS11021 Control 71.80 +5.90 9s/7a P=0.007 | 5.2.2F
NS$11021 in Mibefradil 65.94 +9.30 5s/3a P=0.021
w-conotoxin 69.41 +4.06 7s/4a p<0.001 | 5.2.2G
m-agatoxin 66.27 +3.38 4s/3a P=0.002

SNX482 81.62 +5.33 5s/2a P=0.026

LFS Control 61.31 +4.26 12s/8a p<0.001 | 5.2.2H
LFS in w-conotoxin 72.29 17.28 7s/4a P=0.008

LFS in w-agatoxin 66.94 £3.58 4s/3a P=0.002

LFS in SNX482 86.91 £0.70 4s/2a p<0.001

LFS Control 61.31 +4.26 12s/8a p<0.001 | 5.2.3A
LFS in H89 73.92 37.72 7s/4a P=0.189

LFS in Forskolin 68.14 +12.63 5s/3a P=0.065
NS11021 Control 71.80 +5.90 9s/7a P=0.007 | 5.2.3B
NS$11021 in Chelerythrine | 80.58 +1.91 5s/3a P=0.002

Chloride
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LFS Control 61.31  #4.26 12s/8a p<0.001 | 5.2.3C
LFS in KN93 49.95  44.84 8s/6a p=0.005
LFS in KN92 79.31  #545 10s/6a p<0.001
Control WC 45.32  #2.55 7¢/5a p<0.001 | 5.2.3D
LFS with CaMKI1209-306 44.16  #3.50 5¢/3a p<0.001
LFS Control 61.31  +4.26 12s/8a p<0.001 | 5.2.3E
LFS in FK506 99.32  8.76 7s/4a p=0.941
NS11021 Control 71.80 +5.90 9s/7a P=0.007 | 5.2.3F
NS$10021 inFK506 100.74  +6.11 5s/4a P=0.909
LFS Control 61.31  +4.26 12s/8a p<0.001 | 5.2.3G
LFS in Anisomycin 94.97  17.23 8s/5a p=0.509
NS11021 Control 71.80 +5.90 9s/7a p=0.007 | 5.2.3H
NS11021 in Anisomycin 95.07  #3.35 5s/3a p=0.215
Post-WIN 62.55  +4.70 6s/3a p<0.001 | 5.2.4A
PPR pre WIN 1.36 +0.06
PPR post WIN 153 +0.08 6s/3a p=0.005
LFS Control 61.31  #4.26 12s/8a p<0.001 | 5.2.4B
LFS in AM251 75.25  #3.34 55/3a p=0.001
Post-WIN 59.099 +7.18 5s/3a p=0.026 | 5.2.4C
Post-LFS 43.06 +5.17
Post-LFS 74.53  46.68 4s/2a p<0.001 | 5.2.4D
Post-WIN 26.52 +7.63
Post-WIN in FK506 64.93  +7.89 6s/4a p=0.006 | 5.2.4E
Post-WIN in Anisomycin 55.71 #8.90 6s/4a p=0.004 | 5.2.4F

DHPG Control 67.62 +3.71 6s/5a p<0.001 | 5.2.5A
DHPG in AM251 68.48  18.09 3s/3a P=0.060
NMDA Control 54.66  #6.00 9s/5a p<0.001 | 5.2.5B
NMDA in AM251 91.71  +9.53 8s/4a p=0.413

PPR pre NMDA control 1.32 +0.07 9s/5a

post NMDA control 146 20.08 p=0.022

PPR pre NMDA in AM251 | 127 %001 8s/4a

PPR post NMDA in AM251| 126 #0.04 p=0.915

Post DHPG 83.35 +3.83 5s/3a p=0.040 | 5.2.5C
Post NMDA 49.68 +11.61

PP-LFS Control 58.00 +5.95 9s/6a 5.2.6A
PP-LFS in PAX 79.27  18.04 9s/6a p=0.056

PP-LFS in AM251 78.28 1791 7s/4a p=0.029

PP-LFS in PAX+AM251 97.01  19.32 7s/4a p<0.001

PP-LFS Control 55.98 +6.18 6s/4a 5.2.6B
PP-LFS in APV 77.48 £3.90 7s/4a p=0.024

PP-LFS in MTEP 76.39  112.63 6s/4a p=0.061

PP-LFS in APV+MTEP 89.63  43.59 5s/3a p=0.008
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Table 2. Quantitative analysis of cellular mechanisms involved in mGIuR-LTD in neonatal
hippocampus. The table includes quantitative analyses of experiments shown in Supplementary
Figures 5.2A to 5.4C. “n” represents number of slices (s), cells (c) and animals (a).

Parameter Value (meant SEM) n P value Figure
(slices/cells,
animals)
Post-LFS with BAPTA in 104.29  +4.78 5¢/3a p=0.420 5.2A
pipette
Post- 12(S)HPETE 51.59 +8.62 5¢/3a p=0.004 5.2B
w/BAPTA 58.46 +8.31 6¢/3a p=0.001
Post-NS511021
w/BAPTA
Post-CPA 104.69  +4.95 4s/3a p=0.413 5.2C
BAPTA-AM 55.86 +3.55 3s/3a P=0.006 5.2D
EGTA-AM 98.12 +6.55 6s/3a P=0.786
Post-LFS in BAPTA- 103.84 +12.22 6s/5a p=0.766 5.2E
AM 91.40 +3.90 8s/5a p=0.063
Post-DHPG in BAPTA-
AM
Post- 12(S)HPETE in 103.90 +7.56 6s/4a p=0.627 5.2F
BAPTA-AM 101.20 +#11.29 5s/3a p=0.920
Post-NS11021 in
BAPTA-AM
Post-LFS in EGTA-AM 102.76 +3.34 7s/4a p=0.440 5.2G
Post-NS11021 in EGTA- 78.55 +7.49 6s/4a p=0.035 5.2H
AM
Post-H89 110.70 +7.42 5s/3a p=0.222 5.4A
Post-Forskolin 211.03 #27.47 4s/3a p=0.015 5.4B
Post-Chelethrine 87.49 +2.53 5s/3a p=0.007 5.4cC
Chloride




8. CONCLUSIONS
In conclusion our work demonstrated that:

1. BK, but not TRPV1 channels are involved in neonatal hippocampal LTD induced by low
frequency stimulation

2. BK-mediated LTD involves regulation of VGGCs and requires CaN and protein synthesis

3. BK-mediated LTD are subjected to changes during development likely changes in BK subunit
composition and/or expression of endovanilloid signaling.

4. BK-mediated LTD coexists with an eCB-mediated form of LTD elicited by activation of

NMDARs during strong synaptic activity.

By unveiling the neonatal synaptic plasticity mechanisms, we expect to contribute to a better
understanding of the hippocampal circuit formation, which is vital for the future behavioral and
emotional processes, and to find possible targets for neurodevelopmental disorders involving the

hippocampus.
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Abstract: BK channels are large conductance potassium channels characterized by four pore-forming
o subunits, often co-assembled with auxiliary § and y subunits to regulate Ca* sensitivity, voltage
dependence and gating properties. BK channels are abundantly expressed throughout the brain and
in different compartments within a single neuron, including axons, synaptic terminals, dendritic
arbors, and spines. Their activation produces a massive efflux of K* ions that hyperpolarizes the
cellular membrane. Together with their ability to detect changes in intracellular Ca?* concentration,
BK channels control neuronal excitability and synaptic communication through diverse mechanisms.
Moreover, increasing evidence indicates that dysfunction of BK channel-mediated effects on neuronal
excitability and synaptic function has been implicated in several neurological disorders, including
epilepsy, fragile X syndrome, mental retardation, and autism, as well as in motor and cognitive
behavior. Here, we discuss current evidence highlighting the physiological importance of this
ubiquitous channel in regulating brain function and its role in the pathophysiology of different
neurological disorders.

Keywords: K+ channels; BK channels; neurobiology; ion-channels; nervous system; neuronal ex-
citability; synapsis

1. Introduction

Large-conductance calcium (Ca®*)- and voltage-activated potassium (K*) channels (BK,
also known as Maxi-K or Slo1) are ubiquitously expressed in the body playing important
roles in blood flow regulation, renal excretion, muscle contraction, circadian rhythm, and
hearing [1-3]. BK channels are also abundantly expressed throughout the central nervous
system in the cortex, basal ganglia, hippocampus, thalamus, and cerebellum, among
other areas (Table 1) [4-6]. There, BK channels are strategically positioned on the plasma
membrane and intracellular compartments in both neurons and glial cells [7-13]. Typically,
activation of BK channels leads to a massive efflux of K* ions that hyperpolarizes cellular
membrane potential to regulate neuronal excitability and synaptic function, and, ultimately,
motor and cognitive behavior [14-17]. Within a single neuron, BK channels are known to be
expressed within different compartments, accomplishing different functions [18], including
somatic regulation of action potentials [10,19] and regulation of neurotransmitter release at
synaptic terminals [16,20-24]. BK channels are also present in dendritic compartments and
neuronal spines [25], where they can limit the postsynaptic potential [25-27] or dendritic
Ca?* signals [25,28]. Although BK channels are also localized in nuclei, lysosomes, and
mitochondria [11], their contribution to regulating neuronal function remains elusive.
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While increasing evidence supports a critical role for BK channels in regulating neu-
ronal excitability, their ability to act as a coincidence detector for changes in intracellular
Ca?* concentration suggests that BK channels are also well-positioned to control synaptic
communication by exerting either negative [23,24] or positive [29] regulation of Ca®" influx
through voltage-activated Ca?* channels (for review see Griguoli et al., 2016 [16]). However,
the mechanisms by which BK regulate neuronal function and behavior in the brain remain
far from being completely understood.

2. BK Biophysical and Structural Characteristics

Coded for by a single gene (Slo1, KCNMAT1), BK channels have been proven, from the
very beginning, to show a complex, albeit very attractive behavior. Their large conductance
(=250 pS in symmetrical 100 mM K*) near the limit of the diffusional process of K* in
solution is accompanied by an exquisite K* selectivity, making them unique in the large
family of different K* channels [30-32]. Cloning of BK channels showed their similarity
to voltage-dependent K* channels in which each subunit contains six transmembrane
domains, including a well-defined voltage sensor (S1-54) and a pore domain (S5-56) [33,34].
However, later studies showed that the channel-forming protein contained an extra segment
(S0) placing the N-terminus on the extracellular side [35]. In addition, BK possess a large
C-terminus, composed of two regulators of K* conductance (RCK1 and RCK2), where the
high-affinity Ca?*-binding sites reside [36-39].

Once single-channel, macroscopic, and gating currents records were available, one
of the main challenges was to combine BK voltage dependence and channel activation
by Ca®" in one gating-kinetics scheme. From the start, it became clear that BK gating
kinetics are intricate. One big step ahead was achieved by the group of Magleby [40], who
identified that the several open and closed states present in the single-channel current
records were correlated and inversely related. Shorter open intervals were followed by
long closed intervals and vice versa. These observations made linear gating-kinetics
models as those proposed, for example, for shaker K* channels, unlikely. Instead, they
suggested a progression of closed states of decreasing duration connected to open states of
increasing lifetimes. More importantly, these findings hinted that the gating in BK channels
is allosteric. Another important piece of information was that treatment of BK channels with
N-bromoacetamide rendered BK voltage-dependent channels insensitive to internal Ca®*, a
clear indication that voltage sensors and Ca?*-binding sites were in different regions of the
channel-forming protein [41]. These early discoveries allowed us to define BK channels
from the start as modular proteins with allosteric gating before knowing their well-defined
structure.

The BK channel gating characteristics have been summarized in a two-tiered kinetic
model [42,43]. Considering the tetrameric nature of BK channels in this allosteric gating-
kinetics model, the four voltage sensor domains (VSD) undergo a transition between resting
(R) and active states (A). The transition R-A is defined by a voltage-dependent equilibrium
constant J. The VSDs allosterically interact with the pore opening through the allosteric
factor D (Figure 1A). The model considers the existence of four Ca?*-binding sites, each
of which includes a Ca2+—binding mediated transition between an empty site (U) and a
Ca?*-bound site (BCa?*) with an equilibrium constant K = [Ca?*]/Kp. In this case, the
allosteric interaction with the pore opening is determined by the allosteric factor C. On
the other hand, the strength of allosteric interaction between voltage sensors and Ca?*
binding is determined by the allosteric factor E. It is important to note here that the closed-
open (C-O) reaction defined by the equilibrium constant L can proceed in the absence of
voltage-sensor activation and of internal Ca?*, albeit with a very low probability of opening
(Figure 1B). Figure 2B shows that Ca?* alone can increase the open probability (Po) by
about four orders of magnitude. Since Po increases with depolarizing voltages and internal
Ca?* concentrations, and BK has large conductance, BK channels are the perfect damping
machine to brake excitatory processes mediated by internal Ca®*.
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Figure 1. BK Channel allosteric gating mechanism. (A) H-A allosteric model [43]. Voltage sensor
(R-A), Ca?+ binding, and C-O transitions are defined by the equilibrium constants J, K, and L,
respectively. Voltage sensors and Ca?* sensors are coupled to the pore by allosteric factors D and C,
respectively, and coupling between sensors is performed by E. (B) Simulated data of the Log10 of the
probability of opening vs. voltage obtained using the H-A model. Notice that when all the voltage
sensors are at rest the parameters L, zL, and C can be obtained.
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Figure 2. Structural characteristics of the BK channel. (A) The « subunit is formed by a trans-
membrane domain (TMD) composed of seven « helices (S0-S7) and a large carboxy terminal (CTD)
containing two regulatory potassium conductance domains. (B) The BK channel is a tetramer formed
by 4 « subunits in which the CTD acquires a swapped conformation and the 4 CTDs form the gating
ring. (C) Top view of the BK channel. The voltage sensor domain (VSD) and the pore domain (PD)
have been colored to highlight the non-swapped configuration of the VSD and the PD.

There is a strong coupling between the Ca2* binding sites and the voltage sensors. At
saturating Ca®* concentrations, the equilibrium constant ] that defines the resting-active
equilibrium of the voltage sensor (Figure 1A) increases 26-fold [44,45]. This result implies
that the free energy necessary to activate the BK channel voltage sensor decreases by about
8 k] /mol at saturating internal Ca?* concentrations (100 ptM).

The modular nature of BK channels was confirmed when the first BK structures were
determined using cryo-microscopy [38,46]. As voltage-dependent K* (Kv) channels, BK
channels are tetramers composed of four identical « subunits (Figure 2A), but unlike
Kv channels, BK channels have a non-swapped configuration. The VSD of one subunit
(51-54) contacts the pore domain (S5-Pore domain-56) of the same subunit (Figure 2 A,
Q). Although the work of Ma et al. [47] suggested the presence of a decentralized VSD
in which the gating charges were spread across S2, S3, and S4, more recent work gave
strong evidence that the gating charges are two arginines contained in 54 (R210 and R213)
located in a septum devoid of water [48]. The movements of the charges during BK-VSD
activation are small, with only a modest (=2 A) displacement of S4. It is unclear at present
how the electrical energy is transformed into opening of the pore. However, the gating ring
probably mediates the coupling between VSDs and the pore [38,45,46].

The two RCK domains form a gating ring (Figure 1B) containing the two high-affinity
Ca?*-binding domains that can be distinguished structurally by their selectivity to divalent
ions. The divalent cation-binding site in RCK1 preferentially binds Ca?* and Cd?*, whereas
in RCK2, the preferred divalent cations are Ca?* and Ba%* [38,49,50]. The binding of CaZ*
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promotes an expansion of the gating ring, which, by pulling the linker that connects the
gating ring to S6, causes this transmembrane segment to adopt a configuration that leads
to channel opening [46]. It is unclear at present where the gate that defines the closed-
open transition is located (Figure 1A). The BK structures show that there is only a modest
decrease in the radius of the internal BK vestibule when the channel closes, which varies
between 1 and 4 A [38]. The diameter of the narrowest part of the vestibule is 12 A. If there
is no well-defined structure hindering ions’ passage through the BK channel, the following
question arises: Where is the gate? Blockade mediated by large quaternary ammonium
ions gave the first hint suggesting that, similarly to other channels [51,52], the BK gate
resides in a selectivity filter [53-55]. However, simulations of molecular dynamics using
BK structures in the absence and the presence of Ca?* indicated that the actual decrease
in diameter of the internal cavity of the BK channel during closed state is larger than the
one shown by the BK structure obtained in the absence of Ca?* [56]. The final diameter of
the cavity was 6-8 A, and its walls became more hydrophobic, creating a region devoid of
water. Due to its low dielectric constant, it produces an energy barrier unsurmountable
to ions.

3. BK Auxiliary Subunits

The four auxiliary (3 subunits (31-f4) in BK are characterized by a common structure
consisting of two transmembrane segments connected by a large extracellular loop (~148 aa
residues) and cytoplasmic COOH and NH2 termini. Although to a different degree, all
3 subunits modify BK channel gating and pharmacology (reviewed in [10,57,58]), 31, 32,
and B4 increase Ca?" sensitivity by stabilizing the voltage sensor’s active conformation and
slowing down the activation and deactivation kinetics. Mediated by its NH, terminus, (32
also induces a fast and complete inactivation. Four isoforms are generated by splicing the
B3 gene (kenmb3; p3a—d). B3 subunits do not modify BK channel Ca?* sensitivity, but three
of them (33a—c) produce a fast and incomplete inactivation. Importantly, 3 subunits have
different pharmacological profiles, as 32 is iberiotoxin (IBTX)-sensitive, whereas (34 is IBTX-
resistant. However, BK channels consisting of the complexes ot/ 32 or a/ 34 can be blocked
by paxilline [10,57,59,60]. 34 slows down the activation and deactivation kinetics at all Ca2t
concentrations. In symmetrical K*-concentration conditions, 34 promotes a leftward shift
of the BK conductance-voltage curve only at Ca®* concentrations >10 pM compared to BK
channels formed by the o subunit alone [61,62]. However, here it is essential to highlight
the fact that under physiological conditions—low external K*—BK/ 34 channels shift the
conductance-voltage curves leftward at all internal Ca* concentrations compared to BK/ «
channels [63,64].

When characterizing the different types of Ca?*-activated channels in the brain plasma
membrane vesicles, Reinhart et al. [65] detected two types of high-conductance BK channels.
One type showed fast gating and was blocked by charybdotoxin (ChTX) (type I), and the
other was ChTX-resistant and exhibited slow gating (type II). Cloning of the different (3
subunits (f1-4) showed that the toxin resistance of some BK channels in the brain was
most probably due to the formation of complexes between the pore-forming « and the 34
subunit [60,66,67]. Swapping the long external loop connecting TM1 and TM2 between
34 and 1 and neutralization of some of its basic residues showed that this region of the
34 subunit hinders the binding of iberiotoxin (IBTX) by blocking access of the toxin to
the BK external vestibule [60,68]. The cryo-structures of the ot/ 34 BK channel show a 1:1
stoichiometry between « and 34 subunits in which the four external loops of the 34 give
origin to a crown-like structure [69]. The crown impedes both access to and toxin release
from the binding site, explaining the extremely slow ON and OFF rates of IBTX-inhibition
kinetics [70].

(34 is the most abundant auxiliary subunit expressed in the nervous system [66,71]. 34
is found in the thalamus, brainstem, posterior pituitary terminals, pyramidal neurons of the
cortex, CA3 pyramidal neurons in the hippocampus, hippocampal dentate granule cells,
olfactory bulb, and Purkinje cerebellar neurons [64,72-75] (Table 1). 32 is also extensively
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expressed in the brain, albeit at lower levels than (34 [66,71]. 31 on the other hand, is almost
absent in the brain, but it has been detected in the hypothalamus, paraventricular neurons,
and cerebellar Purkinje cells [76-78]. Interestingly, these hypothalamic neurons reportedly
express 31 subunits on the soma and dendrites, while the axon terminals mainly contain
the 34 subunit [79]. Such specific distribution of § subunits within the same neurons may
have important functional significance in understanding how BK channels differentially
contribute to the regulation of somatic and nerve terminal compartments.

The physiological role of the «/ 34 BK channels in the brain was first elucidated by
Brenner et al. [72], who showed that this type of BK channel (type II) is present in the
dentate gyrus granular cells regulating their excitability. Knockout of the 34 converted
type Il into type I (fast) BK channels [72]. Type I channels reduce, and type II BK channels
increase the duration of action potentials [63,72]. Interestingly, in pathological conditions,
such as a neuropathic pain model, 34 seems to be upregulated in anterior cingulate cortex
pyramidal neurons [73], suggesting that the expression of BK channel subunits could be
modulated in an activity-dependent and cellular-specific fashion. Moreover, evidence
suggests that the fragile mental retardation protein (FMRP), by interacting with the (34
subunit, shortens the action potential, thus regulating neurotransmitter release in CA3
pyramidal neurons [15]. Single-channel recording in CA3 pyramidal neurons showed that
the ot/ 34 BK channel open probability is reduced by about 50% in neurons from fimpr
knockout mice increasing the inter-burst interval [80]. However, a recent study showed
that FMPR modulates both /(34 BK and o« BK channels [81]. The degree of importance in
modulating synaptic activity via interaction of FMPR with «/ {34 BK or & BK channels is
currently unclear.

Inactivating BK currents have been detected in mammalian auditory hair cells, rat
lateral amygdala neurons, and hippocampal CA1 neurons [82-84]. In CA1 and dorsal root
ganglion neurons, inactivation is removed when the inner membrane surface is treated with
trypsin, suggesting that BK channels are formed by the «/ (32 complex [84,85]. Consistent
with this idea, in rat dorsal root ganglion neurons, a/f2 BK channels are blocked by
IBTX, resulting in increasing firing frequency, broadening of the action potential, and
reducing afterhyperpolarization [85]. The spontaneous firing rate in the suprachiasmatic
nucleus (SCN) exhibits daily oscillations that determine the normal circadian timing of
behavior in mammals. The intrinsic circadian clock in the SCN controls the daily expression
of BK. Consistently, BK currents are lower during the day and high at night [86-88],
thus determining the daily SCN rate of firing. Moreover, inactivating BK currents are
predominant during the day and are reduced at night with an increase in steady-state BK
currents [86]. Importantly, in the SCN, BK inactivation is mediated by the 32 subunit, and
(32 knockout mice show a lack of diurnal variation in BK currents and SCN firing rate [86].

4. BK Channel Coupling with Ca?*-Permeable Channels

Cay and BK Nanodomains: Critical for the feedback control of CaZ* influx and cell
excitability in the nervous system, BK channels co-localize with voltage-dependent Ca?*
(Cay) channels and N-methyl-D-aspartate receptors (NMDAR; reviewed in [89,90]). Due
to the low affinity of BK for CaZ* (Kd > 3 uM; [91]), co-localization with Ca2+—permeable
channels provides BK channels with an effective local Ca?* concentration for their activation
and function [92,93]. Indeed, BK channels have been reported to form nanodomains with
L-type, P/Q, N-type, R-type, or T-type Cay [94-98].

Ca?* chelator EGTA and fast chelator BAPTA differ in their Ca?*-binding rates but
have similar Ca?* affinities. They have been a powerful tool for determining the diffusion
distance for Ca?* from calcium channels to BK channels. BK channel activity was abolished
when using BAPTA as the internal Ca?* buffer, but not with EGTA, revealing the close
spatial proximity (~10 to 20 nm) in the nanodomains between BK channels and voltage-
sensitive calcium (Cay) channels [96,99,100]. More recently, a mathematical model revealed
the coexistence of L-type and BK-type Cay channels and suggested that they are grouped
in nanodomains spatially separated 30 nm from each other [101].
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Activation of BK channels mediated by the influx of Ca?* through Cay channels
decreases the action potential duration, promotes fast hyperpolarization potentials, de-
creases the time of Ca?* influx, and limits the release of neurotransmitters [99,102,103].
The activation of Cay channels modifies the voltage dependency, current amplitude, and
kinetics of BK channel activation, causing functional variability in BK dependent on the
expression pattern of Cay channels [96,104]. The pharmacological blockade of BK channels
using IBTX, ChTX, or paxilline has also demonstrated the functional coupling between BK
and Cay channels. The application of these toxins increases the amplitude of the action
potential and Ca?* entry through Cay channels as well as the release of neurotransmit-
ters [99,102,105-108]. On the other hand, the specific blockade of a subset of Cay channels
suppresses the hyperpolarization that is provided by the flow of K* ions from active BK
channels [96,97,102,105,106,109,110]. One example that illustrates the importance of Cay
and BK localization is the functional and spatial localization of Cay1.3 and BK channels
in rat hippocampal and sympathetic neurons [104]. Cay1.3 activates at low voltages, and
when co-expressed with BK, the latter started activating at about —50 mV. In hippocampal
and sympathetic neurons, Cay1.3 and BK are localized as clusters of Cay1.3 encircling
clusters of BK channels, forming a multi-channel complex. Since BK channels activate at
voltages near the action potential threshold in these complexes, they enable the modulation
of neuronal excitability.

BK and NMDAR Complexes: BK channels and NMDARs are widely expressed
in the brain, and subcellular distribution variations are caused by the appearance of
distinct BK channel auxiliary subunits and NMDAR subunit composition. So far, the
BK-GIuN1 complex has been functionally described on granule cells of the olfactory
bulb [111], on mature dentate granule cells in the hippocampus [27], and in a subset of layer
5 pyramidal neurons of the barrel cortex and visual cortex [25]. Moreover, pulling-down
assays demonstrated that this complex is also present in the cerebellum, cortex, thalamus,
and striatum [27].

Functional coupling between NMDARs and BK channels was first demonstrated in
outside-out patches from the cell bodies of granule cells, where the glutamate-induced
outward currents were abolished after applying TEA, paxilline, or IBTX [111]. Distinctively,
in the BK-GluN1 complex, the BK S0-51 loop interacts with the C-terminal domain of
the NMDARs. NMDAR activation by glutamate produced robust BK outward currents
in whole-cell voltage-clamp recordings on mature dentate gyrus granule cells [27]. The
application of NMDAR antagonist (2R)-amino-5-phosphonovaleric acid (AP5) and the
pore-blocker MK-801 inhibited the outward currents, confirming the tight association of
the BK-GIuN1 complex. BK channel outward currents were also elicited by NMDAR
activation in neocortex pyramidal neurons [112], those BK currents were also eliminated by
APS5, confirming that NMDAR activation is needed to trigger the opening of BK channels.
Likewise, ZnCl, and ifenprodil (IFEN) were used to inhibit GluN2A or GluN2B-containing
NMDARSs, respectively, to assess the selective coupling between BK channels and different
NMDAR subunit compositions. Nevertheless, these compounds only partially suppressed
the BK outward currents, suggesting that GIluN2A or GluN2B might also be a part of the
functional coupling between BK channels and NMDARs in the brain.

NMDAR-BK coupling efficiency with the different NMDAR subunits was also tested
in HEK cells expressing BK and GluN1/GluN2A or GluN1/GIuN2B using a proximity
ligation assay. In agreement with the pharmacological data, BK channels showed no
preference for different NMDAR subunits [112]. To further evaluate the degree of coupling
between BK channel activation and NMDAR, the CaZ* chelators EGTA and BAPTA were
used to determine the relative distance between BK channels and NMDARs in granule cell
bodies [111]. The BK channel outward currents induced by glutamate were insensitive to
the applied intracellular EGTA. In contrast, BAPTA abolished the BK currents induced by
the activation of NMDARs. BK-NMDAR coupling has also been tested in hippocampal and
pyramidal neurons using Ca®* chelators [27,112]. In both cases, the results show that BK is
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robustly activated by the Ca?* influx mediated by NMDAR, suggesting a short coupling
distance.

Other Sources of Ca?* for BK Channel Activation: Co-localization of BK channels
with Cay channels may form a dynamic and reversible channel complex between the
plasma membrane and the endoplasmic reticulum. In neurons of the cerebellum, hippocam-
pus, and suprachiasmatic nucleus, the Ca?* influx mediated by Cay channels activates
the ryanodine receptors (RyR) present on a nanodomain of the endoplasmic reticulum.
RyR release sparks caused by Ca?* immediately below the plasmatic membrane, result in
generating rapid activation of the BK channels, forming a complex commonly named a
Cay—RyR-BK triad [113-115]. This triad allows control over action potential firing patterns
on a millisecond time scale [113,114]. Moreover, interaction of BK channels with transient
receptor potential vanilloid receptor 1 (TRPV1) channels has also been demonstrated in
rat dorsal root ganglion neurons and in heterologous systems where both channels were
co-expressed. Using electrophysiological recordings and co-immunoprecipitation assays
showed that BK channels are activated by Ca®* influx through TRPV1 channels, with which
they associate in complexes in a largely EGTA-insensitive manner [116].

5. BK Post-Translational Modifications

In addition to the diversity of subunits controlling BK function, extensive post-
translational modifications significantly modify channel function [117-120]. These post-
translational modifications impact the contribution of BK channels to the control of neuronal
function. One of the most studied modifications is the addition of phosphate groups to
functionally essential residues (Ser/Thr/Tyr) present within the BK « subunit [9], where at
least 30 Ser / Thr phosphorylation sites have been identified. Changes in phosphorylation
status differentially modulate the voltage and Ca”*-dependent activation [118]. This effect
seems to be developmentally regulated [121] as phosphorylation by protein kinase A (PKA)
and protein kinase C (PKC) are inversely predominant during fetal and adult stages [117].
While phosphorylation can suppress BK currents induced by an action potential [122],
inhibition of phosphatases or mutation in Ser/Thr phosphorylation sites hinders the slow-
down of the BK gating kinetics induced by the 34 subunit [123]. These post-translational
modifications of BK channels imply that different functions might arise depending on their
phosphorylation status. For instance, in medial vestibular nucleus neurons, BK channels
contribute to afterhyperpolarization in a CaMKII-dependent manner [124]. In contrast, PKC
decreases BK channel activity [125]. In cerebellar Purkinje neurons, PKA can activate non-
inactivating BK channels with low activity but inhibits channels with higher activity [126].
PKCy on the other hand, negatively modulates BK currents resulting in attenuation of
the electrical signal and significant alterations of the complex spike waveform [127]. In
presynaptic terminals, activation of BK channels and their subsequent phosphorylation
by CaMKII modulates neurotransmitter release [119,128], synaptic depression underly-
ing habituation [129], and input-specific spike-timing-dependent long-term depression at
thalamostriatal, but not at corticostriatal synapses [28]. Similar to kinases, phosphatases
can also regulate the function of BK channels mainly through an inhibitory control of the
channel [106,130-132]. Accordingly, type I BK channels lacking 34 can increase neuronal
excitability in dentate granule cells in response to reduced phosphatase activity [133].

6. BK Channels Differentially Contribute to Control of Brain Function

The BK « subunit is highly expressed during late embryonic and early postnatal devel-
opment [14]. As development progresses, BK currents undergo an abrupt increase during
the first weeks after birth in neocortical pyramidal neurons, substantia nigra dopamine
neurons, and cochlear inner hair cells [134-136]. Similarly, BK channel expression in hip-
pocampal neurons is likely to be developmentally regulated, differentially contributing to
the repolarization of single action potentials during the first postnatal week [137], suggest-
ing that BK channels contribute to shaping the properties of mature neuronal firing. One of
the clearest roles of BK channels in regulating neural activity comes from electrophysio-
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logical studies of neuronal firing. Several reports showed that BK channels control action
potential shape by contributing to repolarization and fast afterhyperpolarization (FAHP)
currents in multiple neuronal types. These include cerebellar Purkinje cells [102,138-140],
hippocampal pyramidal cells [141-143], cortical pyramidal neurons [144,145], and striatal
medium spiny neurons [146,147] (Table 1). As discussed above, the strategic co-localization
of BK with Cav channels allows BK channels to control Ca?* influx during action potential
repolarization and fAHP, even in spontaneously firing neurons [34], suggesting that BK
channels act as a feedback regulator to control neuronal excitability. While the BK—Cav
channel coupling indicates that BK channels participate during the repolarization phase of
the action potential, their coupling with the RyR contributes to the free Ca®" necessary for
BK channel activation during the fAHP [148]. However, recent evidence in CA1 pyramidal
neurons indicates that the BK channel-Cav2.3 complex regulates somatic excitability by
controlling fAHP rather than repolarization. Cav2.3 KO mice showed increased excitabil-
ity with a decreased fAHP [103]. Such differences may arise from the non-homogenous
distribution of BK channels in clustered or scattered pools. While clustered pools may be
involved in slower events triggered by Ca?* released by intracellular domains, scattered
pools could be involved in transient events such as spike repolarization [139]. Adding
to the complexity of BK channel function regulating neuronal firing, evidence indicates
that BK channels could also increase neuronal firing [142]. By accelerating membrane
repolarization and limiting sodium channel inactivation, BK channels can promote repet-
itive spiking [149]. An enhanced fAHP can also increase neuronal firing by promoting
sodium-channel recovery from inactivation [150].

Table 1. Functional expression of BK channels in the central nervous system.

CNS Area and Neuronal Site of Neuronal : Subunit and/or
Type Expression Function Pharmacology References
Prefrontal cortex Pre- (AIS and axon) and Limit AP broadening and allow IBTX-sensitive [151,152]

pyramidal neurons postsynaptic (soma) high-frequency firing. Pax-sensitive [153]

Visual cortex pyramidal Postsynaptic (basal . - « subunit,
neurons dendrites) Reduce EPSPs in small-headed spines. Chix-sensitive [25]

. . IBTX and
Somatosensorial layer 5 Postsynaptic (soma and Reduce influx of ions through NMDAR Pax-sensitive [154]

ramidal neurons dendrites) and increase threshold for plasticity. —
Py Modulate dendritic Na* and Ca?* spikes. Pax-sensitive [112,155,156]
o subunit [141,157]
) Pre- (axon) and o . o o ) Chtx-sensitive [158,159]
Hlppoc.zn}pal CA1l Postsyna(ptic (s)oma and lelt{(epe’aAtijve ﬁrllng.of Sendrlgcfzz}l[cll)um —
pyramidal neuron apical dendrites) spikes. repolarization an . IBTX sonsitive [160]
IBTX-sensitive [137,142]
o subunit [161]
34 subunit [15,162]
Hippoc.ampal CA3 Pre- (Axonal terminals) Decrease glutamate rleea'sg. Regulate Chtx-sensitive [163]
pyramidal neuron and postsynaptic (soma) neuronal excitability. —
IBTX-sensitive [23]
IBTX and /
Pax-sensitive (24]
o subunit [161]
Pre- (I(l:’llOSS}; fiber bou}:ons Control I};erf(irant pa.th ]iarlllgluce EPSP. B2 and P4 subunits [164]
Hi 1 dentat and perforant pat egulate excitability. -
'ppocampa 1 enlla ¢ terminals) and At mossy fiber boutons contribute to AP P4 subunit [72]
gyrus granule cells p o
postsynaptic (soma and repolarization when Kv channels are Pax-, Chtx- and [99]
dendrites) blocked. IBTX-sensitive
Pax-sensitive [27]
Piriform cortex pyramidal . Reduce excitability modulating odor as
heur orFl)y Postsynaptic (soma) perce}lg tion. & Pax-sensitive [165]
Anterior cingulate cortex Pre- (axonal terminals) Reduce hyperexcitability induced by .
; . . . B4 subunit. [73]
pyramidal neurons and postsynaptic (soma) neuropathic pain state.
Somai;otse?rlf’e?frigigOMﬁ' Pre- (axon) and Contribute to AP repolarization. IBTX-sensitive [166]

postsynaptic (soma)
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Table 1. Cont.
CNS Area and Neuronal Site of Neuronal . Subunit and/or
Type Expression Function Pharmacology References
Am}éig:ggiecn;gﬂrgizleus Presynaptic Limit GABA release. 2 and 34 subunits [12]
Substantia nigra pars
reticulata gabaergic Postsynaptic (soma) Contribute to hyperpolarization. Chtx- and Pax-sensitive [167]
neurons
dops;ﬁigaerrlgii rr?egéjons Postsynaptic (soma) Not tested. IBTX-senstive [134]
Infragraﬁlé}liggzr amidal Poszgggfélsrfziﬁz)and Not tested. Chtx-sensitive [135]
Lateral habenula nucleus P . . FAHP .mcrease.d by IBTX .\ 168
neurons ostsynaptic (soma) cortlcotroplr}-rel.easmg factor -sensitive [168]
activation.
Medial hﬁfﬁ?ﬁg nucleus Not described Not tested. LRRC55 y subunit [169]
o subunit [161]
4 subunit [170]
Presynaptic (paranodal Decrease dendritic Ca* spikes Penitrem A sensitive. [171]
. . . avoiding DSE propagation. IBTX-sensitive 172
Cereberlgillﬁ)g:rkm]e Polslg}f:;}?tsico(fsiﬁgz)n d Regulate afterdepolarization. : .lV L1721
dendri In myelinated axons allow high-fidelity IBTX-sensitive +
endrites) firing of AP IBTX-insensitive [138]
' component
IBTX and Pax-sensitive. [102]
Pax-sensitive [173]
Cerebellar basket cells Pres};gjﬁﬁfaﬁ;(onal Not tested. o subunit [161]
Cerebellar granule cells Postsynaptic (soma) Contribute to hyAprelli)polarization and IBTX-sensitive [170]
Suprachiasmatic nucleus Postsynaptic (soma) Increase neuronal firing at night but {34 subunit [174]
neurons decrease firing during day. B2 subunit [86]
. Pre- and postsynaptic - 1 subunit in soma and
Sup raggﬁgg:cleus (dendrites, soma and B4 but not 1 ailﬁ)ws lp otentiation by dendrites; 4 in nerve [79]
nerve terminals) ethanol. terminals
. . . Contribute to excitability. Can be
Medial vestibular nucleus Pos(tssoy;:f tic activated by CaMKII and inhibited by Not tested [125]
PKC.
Dorsal cochlear nucleus (SomPa O;Sgrc‘laeﬁg‘;ites) Control EPSP. IBTX-sensitive [113,175]
Retinal ganglion cells Pos(tssoy;g)tlc Regulate cell excitability. IBTX-sensitive [176]
A17 amacrine cells Postsynaptic (varicosities) Limit Cavcckgrgnilz;;igation and B2 subunit, IBTX-sensitive [22]

Abbreviations: AIS: axonal initial segment; IBTX: iberiotoxin; Pax: paxilline; Chtx: charybdotoxin; EPSP: exci-
tatory postsynaptic potential; AP: action potential; AHP: afterhyperpolarization; DSE: depolarization-induced
suppression of excitation.

In some neurons, such as Purkinje [177] and vestibular neurons [178], inhibiting BK
channels speeds up action potential firing accompanied by a reduction in afterhyperpolar-
ization. Paradoxically, in substantia nigra dopaminergic neurons, inhibiting BK channels
increased spike width. This effect was accompanied by an increase in afterhyperpolariza-
tion current, likely involving an enhancement of the slowly deactivating Ky, current [179].
Similarly, in vestibular nucleus neurons, the fastest firing neurons express Kv3 channels,
predominantly to repolarize the neuronal membrane during an AP train. However, in
slower-firing neurons, BK channels are responsible for repolarization [180]. This evidence
supports the idea that the functional role of BK channels cannot be defined in isolation
but critically depends on the context of the other conductances in the cell, as well as their
precise localization and composition.
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As for principal cells, BK channels also have been reported to control excitability
of GABAergic interneurons, but in a lesser extension. For example, in the cortex, action
potential repolarization is governed by BK channels in somatostatin (SST)- but not Parval-
bumin (PV)-positive interneurons [166]. Interestingly, in the striatum, SST enhances BK
currents [146]. If SST released from SST-positive interneurons could act in an autocrine
manner to regulate BK channels and control their excitability remains unknown. It is
noteworthy, however, that in isolated retinal bipolar cells, SST inhibits BK channels [181].
BK channels also regulate action potential repolarization in striatal cholinergic interneu-
rons [21], regulate firing properties of GABAergic vestibular nucleus neurons [182], and
contribute to fAHP in cholinergic neurons of the pontine laterodorsal tegmentum [183].
In the retina, BK channels suppress activation of Ca?* channels to regulate GABAergic
A17 amacrine cell signaling [22]. On the other hand, in fast-spiking stellate cerebellar
interneurons, blocking BK channels increases action potential width and Ca?* influx [184],
further supporting a role for BK in regulating GABAergic interneurons function.

BK channels regulate dendritic excitability: In addition to controlling somatic ex-
citability, increasing evidence indicates that BK channels are also present in dendritic
compartments [5], where they exert an additional level of control by modulating dendritic
excitability. For example, in the somatosensory cortex, BK channels are present in apical
dendrites [154], exerting a suppressive effect on the Ca?* channel to regulate Ca®* spikes
and dendritic excitability [18,144,185]. This control is activity-dependent, as a single action
potential or a train of low-frequency action potentials could not activate BK channels [156].
In contrast, a high-frequency train of action potentials can activate BK channels [185]. BK
channels also restrict dendritic Ca?* spikes in CA1 pyramidal cells, thereby generating an
inhibitory effect over synaptic potentiation [186] although dendritic BK channels are not
activated by backpropagating action potentials [158,187]. Inhibition of BK channels was
also shown to improve dendritic Ca?* spikes in cerebellar Purkinje neurons, thereby facili-
tating short-term synaptic plasticity mediated by endocannabinoids at distal spines [171]
or signal propagation from dendrites to the soma [127]. BK channels also control the
magnitude of excitatory potentials in cerebellar Purkinje dendrites [172]. BK-mediated
effects for dendritic spike generation could depend on the spine size where they are ex-
pressed. For example, in basal dendrites of pyramidal neurons of layer V in the visual
cortex, BK channels are activated only in small-head spines, where they suppress excitatory
postsynaptic potentials [25]. This effect requires a BK-NMDA receptor complex rather
than coupled BK-Cav channels, as Ca?* influx through NMDAR is required to activate BK
channels [25]. A similar coupling between NMDAR and BK channels was also observed in
basal dendrites of layer V pyramidal neurons in the barrel cortex, where they avoid the
induction of spike-timing-dependent plasticity [188]. However, the BK-NMDAR complex
is not observed in all basal dendrites from cortical neurons, where coupling between SK
channels and NMDARs to regulate dendritic excitability has also been described [185].
Interestingly, BK-mediated regulation of dendritic excitability in layer 5 neocortical neurons
is impaired in mice lacking FMRP [151], thereby suggesting that BK channels might play a
role in the pathophysiology of mental deficiency.

BK channels regulate synaptic transmission: BK channels also appear to be essen-
tial regulators of neurotransmitter release when expressed at synaptic terminals within
different brain circuits [14,16]. Their localization in the active zone appears to be regu-
lated by different synaptic proteins, including RIM-binding proteins [189], synapsin [190],
a-catulin [191], and dystrobrevin [191,192]. In the brain, the function of presynaptic BK
channels in regulating neurotransmitter release may vary from synapse to synapse [23,24].
For example, BK channels regulate excitatory glutamate-release probability, an effect as-
sociated with broadening a presynaptic action potential at CA3-CA3 connections [24]. In
contrast, at Schaffer collaterals to CA1 synapses, BK channels contribute to transmitter
release only after action potential broadening with 4-aminopyridine, and thus, it has been
suggested that BK channels act as ‘emergency brakes’ to exert a protective effect against
synaptic hyperactivity [23]. A similar effect was observed at glutamatergic mossy fiber
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boutons in rat hippocampal slices, where the contribution of BK channels to presynap-
tic action potential repolarization was not observed under basal conditions due to the
presence of a subtype of fast-activating Kv3 channels [164]. Moreover, evidence suggests
that postsynaptic BK channels in mature dentate granule cells [27] and thalamocortical
circuits [112], could also regulate synaptic transmission via NMDAR-mediated channel
activation. Interestingly, NMDARs could be localized at some presynaptic terminals, where
their activation regulates transmitter release and plasticity [193-195]. Whether a similar
BK-NMDA complex is present at presynaptic terminals, thereby regulating transmitter
release, remains unknown.

BK-mediated control of synaptic transmission also has been described in rod photore-
ceptors in the salamander retina [29], and in the brainstem, where they regulate paired-pulse
ratio and depression induced by trains of high-frequency stimulation [129]. Although a
preferential control exerted by BK channels on excitatory versus inhibitory synapses has
been suggested [196,197], it has become clear that BK channels could also control GABA
release in different neuronal circuits. For example, in the retina [22] BK channels con-
tribute to GABA release from A17 amacrine cells. In the cortex BK control GABA release
from fast-spiking interneurons to II/1II layer pyramidal neurons [21] and at GABAergic
synapses in the central amygdala [12]. Likewise, BK channels regulate inhibitory glycine
release in the spinal cord [198] and acetylcholine release from efferent terminals from
the medial olivocochlear system to inner hair cells [199]. These results suggest that by
regulating excitatory and inhibitory transmitter release, BK channels might contribute to
the excitatory—inhibitory balance necessary for normal brain function. Consistent with
this idea, it has been observed that cereblon, a protein related to intellectual disability,
downregulates BK channel activity at hippocampal CA3 terminals affecting paired-pulse
ratio and short-term plasticity, but not long-term plasticity [200].

Glial BK channels: In addition to being present in neurons, BK channels are also
localized in astrocytes [201], where their activation reportedly modulates blood pres-
sure [202,203] and generates vasodilation [204]. Interestingly, astrocytic BK channels mainly
express the 34 subunit during neonatal development [12,205], thereby regulating voltage
gradients and K* homeostasis [12], but their contribution to regulating synaptic function
remains unclear. In glioblastoma, the most invasive and aggressive primary brain tumor,
astrocytic BK channels are likely upregulated to induce water loss and reduce cellular
volume [206]. More recently, an interaction between BK channels and the GABA trans-
porter type 3 (GAT3) has also been reported, suggesting that BK channels could regulate
GABA homeostasis and signaling by regulating astrocyte function [207]. However, the role
of astrocyte BK channels in regulating glutamatergic and GABAergic synaptic function
remains unknown.

BK channels are also localized in the spinal cord [208] and cortical microglia [209]. In
the spinal cord, BK can induce microglial hyperactivity related to neuropathic pain [210]
and potentiate spinal synapses in lamina I spinal neurons [8]. In the brain, evidence
suggests that microglial BK channels might participate in BDNF release and induce mi-
croglial phagocytosis [209]. BK channels have also been identified in microglial cells of
the hippocampus [211,212], which, unlike neuronal BK, might not be developmentally
regulated [213]. Whether microglial BK channels may contribute to regulate neuronal
excitability and synaptic transmission within selective brain circuits remains unknown.

Lastly, BK channels also seem to be present in oligodendrocyte precursors [214,215]
and to a lesser extent in mature oligodendrocytes [214]. In multiple sclerosis lesions, the
[34-subunit coding gene KCNMB4, is upregulated in oligodendrocytes [216], but its role is
largely unknown.

Could BK channels be activated by endogenous ligands to regulate neuronal func-
tion? In addition to being activated by voltage and Ca2*, increasing evidence suggests
that different molecules can directly bind to BK channels to regulate their function. For
instance, 173-estradiol activates BK channels via a process that requires the presence of
the $1 subunit [217]. Moreover, 34 confers BK channel sensitivity to corticosterone [218].
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While evidence suggests that estradiol could regulate hippocampal excitability [219] and
regulate glutamatergic synaptic transmission and plasticity in the hippocampus [220] and
primary auditory cortex [221], whether these effects are directly mediated by targeting BK
channels remains unclear.

Different lipid ligands interact directly with BK channels. For example, the omega-3
fatty acid DHA activates 31 and 4, with minimal effect on 32-containing BK channels [222].
Similarly, arachidonic acid (AA) increases BK channel currents in the presence of 32 sub-
units [223] and AA metabolites produced by a COX-mediated pathway are responsible for
BK channel activation in microglia [8]. In vascular tissues, lipoxygenase (LOX)-metabolites
have also been shown to activate BK [224]. In particular, BK channels from coronary artery
smooth muscle, which contains 31 and (34 subunits, are activated by AA-lipoxygenase
metabolites [225].

The endocannabinoid anandamide and its stable analog, methanandamide, also acti-
vate BK currents [226,227]. Moreover, a direct interaction between cannabinoid signaling
and the BK channel appears to be involved in the effect of cannabinoids suppressing pe-
ripherical firing in injured fibers [228]. However, it is unknown whether endocannabinoids
can regulate brain function by targeting BK channels.

7. BK Channel Dysfunction in Neurological Disorders

Given the critical role of BK channels in regulating neuronal excitability and synaptic
function, it is not surprising that dysfunction of BK channels has been implicated in several
neurological disorders. These include epilepsy, fragile X syndrome, mental retardation,
autism, movement disorders, and chronic pain [229]. The use of BK channels in animal
models of BK loss-of-function (LOF) and gain-of-function (GOF) mutants has increased
our current understanding of the role of BK channels in the etiology of these disturbances.
For example, GOF mutations are more common than LOF alleles for patients with parox-
ysmal non-kinesigenic dyskinesia (PNKD), while non-PKND movement disorders were
observed in LOF mutations [230]. In a GOF knock-in murine model carrying a human
BK-D434G mutation, mice showed increased susceptibility to generalized seizures and
motor deficits related to hyperexcitability in cortical pyramidal and cerebellar Purkinje
neurons. Importantly, blocking BK channels with paxilline suppressed seizures, motor dis-
turbances, and neuronal hyperexcitability [155]. Similarly, a D434G mutation that produces
an increase in Ca* sensitivity that potentiates BK channel activity [231] was described in
individuals affected by epileptic seizures and/or PNKD [232]. Moreover, a rare disease
called KCNMA1-linked channelopathy;, is also characterized by seizures and abnormal
movements associated with the clinical detection of a KCNMAT1 variant [232]. Another
mutation, the N995S variant, is present in individuals with epilepsy but not PNKD. Such a
mutation in the RCK2 domain increases BK channel currents by increasing voltage sensi-
tivity but does not affect Ca?*-dependent activation. In BK-N995S/ 34 channels, the effect
of the mutation is slightly more pronounced [233]. However, in a mouse model with the
N995S mutation, PNKD-like symptoms could appear after stress exposure [232].

We recall here that targeted deletion of the KCNMB4 gene coding for 34 subunits
narrows action potentials and increases firing in dentate granule cells of the hippocampus,
possibly leading to an enhancement of transmitter release and temporal lobe seizures [72].
Consistent with the involvement of the 34 subunit in epilepsy, pilocarpine-induced seizures
generated a decrease in 34 subunits in dentate gyrus granular cells and a reduction in
type Il BK channels [234]. While 34 subunits seem to play an important role in epilepsy, a
mutation in the gene encoding the accessory 33 subunits (KCNMB3b {33b-truncation) have
also been frequently observed in patients affected by idiopathic generalized epilepsy [235].

Functional alterations of BK channel expression are also linked to neuropathic pain.
A downregulation of BK channels in dorsal root ganglions and the spinal dorsal horn
is accompanied by neuropathic pain [236-238]. Nerve injury promotes an increase in
N-type Ca?* channels in the spinal dorsal horn mediated by an upregulation of Cav25
subunits, increasing pain signaling. Expressing the BK channel N-terminus, a domain
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that binds the Cav2$ subunit, promotes a reduction in the expression of N-type Ca?*
channels and analgesia [239]. Additionally, the pharmacological blockade of spinal BK
channels with iberiotoxin produces mechanical hyperalgesia. In contrast, activation of
the BK channel reduces tactile allodynia and mechanical and thermal hyperalgesia, in
nerve-ligated rats [236]. Similarly, decreasing spinal 33 subunit expression reportedly
attenuated neuropathic pain produced by nerve injury in mice [240], further supporting a
role for BK channels in regulating pain.

BK channels are also involved in motor and cognitive diseases. For instance, in
homozygous mice lacking o subunits, muscular tremors, muscular weakness, and gait
disturbances have been reported. However, in an open field test, these animal models
showed normal distance for locomotor behavior. In addition, these mice also display
deficits in learning, with a delay in acquiring a new task but not in memory once the
task was learned [241]. Similarly, a mutation (BKG354S) in the « subunit has recently
been reported in a child with congenital and progressive cerebellar ataxia with cognitive
impairment. This mutation dramatically reduced single-channel conductance and ion
selectivity and reduced neurite outgrowth, cell viability, and mitochondrial content [242].

Besides humans, GOF mutations are also present in Drosophila. There, the SLO E366G
mutation (equivalent to the human mutation D434G) generates motor disturbances in
both larvae and adult stages [243]. In C.elegans, deleting the Shank gene Shn-1, a synaptic
scaffolding protein related to autism, produces a decrease in BK channel currents and
clustering at muscles and neurons [244]. Interestingly, BK channels may play a role in the
physiopathology of fragile X syndrome [245] as accessory 34 subunits interact with FMRP
proteins, whose loss causes the fragile X syndrome, characterized by intellectual disabilities
associated with language deficits, hyperactivity, autistic behavior, and seizures. In the
absence of 34 subunits, FMRP decrease channel activation and deactivation rates, but in
the presence of 34, FMRP increase channel opening [81]. BK channel agonists have a major
impact on rescuing social and cognitive impairments [246]. However, the diversity of BK
channel expression within different neuronal populations and brain circuits and the poor
selectivity of drugs, suggest that one should take the use of these compounds in clinical
practice with caution.

A role for BK channels in modulating learning and memory processes also has been
suggested [160,247-249]. For example, if a methyl-donor-rich diet is supplied to mice
before mating, the offspring show disturbances in hippocampus-related memory tasks and
long-term potentiation of synaptic transmission related to decreased (32 subunit expression
in the hippocampus [250]. Additionally, anxiety and cognitive disturbances induced by
thalidomide were correlated to increased BK channel activity. These alterations can be
rescued by the BK channel blocker paxilline [251]. Similarly, BK channel currents are
reduced in pyramidal neurons of the anterior cingulate cortex in a mechanical allodynia
model generating anxiety behaviors in mice. Upregulated expression of 34 subunits in
presynaptic and postsynaptic domains and increased neuronal excitability and presynaptic
neurotransmitter release accompanied this phenomenon. BK channel activation with
NS1619 reversed anxiety-like behaviors and the mechanical pain threshold [73]. Last but
not least, a genome-wide association study reported that a single-nucleotide polymorphism
(SNP) in the gene encoding o subunits (KCNMA1, rs16934131) was associated with late-
onset Alzheimer’s disease (AD) risk in humans [252].

On the other hand, an SNP in the gene encoding 32 (KCNMB2, rs9637454) was strongly
associated with hippocampal sclerosis, a comorbid neuropathological feature of AD [253].
While the functional consequence of these point mutations is unknown, rodent AD models
have shed some light on how BK channels may contribute to AD pathogenesis. For example,
in TgCRNDS mice; a mouse model for AD which overexpresses the amyloid precursor
protein due to containing a double human amyloid precursor protein mutation; a decreased
basal transmission associated with a reduced decay of afferent volleys has been reported.
This difference was recovered when blockers for BK channels were present [254]. Moreover,
intracellular injection of amyloid-{31-42 (A31-42) peptides into neocortical pyramidal cells
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suppresses BK channel activity, which broadens evoked AP spike width and indirectly
enhances Ca®* influx [255]. Similarly, Ab42 oligomers, stimulate spontaneous transient Ca®*
release from RyRs. RyRs activate presynaptic BK channels and reduce AMPA-mediated
neurotransmission in hippocampal neurons [256]. Conversely, in the triple transgenic AD
mouse model 3xTg, increased basal transmission and pyramidal excitability and decreased
synaptic plasticity at the hippocampal CA1 area were related to a hypofunction of BK
channels. 3xTg also displayed poor performance in non-spatial and spatial memory tasks,
a dysfunction that was improved when a BK channel activator was delivered through
ventricular injection [257]. While this evidence suggests a potential role of BK channels
in the pathophysiology of AD, a direct link between AB42 oligomers and BK channel
activation at the early stages of AD remains to be identified.

8. Conclusions and Future Directions

Increasing evidence indicates that, in addition to its well-known role in regulating
neuronal excitability, BK channels also regulate dendritic excitability and synaptic trans-
mission in different brain circuits. Their presynaptic and postsynaptic expression within
a specific synapse suggests they are also well positioned to regulate synaptic function of
excitatory and inhibitory neurons. This effect may vary from synapse to synapse (i.e., either
increase or decrease) and might also regulate synaptic plasticity. While indirect evidence
suggests that BK channels can regulate long-term potentiation and depression, whether BK
channels play a pivotal role in the induction or expression of a different form of synaptic
plasticity needs further investigation. Similarly, their expression in glial cells has yet to
be entirely understood. For instance, the role of BK channels regulating gliotransmission,
thereby modulating synaptic brain function, remains largely unexplored. Future work will
expand our understanding of the role of glial BK channels, particularly their contribution to
regulating GABA homeostasis and signaling, as they have been reported to directly interact
with the GABA transporter in astrocytes [207]. Notably, lipid molecules, including AA
derivates and endocannabinoids, are known to stimulate BK channels in heterologous and
peripheral systems. However, whether these lipids regulate brain function and behavior
in a BK-dependent manner remains unknown. Given the ubiquitous expression of BK
channels throughout the brain, it is not surprising that they have been implicated in several
neurological disorders, such as epilepsy, mental retardation, autism, AD, anxiety, move-
ment disorders, and chronic pain [229]. Using LOF or GOF animal models has increased
our current understanding of the role of BK channels in the etiology of these disturbances.
However, further work is required for better development of novel therapeutic strategies
and interventions that may ameliorate these devastating disorders.
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BK channels can control neuronal function, but their functional relevance in
activity-dependent changes of synaptic function remains elusive. Here, we report that
repetitive low-frequency stimulation activates BK channels through 12(S)HPETE,
an arachidonic acid metabolite, produced downstream of postsynaptic metabotropic
glutamate receptors (mGluRs) to trigger long-term depression (LTD) at CA3-CAl
synapses in hippocampal slices from P7-P10 mice. Activation of BK channels is
subunit specific, as paxilline but not iberiotoxin blocked mGluR-LTD. Also, 12(S)
HPETE does not change the electrophysiological properties of the BK channel when
the BKa subunit is expressed alone but increases the channel open probability when
the BKa is coexpressed with the f4-subunit. Our findings reveal an interaction
between 12(S)HPETE and BK channels to regulate synaptic strength at central
synapses and increase our understanding of the mechanisms underlying mGluR-LTD
in the neonatal hippocampus that likely contribute to circuit maturation necessary
for learning.

retrograde signaling | synaptic plasticity | BK channels | hippocampus

Activity-dependent long-term depression (LTD) of excitatory synaptic strength contributes
to circuit remodeling and memory formation. Although with varying mechanisms depend-
ing upon brain region and developmental progress, a common cellular mechanism for
LTD is the reliance on postsynaptic activation of group I metabotropic glutamate receptors
(mGluRs) to induce either pre- or postsynaptic forms of mGluR-LTD (1). In the hip-
pocampus, neonatal LTD is known to require mGluRs to subsequently generate a
lipid-derived metabolite from arachidonic acid, known as 12(S)HPETE. Once produced,
12(S)HPETE travels retrogradely to the CA3 axon terminal to suppress glutamate release
onto CAl pyramidal neurons in a long-term manner (2—4). However, the precise down-
stream targets of 12(S)HPETE at presynaptic sites involved in this form of mGluR-LTD
remain elusive.

Lipid derivates, including the lipoxygenase-derived 12(S)HPETE, represent one of the
primary activating ligands of TRP channels (5, 6). For instance, 12(S)HPETE-dependent
LTD in the mature hippocampus has been reported at glutamatergic synapses onto CA1l
inhibitory interneurons. This form of plasticity involves the activation of the presynaptic
transient potential vanilloid 1 receptor (TRPV1) (7). Whether TRPV1 channels are also
a key player in neonatal mGluR-LTD at CA3-CA1 excitatory synapses remains unknown.
Apart from their action on TRP receptors, lipid derivates are also known to modulate
synaptic efficacy by directly acting on voltage-gated ion channels (8), including calcium
(9) and potassium channels (10, 11). Interestingly, the large-conductance, calcium- and
voltage-activated potassium channels (BK), known to regulate neuronal excitability and
synaptic function throughout the brain (12, 13), are reportedly regulated by different
lipoxygenase-derived metabolites (14, 15). Moreover, evidence indicates that BK channels
are expressed at presynaptic terminals of CA3 neurons in the mature hippocampus (16—
19), opening the possibility that BK channels are involved in mGluR-LTD. However,
whether presynaptic BK channels contribute to neonatal activity-dependent mGluR-LTD
remains unknown.

Here, using electrophysiological recordings in acute hippocampal slices from P7-P10
mice, we evaluate the role of TRPV1 and BK channels as potential downstream effectors
of 12(S)HPETE signaling in mediating neonatal mGluR-LTD. We find that activation
of presumably presynaptic BK, but not TRPV1, channels by 12(S)HPETE is required for
the induction of mGluR-LTD at immature CA3—CA1 synapses. The contribution of BK
channels is subunit specific, involving BK containing 4 but not 2 subunit. These results
identify a mechanistically necessary step for the induction of mGluR-LTD during postnatal
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Significance

Calcium- and voltage-activated
potassium channels (BK) are well
known to regulate neuronal
excitability and synaptic function
throughout the brain. However,
the contribution of BK channels
to activity-dependent changes of
synaptic efficacy remains elusive.
Here, we report that an
arachidonic acid-derived
metabolite activates BK channels
to induce long-term depression
of glutamate release mediated by
metabotropic glutamate receptor
(mGIUR-LTD) in the neonatal
hippocampus. This modulation of
synaptic efficacy is subunit
specific, as BK channels
containing the g4 but not 2
subunit are required. These
results highlight the contribution
of BK channels in activity-
dependent regulation of synaptic
efficacy and identify a subunit-
dependent activation of BK
channels by lipid messengers to
regulate synaptic function in a
long-term manner in the
neonatal hippocampus.
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development that likely involves retrograde activation of BK chan-
nels at presynaptic terminals to impact synaptic function in a
long-term manner.

Results

12(S)HPETE Is a Key Player of Presynaptic mGIuR-LTD in the
Neonatal Hippocampus. To investigate the presynaptic mechanisms
involved in the induction of mGIluR-LTD, we recorded field
excitatory postsynaptic potentials (fEPSPs) and currents (EPSCs)
from CAl pyramidal neurons while stimulating CA3 Schaffer
collateral inputs in acute hippocampal slices of neonatal (postnatal
day P7-P10) mice (Materials and Methods). Consistent with
previous reports (2, 3, 20, 21), low-frequency stimulation (LFS,
5 Hz, 3 min) induced a robust LTD that required postsynaptic
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mGluRs as it was eliminated by the mGIuR5 antagonist MTEP
(10 pM, Fig. 1A4). Moreover, LES-induced LTD can also be
abolished by loading CA1 pyramidal neurons with GDPS, a broad-
spectrum G protein antagonist but was normally induced when
NMDA receptors were blocked with APV (SI Appendix, Fig. S1
A-C). LFS-induced LTD was also independent of GABAergic
transmission as it was normally induced in the presence (Fig. 1A4)
or absence of the GABA,, receptor antagonist picrotoxin (50 pM;
SI Appendix, Fig. S1B). Similarly, mGluR-LTD could be mimicked
by pharmacological activation of mGluRs with DHPG (50 pM,
10 min), an effect that was also eliminated in the continuous
presence of MTEP (Fig. 1B). Importantly, both electrical and
chemical forms of mGluR-LTD were accompanied by changes in
the paired-pulse ratio (PPR) and coefficient of variation (1/ CV%4
Fig. 1 A and B), consistent with a presynaptic origin. Moreover,
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Fig. 1. Arachidonic acid metabolite 12(S)HPETE is necessary to induce mGIuR-LTD in the young hippocampus. (A) Low-frequency stimulation (LFS, 5 Hz, 3 min)
induces a LTD of fEPSP (black circle) that was eliminated in the continuous presence of the mGIuR antagonist MTEP (10 pM; open circle). Top, Representative
traces of two consecutive fEPSP (100-ms interstimulus interval) before (black) and after (grey) LFS induction, and in the continuous presence of MTEP. Bottom,
summarized graphs. (B) Representative traces (Top) and time course (Bottom) showing that bath application of the mGIuR agonist DHPG (50 pM, 5 min) also
induces LTD of fEPSP, an effect that was eliminated in the continuous presence of MTEP. Note that LFS- and DHPG-induced mGIuR-LTD were accompanied by
changes in PPR and coefficient of variation (1/CV?, Right), suggesting a presynaptic mechanism involved. In the PPR and 1/CV? summarized plot, each open circle
represents a single slice. (C) Representative traces (Top) and time course (Bottom) showing that blocking 12-lypoxigenase, and the production of 12(S)HPETE
with two independent blockers (Baicalein and CDC), eliminates LFS-induced LTD. (D) Representative traces (Top) and time course (Bottom) showing that 12(S)
HPETE (100 nM), but not its metabolite 12-HETE (100 nM), reduced fEPSP at CA3-CA1 synapses, an effect that was accompanied by changes in PPR and 1/CV2,
(E) Representative traces (Top) and time course (Bottom) showing that LFS-induced mGIuR-LTD was unaffected by two different TRPV1 antagonists Capsazepine
(CPZ, 10 pM) and AMG 9810 (AMG, 10 pM). (F) Representative traces (Top) and time course (Bottom) showing that LFS-induced mGIuR-LTD is similar in wild-type
(TRPV1**) and TRPV1™" deficient mice. In all panels, data are presented as mean + SEM, and averaged sample traces taken at times indicated by numbers are
shown next to each summary plot. *P <0.05, **P <0.01, and the number of slices (s) and animals (a) are indicated in parenthesis.
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LFS- and DHPG-induced LTD occluded each other (S/ Appendix,
Fig. S1 D and E), indicating that mGluR activation by either
pharmacological means or synaptic activity suppresses glutamate
release in the young hippocampus through a common presynaptic
mechanism.

Previous evidence indicates that presynaptic mGluR-LTD
requires a postsynaptic signal pathway that involves the activation
of 12-lipoxygenase and the production of the lipid metabolite 12(S)
HPETE (2, 4, 22). Accordingly, two independent 12-lipoxygenase
inhibitors, baicalein (10 pM) and cinnamyl-3,4-dihydroxy-
a-cyanocinnamate (CDC; 10 pM), were able to eliminate both
LES- (Fig. 1C) and DHPG-induced mGIuR-LTD (87 Appendix,
Fig. S1F). Moreover, bath application of 12(S)HPETE (100 nM),
but not its metabolite 12-HETE (100 nM), was sufficient to reduce
fEPSPs in a long-lasting manner in the young hippocampus (Fig. 1D).
Consistent with a presynaptic mechanism, 12(S)HPETE-mediated
synaptic depression was accompanied by changes in PPR and 1/
CcV? (Fig. 1D) and occluded the induction of either LFS- or DHPG-
induced mGIluR-LTD (87 Appendix, Fig. S2 A and B). Moreover,
12(S)HPETE had no further effect on fEPSP amplitude if applied
after the induction of LFS-LTD (S7 Appendix, Fig. S2C). Altogether,
these results strongly support the idea that 12(S)HPETE is a key
player in the induction of presynaptic mGluR-L'TD in the neonatal
hippocampus (2).

mGIuR-LTD at CA3-CA1 Synapses Does Not Involve the Activation
of TRPV1 Channels. What is the potential target of 12(S)HPETE
at presynaptic terminals to induce mGluR-LTD? In the mature
hippocampus, at excitatory CA3 to interneuron synapses, mGluR-
LTD reportedly requires activation of presynaptic TRPV1
channels (7). However, LFS-induced mGIluR-LTD at immature
CA3 to CAl synapses was normally induced when TRPV1
channels were blocked with capsazepine (CPZ, 10 pM) or AMG
9810 (AMG:; 10 pM Fig. 1E) or in slices from TRPV1 deficient
mice (TRPV1™; Fig. 1F), further supporting that, unlike the
excitatory CA3 to interneuron synapse (7), TRPV1 channels
are not involved in presynaptic mGluR-LTD mediated by
12(S)HPETE at excitatory CA3-CALl synapses in the neonatal
hippocampus. Consistent with this idea, 12(S)HPETE markedly
reduced fEPSPs in the continuous presence of CPZ or AMG
(SI Appendix, Fig. S3A) or in hippocampal slices from TRPV1™"
mice (SI Appendix, Fig. S3B), strongly suggesting that TRPV1
channels are not required for 12(S)HPETE-mediated depression
in the young hippocampus. Accordingly, bath application of
capsaicin (1 pM), a TRPV1 agonist, had no significant effect on
basal synaptic transmission at CA3-CAl excitatory synapses
(81 Appendix, Fig. S3C), but depressed the CA3-interneuron
synapse in naive slices (S Appendix, Fig. S3C).

BK Channels Are Required for the Induction of mGIuR-LTD in
the Neonatal Hippocampus. Previous evidence suggests that BK
channels regulate synaptic transmission at CA3 axon terminals
(16, 18) and can be regulated by different lipoxygenase-derived
metabolites (14, 15), but whether they play a role in regulating
mGIuR-LTD remains unknown. To assess their involvement in
mGluR-LTD, we first applied BK channel antagonists before
delivering LES- or DHPG to induce mGluR-LTD. Blocking BK
channels with iberiotoxin (100 nM) had no effect on electrical
and chemical forms of mGluR-LTD (Fig. 2 4 and B). However,
bath application of the BK channel antagonist paxilline (1 or 10
pM) was able to abolish both forms of LTD (Fig. 2 A and B).
For completeness, we also performed experiments using apamin,
a blocker of the small-conductance voltage- and Ca**-sensitive
potassium (SK) channels known to regulate synaptic plasticity
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in the adult hippocampus (23). While apamin (300 nM) was
able to reduce medium afterhyperpolarization current (I, 5;yp) in
CA1 pyramidal neurons, it failed to block LES-induced mGluR-
LTD (8] Appendix, Fig. S4 A and B). Thus, our results suggest
that paxilline-sensitive BK channels are involved in mGluR-
LTD. Accordingly, paxilline but not iberiotoxin eliminated 12(S)
HPETE-induced depression of synaptic transmission (Fig. 2C).
Importantly, paxilline had no effect on basal synaptic transmission
(SI Appendix, Fig. S4C) or in synapses already expressing 12(S)
HPETE-mediated depression (S7 Appendix, Fig. S4D) and LFS-
induced LTD was normally expressed when paxilline was applied
immediately after tetanus (S Appendix, Fig. SAE), suggesting that
paxilline-sensitive BK channels are required for the induction, but
not maintenance of mGluR-LTD. Moreover, bath application of
the specific BK channel agonist NS11021 (3 pM) was sufficient to
reduce basal synaptic transmission at CA3-CAL1 synapses (Fig. 2D).
This effect was accompanied by changes in PPR and 1/CV* and
was eliminated in slices preincubated with paxilline but not with
iberiotoxin (Fig. 2D). Moreover, a short application of NS11021
(5 min) also induces a long-lasting and irreversible reduction of
fEPSP (SI Appendix, Fig. S4F). Consistent with the idea that
paxilline-sensitive BK channels are required for the induction,
but not maintenance of synaptic depression at CA3-CA1 synapses,
paxilline had no effect on synapses already expressing NS11021-
mediated depression (S Appendix, Fig. S4G). Moreover, in the
continuous presence of NS11021, LES and DHPG were not able
to further suppress fEPSPs (Fig. 2E). Importantly, NS11021-
mediated depression could not be induced at synapses already
expressing 12(S)HPETE-mediated depression (Fig. 2F). Inversely,
12(S)HPETE had no effect on synapses already expressing
NS11021-mediated depression (Fig. 2F). These two-way
occlusion experiments indicate that 12(S)HPETE- and NS11021-
mediated synaptic depression share a common mechanistic step
to induce mGluR-LTD. To explore this possibility, we delivered
a subthreshold induction protocol, which by itself did not have
persistent effects on fEPSPs (S7 Appendix, Fig. S5A) and did not
occlude further induction of LES-LTD (87 Appendix, Fig. S5B).
We tested whether such a protocol could be potentiated to trigger
LTD by slightly elevating BK channel activity with the use of brief
application of BK agonists 12(S)HPETE or NS11021, which does
not by itself produce lasting suppression. Under these recording
conditions, the subthreshold induction protocol triggered robust
LTD that was blocked by paxilline (87 Appendix, Fig. S5 Cand D).
Altogether, these results support the idea that paxilline-sensitive
BK channel activation is necessary to induce mGluR-LTD in the
young hippocampus.

The BK Channel Containing 34 but not the 32 Subunit Is Sensitive
to 12(S)HPETE. The differential effect between iberiotoxin and
paxilline on mGluR-LTD, and 12(S)HPETE- and NS11021-
mediated depression, suggests that BK channels containing 4
but not f2 subunits are required for this form of LTD. To further
investigate this possibility, we tested the effect of 12(S)HPETE
on human BK channels formed by the a, the a+ f2, and a+
B4 subunits expressed in Xenopus laevis oocytes. Notably, 12(S)
HPETE does not change the BK channel voltage dependence
when the BKa subunit is expressed alone (Fig. 34), but strongly
increases the channel open probability when the B4-subunit
was coexpressed with the o subunit (Fig. 3B). The addition of
12(S)HPETE intracellularly to a final concentration of 100
nM produces a 50 mV leftward shift of the normalized BKp4
channel open probability (I /1m0 -voltage curve (Fig. 3B). The
half voltages obtained from the I /T . Vs voltage curves were
plotted against 12(S)HPETE concentration, and the data were
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Fig. 2. Activation of BK channels containing the BKp4 subunit is involved in mGIuR-LTD. (A) Average traces (Top) and time course (Bottom) showing that LFS- and
(B) DHPG-induced mGIuR-LTD were unaffected by bath application of iberiotoxin (IBTx, 100 nM) but were eliminated in the continuous presence of Paxilline
(Pax, 10 or 1 uM). (C) Average traces (Top) and time course (Bottom) showing that bath application of the 12(S)HPETE (100 nM) depresses fEPSP in the continuous
presence of IBTx but had no effect in the presence of Pax. (D) Average traces (Top) and time course (Bottom) showing that bath application of NS11021 (3 pM),
a BK channel agonist, depresses fEPSP in the continuous presence of IBTx but had no effect in the presence of Pax. NS1121-mediated depression of fEPSP
was accompanied by changes in PPR and 1/CV, suggesting a presynaptic mechanism of action. (£) Average traces (Top) and time course (Bottom) showing that
preincubation with NS11021 (3 puM) is able to block LFS- and DHPG-induced mGIuR-LTD. (F) Average traces (Left) and time course (Right) showing that 12(S)HPETE-
induced suppression of fEPSP occluded the NS11021-mediated depression of fEPSP at CA3-CA1 synapses (Top), and inversely, NS11021-induced depression blocks
further effect of 12(S)HPETE (Bottom), suggesting a common mechanism of action. In all panels, data are presented as mean + SEM, and averaged sample traces
taken at times indicated by numbers are shown next to each summary plot, and the numbers of slices (s) and animals (a) are indicated in parentheses. *P <0.05

fitted using a Hill equation (see legend of Fig. 3C). The best fit
to the data was obtained with a dissociation constant of 0.98
nM and a Hill coefficient of 3 (Fig. 3C). Demonstrating that
the effect of 12(S)HPETE is subunit specific, this metabolite did
not modify the voltage dependence of @ + p2 channels (Fig. 3D).
Importantly, 12(S)HPETE-mediated effect in BKP4 channel
open probability is amphﬁed by internal Ca®" given that in the
presence of 3 uM internal Ca™, the probability of opening-voltage
curve shifted leftward by 77 mV twice the effect observed in the
absence of internal Ca”" (Fig. 3E). Moreover, cytoplasmic Ca™

does not affect the binding of 12(S)HPETE to the BK channel as
the equilibrium dissociation constant is close to 1 nM (Fig. 3F).
These results support the idea that BK channels formed by o and
4 subunits, but not f2-subunits, are necessary for the induction

https://doi.org/10.1073/pnas.2411506122

of 12(S)HPETE-mediated depression and mGIluR-LTD in the
young hippocampus and a tight binding accompanies this subunit

specificity.

Presynaptic BKP4 Channels Likely Regulate CA3-CA1 Synapses
and mGluR-LTD. Although BK channels are expressed in pre- and
postsynaptic compartments in the hippocampus (12, 16, 18, 19,
24, 25) and its inhibition with either paxilline and iberiotoxin can
regulate the excitability of CAl pyramldal neurons (8] Appendix,
Fig. S6), the changes in PPR and 1/ CV? that we observed after the
induction of 12(S)HPETE- and NS11021-mediated depression as
well as in mGluR-LTD (Figs. 1-3) suggest that presynaptic rather
than postsynaptic BK channels are necessary for the induction
of mGIuR-LTD. Consistent with this idea, BKp4 channel
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Fig. 3. BKchannels containing p4 but not 2 subunit are directly activated by 12(S)HPETE. (A) Normalized /,,;-V relationship (/,,;(V)) for BK @ channels before (white
diamonds) or after (black diamonds) the addition of 12(S)HPETE (100 nM) to the cytoplasmic side in 0 [Ca®'],. The /,,;(V) data (mean + SEM) were fitted using a
Boltzmann function (Materials and Methods). Fit parameters were V}, = 180 and 182 mV; z; = 1.02 and 0.98 before (n = 5) and after (n = 5) the addition of 12(S)
HPETE, respectively. (B) Normalized /,,;(V) (mean + SEM) for BK a + g, channels before (white hexagons) or after the addition of 12(S)HPETE at concentrations of
0.001 nM (black squares); 1 nM (black circles) or 100 nM (black triangles) to the internal side. Fit parameters were V;, = 233 mV and z; = 0.69, n = 7 (control); V,,
=217 mVand z; =0.78, n =4 (0.001 nM); V, =196 mV and z; = 0.81, n =4 (1 nM); and V}, = 183 mV and z; = 0.76, n = 5 (100 nM). (C) Average V,, values obtained
—Vmax ) x [HPETE]"
KN + [HPETEI
V,ax IS the half voltage in the absence of 12(S)HPETE, V, is the half voltage at the indicated 12(S)HPETE concentration, K the dissociation constant, and n the
Hill coefficient. 12(S)HPETE binding produces a leftward shift in V,, (AV,,) (n = 3 to 4). (D) Normalized /,,;-V (mean + SEM) for BK a + §,IR channels before (white
diamonds) or after (black diamonds) the addition of 100 nM 12(S)HPETE to the cytoplasmic side in 0 [Caz*]i. Fit parameters were V,, = 178 and 174 mV; z; = 0.99
and 0.90 before (n = 4) and after (n = 4) the addition of 12(S)HPETE, respectively. () Normalized /,,;(V) (mean + SEM) for BK « + p4 channels, in the presence of
3 uM of Ca*?, before (open circles) or after the addition of 12(S)HPETE at different concentrations. Data were fitted using a Boltzmann equation (Materials and
Methods). The parameters were before the addition of 12(S)HPETE: V,=46.86 + 1.12 mV, and z§ = 1.00 £ 0.04 e, (n = 3); 0.3 nM: V,,=33.34+ 1.31 mV,and z6 = 1.1
+0.06 e, (n=3); TnM:V=-233+1.25mV,and z6=1.36 £ 006 (n =3); 5nM: V,=-31.18 £ 1.99 mV, and z6 = 1.34 £ 0.12 (n = 3); 100 nM (n =4): V =-30.33 + 0.56
mV, and z8 = 1.77 £ 0.06 (n = 4). (F) Average V,, values obtained from the /,,;(V) curves plotted against 12(S)HPETE concentration (mean + SEM) in the presence of
3 uM of Ca*™ The V,. ~[12(S)HPETE] data were fitted to a Hill equation as described in Fig. 3C.

from the /,,;(V) curves plotted against 12(S)HPETE concentration (mean + SEM). Data were fitted using a Hill equation whereV}, =V, + Yo where
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activation by bath application of the agonist NS11021 or 12(S)
HPETE has no effect on CALl responses elicited by brief puffs
of glutamate (monitored at -60 mV), a manipulation known to
shortcut glutamate release (Fig. 44). Moreover, bath application
of the BK channel agonist NS11021 depressed isolated NMDA
receptor (NMDAR)-mediated EPSCs (Materials and Methods) to
an extent similar to that of AMPAR-mediated fEPSPs (Fig. 20),
consistent with a decrease in glutamate release (Fig. 4B).

PNAS 2025 Vol.122 No.2 2411506122

Additional observations further support a presynaptic localization
of BKP4 to regulate synaptic plasticity. First, when EPSCs and fast
afterhyperpolarization current (I yp) were recorded from the same
CAL1 pyramidal neuron, bath application of 12(S)HPETE induced
depression of EPSC but had no effect on postsynaptic Iypp
(Fig. 4C). Second, 12(S)HPETE-induced LTD was associated
with an increase in failure rate in minimal stimulation experiments
(Fig. 4D), an effect that was eliminated in the continuous presence
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Fig. 4. Activation of BKB4 is required for mGIUuR-LTD. (A) Average traces (Top) and time course (Bottom) showing that postsynaptic response to exogenous
glutamate puff application (1 mM, 25 ms) was unaffected by bath application of BK channels agonist 12(S)HPETE (100 nM) and NS11021 (3 uM). (B) Average
trace (Top) and time course (Bottom) showing that NS11021 induces a depression of isolated NMDAR-mediated currents in a similar way as to AMPAR-mediated
currents. (C) Average trace (Left) and summarized graph (Right) showing that 12(S)HPETE (100 nM) decrease presynaptic neurotransmission (EPSC; Top) without
affecting postsynaptic excitability (Iap; Bottom) recorded at the same time from neonatal CA1 pyramidal neuron. (D) Individual traces (Top) and summarized
graphs (Bottom) showing that 12(S)HPETE (100 nM) increased failure rate and decreased synaptic efficacy but had no effect on synaptic potency of minimal
stimulation experiments in the CA1 area of the hippocampus, supporting a presynaptic mechanism of action. (E) Individual traces (Top) and time course (Bottom)
showing that bath application of paxilline (10 pM) eliminated 12(S)HPETE-mediated increase in failure rate and decrease in synaptic efficacy, supporting that 12(S)
HPETE effect is mediated by presynaptic BKB4 channels. (F) Representative traces (Top) and time course (Bottom) showing that loading CA1 pyramidal neuron
with paxilline (Pax; 10 pM) was not able to block NS11021- and 12(S)HPETE-induced synaptic depression. (G) Representative traces (Top) and time course (Bottom)
showing that Pax in bath, but not intracellularly applied, is able to block LFS-induced LTD in the neonatal hippocampus. In all panels, data are presented as
mean + SEM, and averaged sample traces taken at times indicated by numbers are shown next to each summary plot and the numbers of cells (c) and animals
(a) are indicated in parentheses. ns, no significant; * P < 0.05, ** P < 0.01.

of paxilline (Fig. 4E). Third, loading CA1 pyramidal cells with neurons (26, 27) (SI Appendix, Fig. S6 A-C), does not affect
the BK channel blocker paxilline through the patch pipette, a  synaptic depression induced by either NS11021 or 12(S)HPETE
manipulation known to reduce the excitability of CAl pyramidal ~ (Fig. 4F and S/ Appendix, Fig. S6D). Additionally, bath-applied
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paxilline abolished LES-induced mGIluR-LTD, but intracellularly
loaded paxilline (Fig. 4G) or cesium to block BK channels failed
to prevent LTD (SI Appendix, Fig. SGE). Altogether, these results
strongly suggest that presynaptic rather than postsynaptic BK
channels are necessary for the induction of mGluR-LTD.

Discussion

Our findings reveal that BKB4 channels are a crucial substrate
involved in classical mGluR-LTD in the neonatal hippocampus and
identify a form of lipids-derived retrograde modulation of synaptic
function that involves an interaction between 12(S)HPETE and BK
channels at central synapses. Notably, this modulation of synaptic
strength mediated by BK channels is subunit specific as BKp4, but
not BKP2, is activated in an activity-dependent manner to depress
in a long-term manner CA3-CALl excitatory synaptic transmission
in the young hippocampus.

Multiple forms of retrograde signaling mediated by lipid mes-
sengers, including endocannabinoids and endovanilloids/eicosa-
noids, are known to modulate synaptic function and plasticity at
central synapses, mainly by activating CB1 and TRPV receptors,
respectively (28, 29). Now, we add to this repertoire that the lipox-
ygenase product from arachidonic acid, 12(S)HPETE, can directly
bind and activate presumably presynaptic BK channels containing
P4 subunit generating a long-lasting depression of transmitter
release at CA3-CALl excitatory synapses in the young hippocampus
(SI Appendix, Fig. S7). Thus, our data, together with those indi-
cating that retrograde regulation of potassium channels by arachi-
donic acid metabolites regulate synaptic plasticity at the CA3 area
of the hippocampus (11), support the idea that lipid-derived
metabolites and potassium channels interaction might play an
important role in the mechanisms underlying hippocampal syn-
aptic plasticity. An additional observation of our results is the
input-specific effect of the retrograde modulation mediated by
12(S)HPETE in the hippocampus. While at excitatory CA3 to
interneuron synapses, 12(S)HPETE acts through TRPV1 channels
to regulate synaptic plasticity (7), our results demonstrated that
at excitatory CA3-CALl synapses BKP4, but not TRPV1 channels
are required to regulate synaptic plasticity. The differential reliance
on BKp4 versus TRPV1 depending on whether the postsynaptic
target is pyramidal versus interneurons suggests that CA3 axon
terminals may express specific receptor subtypes depending on the
postsynaptic partner (S/ Appendix, Fig. S3C). In addition, it is also
unclear whether the retrograde modulation mediated by 12(S)
HPETE could also be expressed at other synapse types within the
neonatal brain and in the adult hippocampus. Interestingly, a func-
tional interaction between TRPV1 and BK channels has been
suggested in the peripheral nervous system (30). Whether this
functional interaction also regulates central synapses remains
unclear, and further investigation is necessary to understand when
and how retrograde modulation by 12(S)HPETE regulates syn-
aptic function through TRPV1 or BKB4 channels.

Consistent with a retrograde modulation of synaptic function,
we demonstrated that 12(S)HPETE acts on presynaptic BK chan-
nels (Fig. 4) despite their expression in postsynaptic compartments
where they are known to regulate neuronal excitability (24, 31).
While the differential activation of pre- vs postsynaptic BK chan-
nels by this lipid-derived remains unclear, it could be due to dif-
ferent P-subunits expressed in both neuronal compartments. For
instance, it has been proposed that 4 subunits are present in CA3
pyramidal neurons (32, 33) and dentate granule cells in the dentate
gyrus (24), whereas 2 are present in CA1 pyramidal neurons (34).
Moreover, some reports indicate that subtypes of the BK channel,
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depending on their B subunits, can be differentially activated by
lipids (35, 36) and also some hormones (37). Consistent with this
idea, our results using heterologous expression demonstrate that
BKp4, but not a- and or BKP2 channel, is directly modulated by
12(S)HPETE. Moreover, 12(S)HPETE-mediated retrograde sup-
pression of synaptic function was blocked by paxilline but not by
iberiotoxin, which blocks BKP2 and aBK but not BKp4 channels.
Interestingly, at mature hippocampal synapses, the role of presyn-
aptic BK channels can only be unmasked by blocking Kv channels
and BK channels become sensitive to iberiotoxin (16), opening
the possibility that developmental changes in the expression or
quantity of 4 subunits may occur at presynaptic terminals during
postnatal development to regulate synaptic function.

BK channels have been involved in some forms of short-term
plasticity (32, 38), and our present results demonstrated its
involvement in long-lasting depression in the neonatal hippocam-
pus. While the exact mechanisms by which BK channels can gen-
erate a LTD vs a short-term plasticity is unknown, it is possible
that the localization of BKP4 at the presynaptic nerve terminal
likely modulates both the amplitude and duration of depolariza-
tion evoked calcium influx limiting vesicle fusion at active zones
and decreased neurotransmitter release (16, 18) in a long-term
manner. [t is also possible that changes in kinase/phosphatase bal-
ance downstream of BK activation might also be involved (12, 39,
40). Another possibility is the transient presence of some molec-
ular mediator or pathway that interacts with the 4 auxiliary unit
of the BK channel, as has been reported for some proteins in the
postsynaptic domain (41). While further investigations are
required to fully understand the contribution of presynaptic BK
channels to regulate short vs long-term synaptic plasticity, it has
been suggested that synaptic plasticity mechanisms have been
implicated to synaptic maturation and circuitry formation (42).
Particularly, LTD has been related to structural changes and a
decrease in synaptic contacts (43, 44). Thus, a functional relevance
of this BK-mediated plasticity can be related to the circuitry wir-
ing, where ITD has been associated with pruning and a decrease
in synaptic contacts (43, 44). Thus, synaptic plasticity could be
relevant for establishing the hippocampal circuit, and BK channels
could play a key role in its development, acting as a frequency
filter, allowing high transmission rates to propagate but suppress-
ing synapses that rely on low rates of transmission. In this way,
BK channels may drive neuronal wiring in early development by
enabling active synapses to undergo synaptic potentiation.
However, whether BK channels’ contribution to synaptic plasticity
plays a role in synaptic wiring requires further investigations.

Materials and Methods

Hippocampal Slice Electrophysiology. Wild-type (WT) and TRPV1 null mice
(TRPV1~"") were raised in the animal facility of the Universidad de Valparaiso and
held at 20 to 25 °Cunder a 12-h light/dark cycle with water and food ad libitum.
Animal handling and use followed a protocol approved by the bioethics com-
mittee of the Universidad de Valparaiso (CBC39/2022), in accordance with the
bioethics and biosafety regulation of the Chilean Research Council (CONICYT).

Acute transverse hippocampal slices (400 pm thick) were prepared from
Postnatal day (P) 7 to P13 mice of either gender as previously described (45,
46). Briefly, hippocampi were isolated and cutting using a DKT or Leica TS1200
vibratome in a solution containing the following (in mM): 215 sucrose, 2.5 KCl,
26 NaHCO,, 1.6 NaH,P0,, 1 CaCl,, 4 MgCl,, 4 MgS0,, and 20 glucose. After 30-
min recovery, slices were incubated in an artificial CSF (ACSF) recording solution
containing the following (in mM): 124 NaCl, 2.5 KCI, 26 NaHCO,, 1 NaH,PO,,
2.5CaCly, 1.3 MgS0,, and 10 glucose equilibrated with 95% 0,/5% CO,, pH 7.4.
Slices were incubated for 30 min before recordings.
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All experiments, except where indicated, were performed at 28 = 1°Cin a
submersion-type recording chamber perfused at 1 to 2 mL/min rate with ACSF
supplemented with the GABA, receptor antagonist picrotoxin (PTX; 50 pM).
Extracellular field potentials (fEPSPs) were recorded with a patch pipette filled
with T mM NaCland placed inthe CA1 stratum radiatum (100 pm deep). Whole-
cell voltage-clamp recordings (Multiclamp 700B Molecular Devices, USA) were
made from CA1 pyramidal neurons voltage-clamped at —60 mV using patch-
type pipette electrodes (3 to 4 M) containing the following intracellular solution
(inmM): 131 Cs-gluconate, 8 NaCl, 1 CaCl,, 10 EGTA, 10 glucose, 10 HEPES, pH
7.2,and 292 mmol/kg osmolality. For current clamp experiments, CAT pyramidal
neurons were recorded using a KCl-based intracellular solution (in mM): 130 KCI,
5 NaCl, 1 MgCl,, 0.2 EGTA, 10 HEPES, 2 MgATP, and 0.1 NaGTP (adjusted to
pH 7.2 with KOH).

fEPSPs and EPSCs were evoked by stimulating Schaffer collateral inputs with
a monopolar electrode filled with ACSF and positioned ~100 to 150 pm away
from the recording pipette. Two pulses (100 ms interstimulus interval) were used
to calculate PPR that was defined as the ratio of the slope or amplitude of the
second EPSP/EPSC to the slope or amplitude of the first EPSP/EPSC, respectively.
The coefficient of variation (1/CV?) was calculated as the squared mean EPSP/
EPSC slope/amplitude divided by EPSP/EPSC variance. Both PPR and 1/CV were
calculated 10 min before and 15 to 20 min after application of the LTD induction
protocol. mGIuR-LTD was evoked using a standard low-frequency stimulation
(5Hz,900 pulses, 3 min)as previously described (2) or by bath application of 50 mM
DHPG, a specific mGluR agonist. LFS- or DHPH-induced LTD was typically induced
after 10 min of stable baseline and the magnitude of mGIuR-LTD was compared
30to 40 min after LTD protocol in the absence or presence of the pharmacological
agents. In some experiments (Fig. 44), puff application of L-glutamate (1 mM,
25ms, 110 2 PSl bar) onto CA1 pyramidal neurons was delivered while neurons
were voltage clamped at —60 mV. Reagents were obtained from Sigma, Tocris,
and Ascent Scientific, prepared in stock solutions (water or DMS0), and added
to the ACSF as needed. Total DMSO in the ACSF was maintained less than 0.01%.
Forwhole cell experiments, series resistance (range, 8 to 12 M) was monitored
throughout the experiment with a 5 mV, 80 ms voltage step, and cells that exhib-
ited significant change in series resistance (>20%) were excluded from analysis.
Data were elicited at 15 to 20-s intervals, filtered at 2.2 kHz, and acquired at 10 kHz
using a custom-made routine written in Igor Pro 6.37 (WaveMetrics, Portland,
OR), whereas statistical comparisons were made using paired Student's ¢ test at
P < 0.05 significance level, using Origin 8.5 Pro software (OriginLab).

Channel Expression and Recordings. BK channels were expressed in X. laevis
oocytes. The cDNA coding for the WT human BK a -subunit (Gen bank U11058),
the human B,-subunit(Gen bank AF099137) without inactivation domain (3,IR)
(47),and B,-subunit (Gen Bank AF160967) were provided by L. Toro (University
of California, Los Angeles, CA). The mRNA was prepared in vitro by using the
mMESSAGE mMACHINE (Ambion) kit. The oocytes were injected with 50 ng of
mRNAand incubated in an ND96 solution (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,,
1 mM MgCl,, and 5 mM HEPES, pH adjusted to 7.4 with NaOH) at 18 °C for 3
to 5 d before electrophysiological recordings. All the recordings were acquired
by using the patch-clamp technique in the inside-out configuration. Data were
acquired with an Axopatch 200B (Molecular Devices) amplifier and the Clampex
10 (Molecular Devices) acquisition software. Both, the voltage command, and
current output were filtered at 10 kHz with an 8-pole Bessel low-pass filter
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(Frequency Devices). Current signals were sampled with a 16-bit A/D converter
(Digidata 1550B; Molecular Devices), using a sampling rate of 500 kHz. Unless
otherwise stated, linear membrane capacitance and leak subtraction were per-
formed based on a P/-8 protocol (48). Borosilicate capillary glasses (1B150F-4,
World Precision Instruments) were pulled in a horizontal pipette puller (Sutter
Instruments). After fire-polishing, pipette resistance was typically 1 to 2 MQ.
An agar bridge with CI" as the main anion was used as the ground electrode. All
experiments were performed at room temperature (18 to 20 °C).

Postassium currents (1) were elicited by 10-ms voltage steps of 10 mV, except
fora + f,IRora + B, channel currents, that were elicited by 40-ms pulse dura-
tions. The holding voltage was -100 mV for all channels and the final voltage
was 300 mV. The pipette and bath solutions were almost the same and typically
contained 110 mM KOH, 10 mM HEPES, and 5 mM EGTA (free Ca®* ~0.8 nM)
(49), while the pipette external solution contained extra 2 mM MgCl,. The pH
for both cases was adjusted to 7.4 with about 108 mM HMeSO0s. For test solu-
tions using Ca* (3 uM), CaCl, was added to reach the desired free [Ca®*], and
2 mM EGTAwas used as calcium buffer. Free calcium concentration was estimated
using the WinMaxChelator Software and checked with a Ca?*-electrode (Hanna
Instruments).

Data Analysis. Forionic current experiments, the instantaneous /,,;, (V') data for
each i experiment were fitted by using a Boltzmann function,

Itai/,ilmax

<715F(v7v,,,,») >
RT
T+e

where /g is the maximum tail current, z6 is the voltage dependency for
channel activation, V, is the half-activation voltage, T is the absolute tempera-
ture (294 K), F is the Faraday's constant, and R is the universal gas constant. The
bestvaluesforl,; ...V}, and z6 were determined by using the Matlab’s function
Isgnonlin.The averaged half activation voltage (< V, >)and the averaged voltage
dependency (< z8 >)were reported as mean = SEM of the nexperiments. Each
individual /,,; ;(V) curve was normalized by dividing by its specific /,; ; .., value
and then aligned by shifting along the voltage axis by ( <V, > —V,; ). Afurther
shift of the ,,;,;(V/) curves was done by rounding each voltage value to the nearest
ten.This procedure allowed generating an averaged /,,; (V) curve with a voltage
dependence representative of the n experiments (50).

i (V) = X,

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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Autism spectrum disorders (ASD) are complex neurodevelopmental conditions characterized by
impairments in social communication, repetitive behaviors, and restricted interests. Epigenetic
modifications serve as critical regulators of gene expression playing a crucial role in controlling brain
function and behavior. Lysine (K)-specific demethylase 6B (KDM6B), a stress-inducible H3K27me3
demethylase, has emerged as one of the highest ASD risk genes, but the precise effects of KDM6B
mutations on neuronal activity and behavioral function remain elusive. Here we show the impact of
KDM6B mosaic brain knockout on the manifestation of different autistic-like phenotypes including
repetitive behaviors, social interaction, and significant cognitive deficits. Moreover, KDM6B mosaic
knockout display abnormalities in hippocampal excitatory synaptic transmission decreasing NMDA
receptor mediated synaptic transmission and plasticity. Understanding the intricate interplay between
epigenetic modifications and neuronal function may provide novel insights into the pathophysiology
of ASD and potentially inform the development of targeted therapeutic interventions.

Keywords KDM6B, ASD, Gene editing, NMDA, Behavior

Autism spectrum disorders (ASD) and neurodevelopmental disorders are a group of clinically heterogeneous
conditions that are characterized by changes in social skills, attention deficits, hyperactivity and cognition. These
disorders can cause difficulties with social communication and interaction, as well as restricted, repetitive, and
stereotyped patterns of behavior'. People with ASD often have co-occurring conditions including epilepsy,
depression, anxiety, and hyperactivity?, having significant impact on the individual’s everyday life. The com-
plexity and heterogeneity of ASD pathogenesis is mainly due to the large number of ASD-related genetic varia-
tions including copy number variants, single nucleotide polymorphism, deletions and duplications according to
SFARI gene database®. Moreover, the target gene function is quite diverse leading to abnormalities in neuronal
communication, cytoskeleton formation and dynamics, chromatin regulation, and gene expression*. Over the
last decade, special emphasis has been given to mutations in chromatin regulating genes where new gene vari-
ants have been described that could explain the genetic complexity of ASD®. However, the precise mechanisms
through which these mutations contribute to ASD phenotypes remain largely elusive.

Several studies have focused on unraveling the role that mutations or knockout (KO) of chromatin associated
genes have on the appearance of ASD phenotypes, including Chromodomain helicase DNA binding protein 8
(CHDS8), Lysine demethylase 6A (KDM6A), and Lysine methyltransferase 2C (KMT2C)!%-'2, Recently, one of
the largest whole exome sequencing studies, showed that one of the highest risk genes for ASD is lysine dem-
ethylase 6b (KDM6B), also known as JMJD3 (Jumonji domain-containing protein-3)°. KDM6B functions as a
histone tail demethylase specifically targeting histone H3 lysine 27 trimethylation (H3K27me3)". In its role as
a demethylase of H3K27, it counteracts the repressive function of the Polycomb repressive complex 2 (PRC2)",
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thereby facilitating the induction of gene expression'®>. KDM6B has been widely studied for its role associated with
cancer aggressiveness and progression, as well as its involvement in brain neurogenesis, neuron differentiation,
maturation, survival, and in neurological disorders!®-". Full KDM6B KO animals die at birth due to respiratory
deficits®, thus most studies have used conditional or heterozygous animals. Heterozygous KDM6B KO mice
reportedly display hyperactivity, social and cognitive deficits*’. However, the synaptic mechanisms underlying
these observed behaviors were not investigated®'. Using conditional KO in cerebellar granule neurons, it has been
shown that the correct control and dynamics of H3K27me3 deposition is needed for neuronal maturation®?. In
addition, conditional knockout of KDM6B in excitatory neurons causes loss of synaptic activity, spine density,
and synaptic vesicle number likely by dysregulation of VGLUT1/2 gene expression®",

Given its critical role in regulating chromatin structure and gene transcription, dysregulation of KDM6B
has been implicated in various neurodevelopmental disorders, including ASD 2*%%. Human genetic studies
have identified over 130 likely pathogenic rare variants in the KDM6B gene, highlighting its significance in neu-
rodevelopment, however only 3 confirmed variants with ASD phenotype have been validated®. Notably, studies
of more than 85 variants across the KDM6B gene in humans have shown a myriad of phenotypes. However, a
common denominator in all of them is the presence of cognitive deficits®®. This underscores the importance
of gaining insight into the mechanisms and behavioral outcomes of KDM6B mutations and how they relate to
autistic-like behaviors and brain function.

Here we utilized the CRISPR/Cas9 system delivered via AAV to create a whole-brain mosaic knockout (mKO)
of Kdm6b at postnatal day 1, with the aim of investigating its role in controlling behavior and the functional
consequence on synaptic mechanisms associated with these behaviors. As anticipated, KDM6B mKO animals
exhibited reduced KDM6B expression, consequently leading to an increase in H3K27me3. Additionally, we
observed hyperactivity, repetitive behaviors, social impairment, and cognitive deficits. Notably, these findings cor-
relate with a significant impairment of synaptic plasticity in the hippocampus, and more specifically a significant
disruption in NMDA receptor (NMDAR)-mediated excitatory post-synaptic currents, which may underlie the
observed cognitive effects. Our results demonstrate the feasibility of modeling Kdmé6b loss-of-function muta-
tions using CRISPR/Cas9, providing an additional platform to study the cellular and molecular mechanisms
underlying mutations associated with ASD.

Results

Editing of the Kdm6b gene to generate mosaic brain knockout

To elucidate the role of KDM6B in the pathogenesis of ASD, we employed the CRISPR/Cas9 system to knock out
its expression in cultured neurons and animal brain, as previously described'**”?%. We designed four sgRNAs
targeting exon 6 of Kdmé6b (Fig. 1A), considering its conservation across all isoforms. These sgRNAs (KDM6B
KO1-4) were tested in cultured neurons from Cas9KI animals transducing with AAVs coding for CRISPR/
Cas9 at 3 days in vitro (DIV). At 10 DIV, RT-qPCR from these neurons was conducted to assess KO efficiency
revealing that all of them downregulated Kdm6b expression (Fig. 1B). KDM6B KO4 showed the best efficiency
downregulating KDM6B expression in vitro by approximately 70%. Subsequently, we utilized this sgRNA to
conduct our in vivo experiments.

To evaluate whether CRISPR/Cas9 induced Kdm6b KO produces autistic-like behaviors and explore poten-
tial underlying mechanisms, we utilized intracerebroventricular delivery of AAV encoding KDM6B KO4 and
TdTomato as fluorescence marker to determine transduction efficiency. This methodology ensures efficient
transduction of brain cells as previously described'®?”?. Cas9KI animals received injections at P1 to produce
KDM6B mKO, and behavioral testing started at eight weeks. For inclusion in the analyses, animals had to meet
three criteria: 1. Display a widespread fluorescent label throughout the entire brain, 2. Exhibit a positive T7
endonuclease I assay confirming gene editing, and 3. Demonstrate a reduction in KDM6B expression of at least
50%. Nine control and KDM6B mKO animals met the criteria and were included in the final analyses. Following
behavioral or electrophysiological analyses, animals were imaged to determine transduction efficiency, revealing
widespread transduction including CA1, CA3 and DG in the hippocampus (Fig. 1C). Using hippocampal tis-
sue from transduced animals, the T7 endonuclease I assay for gene editing showed that all nine KDM6B mKO
animals were positive for editing at the locus (Fig. 1D). Furthermore, RT-qPCR revealed that transduced animals
exhibited an approximate 70% reduction in mRNA levels (Fig. 1E), and western blot analyses of mKO animals
show a significant reduction in KDM6B protein expression (Fig. 1F). In addition, digital PCR assay shows a
significant reduction in the number of copies of KDM6B cDNA in hippocampal tissue of KDM6B mKO animals
(Fig. 1G), confirming the reduction of the expression of Kdm6b after gene editing.

KDMS6B is an enzyme responsible for catalyzing histone H3 lysine 27 demethylation, leading to the activa-
tion of gene targets, counteracting the repressive role of the PRC2 complex'*!®. Consequently, we hypothesized
that knocking out Kdm6b would result in an increase in total H3K27me3 in brain tissue. As anticipated, our
observations confirmed that KDM6B mKO animals exhibit a global increase in this histone tail modification
(Fig. 1H-I). These results indicate that our strategy targeting Kdm6b can efficiently reduce its expression in the
entire brain and consequently increase global H3K27me3.

KDM6B mKO animals show hyperactivity and repetitive behaviors

It has been demonstrated that heterozygous KDM6B animals exhibit behaviors resembling those observed in
ASD, including reduced anxiety*!. Furthermore, studies using KDM6B conditional KO animals have shown
impaired memory but no signs of anxiety*’. Our approach to knocking out KDM6B in the animal brain to
produce KDM6B mKO helps us study behaviors and could help shed light on the mechanisms behind KDM6B
loss-of-function mutations. Eight weeks after infection, both control (tdTomato injected) and KDM6B mKO
animals were subjected to a battery of behavioral tests. First, we examined the locomotion activity of KDM6B
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Fig. 1. Knockout of Kdm6b by gene editing. (A) Scheme showing exon 6 of Kdm6b genomic sequence and the position where
the designed sgRNAs bind to the genomic sequence. In green is sgRNA-4 that is used for all in vivo experiments. (B) Cultured
cortical neurons were transduced with sgRNAs and Cas9 to determine sgRNA efficiency. At 10 DIV RT-qPCR was conducted
to determine expression levels of KDM6B relative to GAPDH. (C) Representative image of brain slice and high magnification
of CA1, CA3 and DG of the hippocampus after transduction by intracerebroventricular injection of CRISPR/Cas9. (D) T7
endonuclease I assay from transduced cortical tissue of injected animals. (E) RT-qPCR to determine expression levels of
KDME6B relative to GAPDH in transduced cortical tissue of injected animals. (F) Representative western blot of KDM6B and
N-Cadherin as loading control in WT and KDM6B mKO animals. (G) Digital PCR assay to determine KDM6B cDNA copies/
ulin WT and KDM6B mKO animals (WT n=3; KDM6B mKO n=9) (H) Representative image of western blot analysis of
total H3 histone, and H3K27me3. (I) Quantification of the relative expression of H3K27me3 from cortical tissue extracted
from 6 control or KDM6B mKO animals. Bars represents mean + SEM; *p <0.05, **p <0.01, **p < 0.001. Students t-test was
used to determine significance compared to control condition. Scale bar =1000um and 100pum for high magnification images.
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mKO animals using the accelerated rotarod apparatus. We found that KDM6B mKO animals spent more time
on the rotarod than control animals (Fig. 2A). The presence of anxiety-like behaviors is recognized as a dis-
tinctive feature in both human and animal cases of ASD"!%?72%3 Therefore, we investigated whether KDM6B
mKO animals exhibited this phenotype. Using the open field test, we allowed the animals to freely explore for
10 min and measured their location and movements in the arena (Fig. 2B). Like the rotarod test, KDM6B mKO
animals traveled a significantly longer distance than control animals in the arena (Fig. 2C). However, KDM6B
mKO animals spent a similar amount of time than control animals in the center of the arena (Fig. 2D) and in
the periphery (Fig. 2E), indicating that KDM6B mKO animals do not exhibit anxiety behaviors. To confirm this
finding, we conducted the light and dark, and zero maze tests. In the light-dark apparatus, animals were placed
in the dark box and allowed to explore for 10 min (Fig. 3A). The test revealed no differences in total entries
(Fig. 3B) or time spent (Fig. 3C) in the illuminated zone between KDM6B mKO and controls. However, we did
find a significant difference in the distance traveled in the illuminated zone (Fig. 3D). Moreover, in the zero
maze (Fig. 3E), KDM6B mKO and control animals spent a similar amount of time in the open zone (Fig. 3F)
but KDM6B mKO mice exhibited an increased number of entries to the open zone compared to control animals
(Fig. 3G). Such difference can be attributed to the hyperactivity displayed by the animals, leading them to cover
longer distances and enter open zones more frequently. Then, animals underwent the marble burying test to
assess repetitive behaviors and anxiety where KDM6B mKO animals buried a significantly greater number of
marbles compared to control animals (Fig. 3H). Lastly, when grooming episodes were quantified, KDM6B mKO
animals displayed a significantly higher count of grooming episodes compared to control animals (Fig. 3I). Alto-
gether these findings suggest that KDM6B mKO animals exhibit limited anxiety as shown in the marble burying
test and in addition animals show significant hyperactivity and repetitive behaviors.

KDM6B mKO animals exhibit deficiencies in social behaviors

Given that individuals with ASD commonly face challenges in social interaction, often demonstrating a deficit or
lack of proficiency in engaging socially’*’, we sought to assess the social interaction capabilities of KDM6B mKO
mice. We started by analyzing the behavior of animals in the tube dominance test to determine social hierarchy
and interaction between animals. Test revealed that KDM6B mKO animals win the challenge significantly more
times that the control animals in days 1-4 (Fig. 4A), showing an increase in social dominance behavior. Next, we
employed the 3-chamber social interaction test to assess the capacity for social interaction, allowing the animals
to interact in the chambers for 10 min. While control animals spent a greater amount of time interacting with
the novel animal compared to the object, KDM6B mKO animals spent similar amounts of time interacting with
both the novel animal and the object (Fig. 4B), indicating a social deficit in mutant mice. To better understand
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Fig. 2. Hyperactivity in KDM6B mKO animals. (A) Time spent on the rotarod apparatus. (B) Representative
trace plots of open field test in Control and KDM6B mKO animals. (C-E) Quantification of the total distance
travelled (C), time spent in the center area (D), time spent in the periphery (E). Bars represents mean + SEM.
Students t-test was used to determine significance compared to control condition. **p <0.01, n=9 animals for
Control and KDM6B mKO animals. ns=non-significant.
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Fig. 3. KDM6B mKO animals display repetitive behaviors. (A) Representative trace plots of dark and light
test (top = Control; bottom =KDM6B mKO). (B-D) Quantification of the number of entries to illuminated
zone (B), the time spent in the illuminated zone (C), and the distance travelled in the illuminated zone (D). (E)
Representative trace plots of the zero-maze test (top = Control; bottom = KDM6B mKO). (F-G) Quantification
of the time spent in the open zone (F), and the total entries to the open zone (G) in the zero maze. (H)
Quantification of the number of marbles buried during the marble burying test. (I) Quantification of the self-
grooming behavior shown by Control or KDM6B mKO animals. Bars represents mean + SEM. Students t-test
was used to determine significance compared to control condition. *p <0.05, n=9 animals for Control and
KDM6B mKO animals. ns=non-significant.

the social deficits observed in the 3-chamber test, we employed the direct social interaction paradigm. During
this test, KDM6B mKO and control animals were given the opportunity to interact within a clear box for 10 min,
and their interactions were recorded for evaluation. Specifically, we focused on observing sniffing and groom-
ing behaviors during this time. Our analysis revealed that social sniffing between animals showed no significant
differences in nose-nose (N-N) interactions (Fig. 4C) or nose-head (N-H) interactions (Fig. 4D). However,
upon evaluating nose-anogenital (N-A), a significant decrease in KDM6B mKO animals was observed (Fig. 4E),
demonstrating a reduction in social investigative activity. Together, this data demonstrates that KDM6B mKO
animals show increased social dominance and exhibit social deficits, as evidenced by decreased social interac-
tion with other animals and behaviors indicative of avoiding direct interaction, as observed in the direct social
interaction paradigm.
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Fig. 4. Impaired social behaviors of KDM6B mKO animals. (A) Quantification of the number of victories

in the tube dominance test. Each point represents the mean of victories per day 1-4. (B) Quantification of

the time spent in the 3-chamber social interaction test with the novel animal or novel object in Control and
KDM6B mKO animals. (C-E) Direct social interaction test to quantify (C) nose-nose (N-N), (D) nose-head
(N-H), and (E) nose-anogenital (N-A) interactions between Control or KDM6B mKO animals. Bars represents
mean + SEM. Students t-test was used to determine significance compared to control condition. *p <0.05,
**p<0.01, n=9 animals for Control and KDM6B mKO animals. ns =non-significant.

Impaired cognitive function in KDM6B mKO mice

Human patients with mutations in KDM6B have exhibited varying degrees of intellectual disability*"***. Moreo-
ver, studies involving knockdown of the Drosophila ortholog of KDM6B and KDM6A, UTX, which plays a simi-
lar role in removing H3K27me3, have shown that deficits in UTX lead to cognitive impairments®. Consequently,
we investigated whether KDM6B mKO animals display deficits in memory formation. To assess spatial learning
and memory, we employed the Barnes maze paradigm®'. Measuring the total distance traveled by the animals
over 5 days revealed that KDM6B mKO animals covered a longer distance each day in the apparatus compared
to control animals (Fig. 5A). This aligns with our previous observations in the rotarod, open field apparatus,
and light-dark test, highlighting the hyperactivity of KDM6B mKO animals. Additionally, we analyzed the time
it took for the animals to find the escape hole for the first time, termed primary latency. KDM6B mKO animals
experienced difficulties locating the escape hole, resulting in a greater primary latency in all days compared to
control animals (Fig. 5B). To evaluate spatial memory formation, the escape hole was removed, and we monitored
the time the animals spent in the zone of interest where the escape hole was previously located. We found that
KDM6B mKO animals spent significantly less time in the zone of interest, indicating cognitive deficits (Fig. 5C).
Lastly, we assessed long-term memory formation using the contextual fear conditioning paradigm. During the 5
min test period, KDM6B mKO animals exhibited a significantly reduced percentage of time freezing compared
to control animals (Fig. 5D). Collectively, our data indicate that KDM6B mKO animals display severe cognitive
impairments.

NMDA receptor mediated synaptic function and plasticity are diminished in KDM6B mKO mice
To investigate the physiological consequences of KDM6B ablation in brain function, we used acute brain slices
from KDM6B mKO animals to perform an electrophysiological characterization of excitatory synaptic activity at
the Schaffer-collateral to CA1 synapse in the hippocampus (Fig. 6A). We first characterized spontaneous AMPA
receptor (AMPAR)-mediated excitatory synaptic activity and found a significant decrease in the frequency but
not in the amplitude of spontaneous excitatory postsynaptic currents (SEPSCs) in KDM6B-deficient synapses
compared to control (Fig. 6B). Likewise, a significant decrease in the frequency of miniature excitatory post-
synaptic currents (mEPSCs) was observed in KDM6B-deficient synapses (Fig. 6C), suggesting that ablation of
KDM6B impact spontaneous excitatory synaptic activity. To further determine whether KDM6B mKO impacts
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Fig. 5. KDM6B mKO animals display cognitive deficits. (A) Quantification of the total distance travelled in
the Barnes maze apparatus. (B) Primary latency of Control and KDM6B mKO animals in the Barnes maze
apparatus. (C) Quantification of the time spent in the zone of interest where the escape hole was formerly
located. (D) Percentage of time spent freezing by Control and KDM6B mKO animals in the contextual fear
conditioning test. Bars represents mean + SEM. Students t-test was used to determine significance compared to
control condition. *p <0.05, **p <0.01, ***p <0.001, n=9 animals for Control and KDM6B mKO animals.

evoked neurotransmitter release probability, we perform paired-pulse ratio measurements at different interstimu-
lus intervals. No differences between control and KDM6B mKO animals were observed (Fig. 6D), suggesting
normal release probability in KDM6B-deficient synapses compared to control synapses. Moreover, no differences
between control and KDM6B mKO animals were observed in AMPAR-mediated fEPSP input-output function
(Fig. 6E), indicating that KDM6B ablation does not affect evoked glutamate release probability and AMPAR-
mediated synaptic transmission in the hippocampus.

Next, we analyzed NMDAR/AMPAR ratios by recording AMPAR-mediated EPSCs at -60 mV and isolated
NMDAR-mediated EPSCs at+40 mV in the continuous presence of 10 uM NBQX (Fig. 7A). A significant
decrease in the NMDAR/AMPAR ratio was observed in KDM6B mKO deficient synapse compared to control
(Fig. 7A), suggesting a decrease in the total number of NMDARs. To confirm this possibility, we measure isolated
NMDAR-EPSCs input-output curve and found a significant decrease in KDM6B mKO compared to control
animals (Fig. 7B). Moreover, we found that NMDAR-EPSC display significantly slower decay kinetics in KDM6B
mKO mice (Fig. 7C), which could reflect a change in synaptic NMDAR subunit composition**~*. To test this
possibility, we first analyzed the expression of the NMDA receptor subunits NR2A and NR2B in hippocampal
tissue using digital PCR. We found a significant reduction in the number of copies of NR2A ¢cDNA (Fig. 7D) and
an increase in the number of copies of NR2B ¢cDNA (Fig. 7E) in hippocampal tissue of KDM6B mKO animals
compared to control. Second, we performed electrophysiological recording of isolated NMDARs-EPSCs and
used R025-6981 (500 nM) to selectively block NR2B-containing NMDARs. We found that NMDAR-EPSCs in
KDM6B mKO mice were more sensitive to Ro25-6981 than controls mice (Fig. 7F). Altogether these results
strongly suggest that KDM6B ablation alters NMDAR-mediated synaptic transmission by decreasing the total
number and the subunit composition of NMDAR present at the Schaffer-collateral to CA1 synapse.

Due to the widespread infection in the animal brain, we also analyzed the effect of KDM6B mKO on synap-
tic function from layer V pyramidal neurons in the medial prefrontal cortex (Supplementary Fig. 1). As in the
hippocampus, we found a significant decrease in the frequency but not in the amplitude of sEPSC in KDM6B-
deficient synapses compared to control (Supplementary Fig. 1). Moreover, NMDAR-mediated EPSC recorded
from KDM6B mKO animals are more sensitive to Ro25-6981 than control cells (Supplementary Fig. 1B), con-
sistent with the idea that KDM6B mKO impact synaptic function and NMDARs subunit composition in both
the cortex and the hippocampus.
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Fig. 6. AMPAR-mediated excitatory transmission is normal at hippocampal Sch-CA1 synapses in KDM6B
mKO mice. (A) Representative image of acute hippocampal slice showing the expression of Td-tomato as
infection control for KDM6B mKO in the hippocampus and in the CAl field. (B) Representative AMPAR-
mediated SEPSC traces (left) and summary plots (right) showing a decrease in frequency (Control:

1.03£0.46 Hz vs KDM6B mKO: 0.48 +0.05 Hz, p=0.03) but no in the amplitude of AMPAR-sEPSC in KDMé6B
mKO neurons. (C) Loss of KDM6B also significantly decrease the frequency (Control: 1.41 +0.2 Hz vs KDM6B
mKO: 0.61+0.11 Hz, p=0.03) but not the amplitude of mEPSC. (D) Representative traces (left) and summary
data (right) showing that ablation of KDM6B did not alter AMPAR-mediated paired-pulse ratio (PPR) measured
at 10, 30, 70, 100, and 300 ms interstimulus intervals (ISI) or (E) input-output function. In all panels, summary
data represent the mean + SEM. Number of cells (c), slices (s), and animals (a) are indicated in parentheses.
Student t-test was used for statistical analysis, *p <0.05.

Changes in NMDARSs function has been associated with alteration in the induction of NMDAR-dependent
long-term potentiation (NMDAR-LTP;*). Thereby, we evaluated if NMDAR-LTP is altered by the ablation of
KDMG6B and found a strong reduction in the magnitude of LTP in KDM6B mKO mice compared to control
(Fig. 7G). These results indicate that KDM6B plays an important role in NMDAR-dependent synaptic plasticity
in the hippocampus likely by regulating NMDAR expression and activity.

Discussion

Although numerous ASD-related genetic variations are reported, we aimed to deepen our understanding of
the role of KDM6B in regulating chromatin structure and gene transcription in the pathophysiology of ASD
by investigating its effects on behavior and synaptic function. KDM6B is a lysine demethylase responsible for
removing methyl groups from histone H3 lysine 27", thereby counteracting the repressive effects of the PRC2'
hence facilitating gene expression. In agreement with previous reports in cKO KDM6B* and heterozygous
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Fig. 7. NMDAR-mediated synaptic transmission is altered at hippocampal Sch-CA1 synapses in KDM6B
mKO mice. (A) Representative traces (left) and summary data (right) showing that the NMDAR/AMPAR

ratio is lower in KDM6B mKO compared to control (Control, 1.12+0.10; KDM6B mKO, 0.53 £0.09, p=0.02).
(B) NMDAR-EPSCs input output curve is decrease in KDM6B mKO compared to control. (C) Normalized
NMDAR-EPSCs (left) and summary data (right) showing slower NMDAR decay kinetics in KDM6B mKO
compared with control (Control, 50.30 + 11.30; KDM6B mKO, 71.70 + 18.36, p=0.04). (D-E) Digital PCR
assay to determine NR2A (D) or NR2B (E) cDNA copies/pl in WT and KDM6B mKO animals (WT n=3;
KDM6B mKO n=4). (F) Averaged NMDAR-EPSCs (left) and summary data (right) showing more sensitivity
to the selective NR2B antagonist Ro25-6981 (500 nM) in KDM6B mKO animals compared to control (Control,
71.24£4.67; KDM6B mKO, 44.69 +£4.65, p=0.002) (G) Representative traces (left) and summary data (right)
showing that NMDA-dependent LTP induced by high frequency stimulation (arrows) is impaired in KDM6B
mKO compared with control animal. Averaged sample traces were taken at times indicated by numbers in the
summary plot. In all panels, summary data represent the mean + SEM and the number of cells (c), and animals
(a) are indicated in parentheses. Student t-test was used for statistical analysis, *p <0.05, **p <0.01, ***p <0.001.

KDMS6B KO animals*, our findings reveal that ablation of brain KDM6B play a critical role in controlling dif-
ferent ASD phenotype including hyperactivity, repetitive behaviors, social interaction, and cognitive deficits.
Synaptic dysfunction is suggested as a core mechanism underlying ASD pathophysiology*. Accordingly, our
results demonstrated that ablation of KDM6B strongly impact NMDAR-mediated synaptic function and plasticity
in the hippocampus, an observation that could explain the cognitive impairments observed in KDM6B mKO
animal. These findings highlight a critical role of KDM6B in the pathophysiology of ASD phenotypes.

Here we utilized CRISPR/Cas9-mediated gene editing to generate KDM6B mKO animals, allowing us to
investigate the behavioral and synaptic consequences of KDM6B deficiency, similarly to what we have previ-
ously done for KMT2C, a histone methyltransferase associated to ASD'’. Genetic editing of Kdm6b leads to an
enrichment of H3K27me3, reflecting the deficiency of KDM6B in cells. This dysregulation of histone methyla-
tion suggests a potential mechanism by which KDM6B deficiency may disrupt normal gene expression patterns.
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Specifically, the increased H3K27me3 levels observed after gene editing likely result in the aberrant silencing
of genes that are normally upregulated by KDM6B-mediated demethylation, as it has been shown in cerebellar
granule neurons where KDM6B deficiency show deficient expression of genes needed for synaptic maturation,
including the predominant NMDA receptor subunit Grin2c.

The behavioral characterization of the mKO animals reveals the absence of anxiety, as evidenced by results
from the open field, light and dark, and zero maze tests. Surprisingly, in tests such as the rotarod and those previ-
ously mentioned, KDM6B mKO animals exhibited increased locomotion, traveling a longer distance compared
to control animals. Given the absence of anxiety-related behaviors, this heightened activity can be attributed to
hyperactivity in the animals, a trait reminiscent of observations in heterozygous KDM6B animals®'. In contrast
to findings in Kdmé6b heterozygous models, our model system reveals the manifestation of repetitive behaviors
observed in the marble burying and grooming tests. These differences might be a consequence of the differ-
ent approach used to induce KDM6B KO and the extent of KO in different brain areas and cell types. Notably,
KDM6B mKO animals also exhibit significant social impairments, a hallmark trait associated with ASD pheno-
types that has also been observed in human patients carrying KDM6B mutations®.

Although KDM6B mutants in humans have highly variable phenotypes, all of them present cognitive deficits
as a common feature?. In agreement, KDM6B mKO animals display cognitive deficits, as evidenced by impair-
ments in spatial learning and memory formation in the Barnes maze and fear conditioning paradigms. These
findings are in line with existing genetic studies in both humans and mice, which have implicated KDM6B in
intellectual disability and cognitive impairment?"-**?>%_ It is worth highlighting that, contrary to previous obser-
vations, our study did not identify differences between male and female mice in terms of behavioral outcomes,
thus all our data shows the average obtained from both sexes. This discrepancy could potentially be attributed
to differences in methodology, including the approach used to induce gene editing in both alleles, as opposed to
haploinsufficiency observed in KDM6B heterozygous models.

To gain insight into the mechanisms by which KDM6B deficiency produced autistic-like behaviors, we con-
ducted electrophysiological recording from acute hippocampal slices as this region is mainly implicated in cogni-
tive function. We found that KDM6B mKO has a significant reduction on the frequency of excitatory postsynaptic
currents, however the amplitude was not changed, similarly to what has been observed in other ASD models
including TSC2%,CNTNAP2, and AHI1%. Furthermore, we looked deeper into the impact on AMPAR-mediated
synaptic transmission, revealing no significant differences compared to control animals. However, a significant
reduction in the AMPAR/NMDAR ratio, indicating a decrease in the total number of NMDAR at the synapse was
found in KDM6B mKO. This characteristic aligns with observations from other animal models of ASD, where a
reduction in NMDAR expression has been documented including neuroligin-1 (NL1) and Shank2 mutants***!.
To determine the extent to which NMDARSs affect synaptic transmission in KDM6B mKO animals, we induced
NMDAR-dependent LTP and found that its induction is severely impaired. This phenomenon has been observed
in other ASD animal models such as TSC2%®, NL1*°, and Shank2*! mutants among others*.

In addition, our experiments also show that the decay time of NMDA currents is significantly slower in
KDM6B mKO animals in both the hippocampus and medial prefrontal cortex, suggesting a change in the subunit
composition of the NMDARs from the faster NR2A subunit to the slower NR2B kinetics***. This was supported
by digital PCR analyses showing that NR2A subunit expression is reduced while NR2B subunit expression is
increased. Future experiments will try to unravel the mechanisms behind this change in NMDA currents.

It has been demonstrated that NMDARs composed of the NR2A subunit are preferentially anchored by PSD95
to the postsynaptic site, whereas NR2B-composed NMDARs are anchored by SAP102**. As the expression
of PSD95 is regulated by H3K27me3***, it is possible to suggest a link between KDM6B deficiency and altered
PSD95 expression. Since PSD95 serves as the primary anchor for NR2A at the postsynaptic density, the absence
of KDM6B may disrupt the expression of PSD95, consequently impacting the localization of NR2A/PSD95
complexes. Therefore, the disruption of KDM6B function may lead to an imbalance in NMDAR subunit com-
position, thereby influencing synaptic transmission and plasticity. Alternatively, it has been shown that NMDAR
subunits expression during post-natal development is regulated by H3K27me3*, thus KDM6B deficiency may
directly affect the expression of NMDAR subunits impacting synaptic transmission and plasticity. These aspects
warrant further investigations.

Our use of CRISPR/Cas9 to induce a mosaic knockout of KDM6B leads to a significant reduction in KDM6B
expression, likely occurring across a wide range of brain cells as the approach we used is not cell-type specific. As
we are unable to differentiate between cell types or confirm complete knockout in all targeted cells, we acknowl-
edge that our experimental design does not allow us to definitively determine whether the observed effects are
cell-autonomous (neurons) or non-cell-autonomous (e.g. mediated by KDM6B KO in glial cells). Moreover,
it is possible that these effects may arise from a combination of cell-autonomous and non-cell-autonomous
mechanisms. For instance, the disruption of KDM6B in one cell type could indirectly affect neighboring cells
and contribute to the overall phenotype. This limitation is inherent in our approach and should be considered
when interpreting our findings. To address this limitation in future studies, more refined techniques such as
single-cell RNA sequencing or cell-type-specific knockouts would be required to elucidate the precise contribu-
tions of cell-autonomous versus non-cell-autonomous effects.

In conclusion, our approach and mouse model successfully recapitulated the phenotypes observed in humans,
shedding light on the mechanisms through which KDM6B deficiency contributes to ASD phenotypes. Conse-
quently, targeting NMDARs as a therapeutic strategy to address KDM6B brain deficiencies could pave the way
for novel treatments for neurodevelopmental disorders resulting from KDM6B mutations.
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Methods

Primary neuronal cultures

Postnatal day 1 Cas9 KI mice (C57BL/6J; JAX 026179) were euthanized by decapitation and the whole brain was
extracted in ice cold Ca2+/Mg2+ -free Hank’s balanced salt solution (HBSS). Meninges were removed, the tissue
was minced and incubated with Papain (20 U) for 15 min at 37 °C. Cells were rinsed twice with HBSS, resus-
pended by mechanical agitation through fire-polished glass Pasteur pipettes of decreasing diameters, and plated
over poly-L-lysine-coated culture plates or cover slips. Cultures were maintained at 37 °C in 5% CO?2 in growth
media [Neurobasal-A (Life technologies 1088802) supplemented with B27 (Life technologies 17504044), 2 mM
L-glutamine (Life technologies 25030-081), 100 U/ml penicillin/streptomycin (Life technologies 15070-063)].
Half of the media was replaced every 3 days. Neuronal cultures were transduced at 3 days in vitro (DIV) using
concentrated AAV particles.

Animals and injections

All animal procedures and experiments were performed according to the NIH and ARRIVE guidelines and were
approved by the animal ethics committee from Universidad Andrés Bello (020/2018). Newborn Cas9 KI mice
(C57BL/6J; JAX 026179) were cryoanesthetized in a cold aluminum plate and injected with 1 uL of concentrated
AAV (1x 10" vg), containing sgRNA or empty vector, in each cerebral ventricle at a depth of 3 mm in the animal’s
head at 2/5 of the intersection between lambda and the eye with a 10 uL HAMILTON syringe (Hamilton, 7653-
01) and a 32 G needle (Hamilton, 7803-04). After the injection, P1 mice were placed in an infrared heating pad
until they recovered their color and temperature, then they were returned to their cage with the mother!®*2,
Three weeks after birth, mice from both conditions were weaned off and separated by sex in cages with a 12/12
light/dark cycle with free access to food and water. A chip (p-chips, Pharmaseq) was put in the tail of each animal
for easy tracking during behavioral test. Behavior tests were performed between 9:00 am and 6:00 pm. At the end
of the battery of behavioral tests, the animals were euthanized using isoflurane for subsequent molecular analyses.

Plasmids

For the expression of CRISPR/Cas9, plasmids were generated in AAV backbones. For sgRNAs 20nt target
sequences were selected contiguous to a 5-NGG photospacer-adjacent motif (PAM). sgRNAs for Kdm6b were
designed against exon 6. sgRNA used for in vivo experiments (5 GGGAAGTTGGAATCCCTACA 3') were
cloned into a custom AAV plasmid under the control of the U6 promoter, and coding for tdTomato under the
control of the human synapsinl promoter, as in'°. For viral packaging we used a plasmid coding for the PHP.eB
capsid and pAdDeltaF6 plasmid to express adenovirus E4, E2A and VA genes. pUCmini-iCAP-PHP.eB was a gift
from Viviana Gradinaru (Addgene plasmid # 103005; http://n2t.net/addgene:103005; RRID: Addgene_103005),
pAdDeltaF6 was a gift from James M. Wilson (Addgene plasmid # 112867; http://n2t.net/addgene:112867;
RRID:Addgene_112867).

AAV Production

AAVs were prepared as in'®?. Briefly, AAV particles coding for sgRNA against Kdm6b under the control of
a U6 promoter, together with the red fluorescent protein tdTomato controlled by the hSynl promoter were
packed using the PHP.eB capsid to obtain high titer viral particles'®?”*>*. HEK 293T were transfected with PEI
and PHP.eB capsid plasmids, the vector with Kdm6b sgRNA-tdTomato, and the helper plasmid DF6. After 24
h of transfection, the media was replaced for DMEM 1% FBS. 72 h later, medium was collected from the plates
and replaced with fresh DMEM 1% FBS. The collected medium was stored at 4 °C. To collect the viruses, 120 h
after transfection, the cells were detached from the plate and transferred to 250 mL conical tubes, as well as the
collected media. They were centrifuged for 10 min at 2000g, the supernatant was removed and saved for later
use. The pellet was resuspended in SAN digestion buffer (5 mL of 40 mM Tris, 500 mM NaCl and 2 mM MgCl2
pH 8.0) containing 100U/mL of Salt Active Nuclease (SAN) from Arcticzymes and incubated at 37 °C for 1 h.
To the supernatant that was saved, a 5 x stock solution of 40% PEG 8000 (Sigma Aldrich, USA) in 2.5M NaCl
was added, incubated on ice for 2 h and centrifuged at 4000g for 30 min in 250 mL bottles. The supernatant was
collected and was placed in an Optiprep gradient and ultracentrifuged at 41.000g for 4 h. The phase containing
the AAV was recovered and frozen at — 80 °C for later use.

Genomic DNA extraction and T7 endonuclease | assay

Genomic DNA from transduced brain tissue was extracted using Quick-DNA Miniprep Kit (Zymo Research,
USA) following manufacturer recommendations. To test Kdmé6b edition, PCR with primers encompassing the
edited region (5" CAGGCATTTCTCTCCCAGTC 3', 5" GCAAAGGGCAGAGGAAGATT 3') were used. PCR
products were run in agarose gels and purified by Gel extraction kit (Qiagen). 300 ng of amplified gDNA was
used for T7 endonuclease I assay (NEB Cat#M0302). Assays were run in TBE polyacrylamide gels and visualized
using Gel Red (Biotium).

RNA extraction and RT-qPCR

RNA was isolated from the tissues using TRIzol (Life Technologies, USA) according to manufacturer’s instruc-
tions as in'%**4%_To obtain complementary DNA (cDNA), 400 ng of RNA was used with iScript cDNA synthesis
kit (Biorad, USA). Quantification was performed by qPCR using 3 pL of the cDNA mix, 6 uL Fast Evagreen qPCR
Master Mix (Biotium, 31003). The relative abundance was measured by the ddCt method using the GAPDH gene
as housekeeping control. Transcript detection was performed with specific primers for messenger RNA (mRNA):
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Kdmé6b: Fw 5' TGAAGAACGTCAAGTCCATTGTG 3'; Rv 5 TCCCGCTGTACCTGACAGT 3'; Gapdh: Fw 5’
ATGGTGAAGGTCGGTGTGAA 3'; Rv 5' CATTCTCGGCCTTGACTGTG 3.

Digital PCR (dPCR)

Undiluted cDNA was used for dPCR detection using a Qiacuity One dPCR system (Qiagen, Germany). An 8.5K
24-well Qiacuity Nanoplate was used to detect KDM6B, NR2A, NR2B, and GAPDH as reference control for even
cDNA content. dPCR was run for 2 min at 95 °C for activation, 15 s 95 °C denaturation, 15 s 60 °C annealing,
155 72 °C extension for 40 cycles. Imaging was set to 500 ms exposure and gain of 4. For Kdm6b and Gapdh the
same primers as in qPCR were used. In addition, primers used for dPCR were: Grin2b Fw 5 GCCAAACTGGAA
GAACATGG 3'; Rv 5' TCTGCTCAGACTCTCACCCC 3'; Grin2a Fw 5' TGGAAGCTCCAAACTGGAAG 3';
Rv 5" CCTCACAGACTTTCATCCCC 3.

Nuclear protein extraction

Nuclear extracts were used to determine histone tail modification by western blot as in'’. Briefly, tissues were
washed with cold PBS, centrifuged at 5000 g for 5 min and the pellet was resuspended in 5 volumes of cell lysis
buffer (50 mM Hepes pH 7.9, 3 mM MgCl2, 20 mM KCl, 0.1% NP-40, 1 mM DTT and protease inhibitor cock-
tail) and incubated on ice for 10 min. Solution was homogenized with 30 strokes in a dounce homogenizer and
centrifuged at 6000 g for 15 min at 4 °C to separate the cytosolic and nuclear fractions. The pellet was resuspended
in 1 volume of Buffer C (10 mM Hepes pH 7.9, 420 mM NaCl, 1.5 mM MgCI2, 25% Glycerol, 0.2 mM EDTA, 1
mM DTT and protease inhibitor cocktail) and incubated for 1 h. Extracts were sonicated at 50% amplitude in
cycles of 30 s ON/ 30 s OFF, centrifuged at 12,000¢ for 15 min at 4 °C. Supernatant was recovered and frozen at
—80 °C to be subsequently quantified by Bradford.

Western blot analysis

Nuclear fractions or total extracts were separated on polyacrylamide gels and transferred to PVDF membranes
(Millipore, USA). Membranes were blocked using 5% milk or 3% BSA and incubated overnight at 4 °C with
primary antibodies. After rinsing, the membranes were incubated with secondary antibodies for 30 min at room
temperature, rinsed and developed using chemiluminescence (Cell Signaling Technology, USA). Primary anti-
bodies used: KDM6B (Sigma-Aldrich, 07-1533), N-Cadherin (Santa Cruz Biotechnology, SC-7939), H3K27me3
(Sigma-Aldrich, 07-449), and H3pan (Diagenode C15410324). For detection HRP-conjugated secondary anti-
bodies were used (Cell Signaling Technology, USA).

Behavioral overview

All behavioral tests on mice were carried out 8 weeks after AAV injection as in'“*?%, Before each test, mice
cages were transported to the behavior room and habituated for 30 min in the dark. After completing a test,
equipment and devices used were cleaned with 70% ethanol. Tests were recorded and analyzed with ANY-Maze
software (Stoelting, USA).

Rotarod: Mice were placed on an elevated accelerating rod for three trials. Each trial lasted for a maximum of
3 min, during which the Rotarod underwent a linear acceleration of 4 rpm per min. Mean time and speed from
each animal were registered before falling off.

Open Field: Mice were tested in an open field (45 x 45 cm) virtually divided into central and peripheral regions
with ANY-Maze software. Apparatus was illuminated from above with 300 Ix in center and 250 Ix in periphery.
Animals were allowed to roam freely for 10 min. The total distance traveled and time in center and periphery
were analyzed.

Light and Dark: The apparatus used for this test is a 40 cm box split in half with 390 Ix on light side and 0-2
Ix on the dark side. Mice were placed in the dark chamber and were allowed to freely explore both chambers for
10 min. Distance traveled, time spent and number of entrances to the light side were analyzed.

Elevated zero-maze: The apparatus consisted of a 46 cm diameter circular runway and raised 54 cm off the
ground. The runway was divided equally into four alternating quadrants of open arcs and closed arcs, with 15
cm walls. Mice started in the center of an open arm and were recorded by video tracking for 10 min. Measures
of cumulative open and closed arc times, total open arm entries, distance in each arm and total distance traveled
were analyzed.

Marble burying test: Mice were tested in a 45 x 45 cm box filled with 5 cm deep wood chips and 49 marbles
distributed in a 7 x 7 pattern. Animals were placed in the test cage and allowed to explore and bury the marbles
during a 30 min session that was videotaped. At the end of the session the subject was removed and the number
of marbles buried (2/3 marble covered by wood chip) were counted.

Contextual fear conditioning: Equipment consisted of a sound attenuating box, fan, light (visible/I.R.), a
speaker, a USB camera, a single on-board controller, and a mouse cage. All trials were recorded, and all mice
underwent a habituation, conditioning and testing phase. During the habituation (day 1): mice were placed in
the fear conditioning cage to explore freely for 5 min and then returned to their cage. During the conditioning
phase (day 2): subject mouse was placed in the fear conditioning cage, let explore freely for 2 min and then sub-
jected to an electric shock of 0.75 mA for 2 s. Next, animal was allowed to explore freely for 3 min and returned
to its cage. On the test phase (day 3): Twenty-four hours after the conditioning phase, the animals were tested
for contextual memory. Each mouse was placed in the fear conditioning box, allowed to freely explore for 5 min,
and returned to its cage. The number and time of freezing episodes was registered.

Barnes Maze: A non-reflective gray circular platform (91 cm diameter) with 20 holes (5 cm diameter) evenly
distributed along the perimeter, with one hole containing a metal escape tunnel was used. Three exogenous
visual cues (length/width ~ 30 cm) were used around the platform: black circle, blue triangle and a yellow square.
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The light was adjusted to 1000 Ix in the center of the platform. All animals underwent a phase of habituation,
spatial acquisition and testing®!. For habituation (day 1): each mouse was placed in the center of the platform,
directed towards the escape hole, and allowed to remain there for 1 min. Then it was taken and allowed to freely
explore the maze for 5 min and was again allowed to spend 1 min inside the escape hole. If the mouse did not
enter within 5 min, it was gently guided near the escape hole selected randomly on the table. During training
phase (day 2-4): each animal was introduced into the start box, left in the center of the platform for 10 s and the
start box was removed, and simultaneously a 16,000 Hz sound was played. The test ended at 3 min or when the
mouse has found the escape hole. This procedure was repeated 2 times per day. During those days the following
was recorded: Primary latency: Time to review the escape hole for the first time; Time in the zone of interest;
Total distance traveled. In the test phase (day 5): the position of the escape tunnel was changed, and the animal
was brought in the start box to the center of the platform, left for 10 s and sound reproduction was started. The
test ended at 90 s or when the mouse found the escape tunnel. The number of primary and total errors, primary
and total latency, and total distance before finding the gap were recorded. The number of visits to each hole was
also measured to show preference.

Three-Chamber Sociability and Social Novelty Test: This was performed in a transparent acrylic three-cham-
bered apparatus with the following dimensions: 61.5x43.5x 22 cm. Each outer chamber was 20 x43.5 cm. We
used small cages of 8 cm diameter and 18 cm height to put the social (unknown WT mice of the same sex and
similar age) and nonsocial stimulus (plastic block of 8 x4 x4 cm). A 20 Ix illumination was used in this test. On
the habituation phase (day 1): stimulus holders were placed in the center of outer chambers. The subject mouse
was placed in the central chamber and allowed to explore freely for 10 min. Apparatus and stimulus holders
were cleaned between mice with 70% ethanol. During pre-test (day 2): two clean paper balls were prepared and
introduced inside each stimulus holder. The mouse was placed in the central chamber and allowed to explore
freely for 10 min. Apparatus and stimulus holders were cleaned between mice with 70% ethanol. For the social
preference test (day 3): a control mouse was placed in a stimulus holder to be used as a social stimulus and
changed for another one every 2 test runs to avoid burnout or social fatigue®*. A plastic block was placed in the
stimulus holder as a nonsocial stimulus. Once social and nonsocial objects were put in the outer chambers, mouse
was placed in the central chamber and allowed to explore freely for 10 min. Behavior was video recorded. Time
amount and distance traveled in the social and nonsocial chamber was registered, as well as the interaction time
with each stimulus. Discrimination index was calculated by (time with novel animal - time with novel object) /
(time with novel animal + time with novel object).

Social Interactions: In this test, an animal from the control condition or KDM6B mKO with a control animal
of the same sex and similar age, were placed in a 30 x 30 x 30 cm box for 10 min. Social interactions (nose-nose
sniffing, nose-face, nose-anogenital area, and grooming) between them were quantified.

Tube dominance: Tube test apparatus consisted of a smooth transparent acrylic tube of 30 cm length and
internal diameter of 2.5 cm. Mice were habituated for 3 days. On day 1, each animal interacted and explored the
tube freely for 30 min. On day 2 and 3, tube inlet was closed, and gel food was placed at the end. Animals were
allowed to explore freely for 30 min. On the training phase (day 4 and 5) mice were taken by the tail and allowed
to freely explore for approximately 1 min on the table where the tube was located. Then they were taken from
the tail and put on one end of the tube and when the animal entered the tail, it was released. If the animal did not
move for several seconds, it was gently prodded with a wooden stick. This step was repeated 5 times per side, so
that the mouse passed through the tube a total of 10 times. The same procedure was repeated on day 4 and 5. On
the test phase (day 6-9): two mice, one control and one KDM6B mKO, were taken and brought to the ends of
the tube by the tail. When they entered completely and reached the middle of the tube, their tails were released
to begin the confrontation. The test was repeated for 4 days. The mouse that pushes and removes its opponent
from the tube was considered the winner and the one that is removed from the tube was considered the loser. All
confrontations were video recorded to analyze the times each animal won and lost. The test stopped when the
loser had all 4 paws out of the tube. The total number of wins and the number of wins per day were compared
between control and KDM6B mKO conditions.

Brain sectioning and mounting

To assess brain transduction, after behaviors animals were deeply anesthetized, and half of the brain was extracted
and fixed by immersion in PBS +4% PFA + 4% Sucrose into 30 mL flasks for 24 h. After fixation, a Leica VT1000s
vibratome was used to cut 100 um coronal sections. Slices were kept in PBS and mounted using Fluoromont G
(EMS, Hatfield, PA) to preserve the fluorescence signal. Brain images were captured with a Nikon Eclipse TE2000
epifluorescence microscope (Nikon, USA) or a Nikon C2 plus confocal microscope (Nikon, USA).

Slice electrophysiology

Acute coronal hippocampal slices (400 pum thick) were prepared from control and KDM6B mKO at postnatal day
(P) 30 to P45 as previously described®’**4**>%_ Animal handling and use was conducted following a protocol
approved by the Animal Care and Use Committee of the Universidad de Valparaiso (CBC 92-2023) in accordance
with the bioethics regulation of the Chilean Research Council (ANID). Briefly, the brain was isolated and cut
using a DKT vibratome in a solution containing the following (in mM): 215 sucrose, 2.5 KCl, 26 NaHCO;, 1.6
NaH,PO,, 1 CaCl,, 4 MgCl,, 4 MgSO,, and 20 glucose. After 30 min recovery, slices were incubated in an artificial
CSF (ACSF) recording solution containing the following (in mM): 124 NaCl, 2.5 KCI, 26 NaHCO;, 1 NaH,PO,,
2.5 CaCl,, 1.3 MgSO,, and 10 glucose equilibrated with 95% 02/5% CO2, pH 7.4. Slices were incubated in this
solution for 30 min before recordings. For medial prefrontal cortex (mPFC) slices (300 um thick), brain was
cut in an ice-cold high-choline solution containing (in mM): 110 Choline-Cl, 2.5 KCl, 1.25 NaH,PO,, 7 MgCl,,
25 NaHCOs, 15 glucose, 0.5 CaCl,, 11.6 ascorbate, 3.1 pyruvate (290-305 mmol/Kg) as previously described™.
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mPFC slices were kept at room temperature for at least 30 min before recording in ACSF containing (in mM):
124 NaCl, 2.69 KCl, 1.25 KH2PO4, 1.3 MgSO4, 26 NaHCO3, 10 glucose, 2.5 CaCl2, pH 7.4 (300-305 mmol/Kg).

All experiments, except where indicated, were performed at 28 £1 °C in a submersion-type recording chamber
perfused at 1-2 ml/min rate with ACSF supplemented with the GABAA receptor antagonist picrotoxin (PTX;
100 uM). Extracellular field potentials (fEPSPs) were recorded with a patch pipette filled with 1 mM NaCl and
placed in the CA1 stratum radiatum. Whole-cell voltage-clamp recordings (Multiclamp 700B, Molecular Devices,
USA) were acquired from CA1 pyramidal neurons or layer V pyramidal neurons voltage-clamped at -60 mV
or+40 mV using patch pipette electrodes (3-4 M) containing the following intracellular solution (in mM): 131
Cs-gluconate, 8 NaCl, 1 CaCl,, 10 EGTA, 10 glucose, 10 HEPES, pH 7.2, 292 mmol/kg osmolality. Reagents were
obtained from Sigma, Tocris and Ascent Scientific, prepared in stock solutions and added to the ACSF as needed.

fEPSPs and excitatory postsynaptic currents (EPSCs) were evoked by stimulating Schaffer collateral inputs in
the hippocampus and layer 2/3 in the mPFC with a monopolar electrode filled with ACSF and positioned ~ 100 to
150 mm away from the recording pipette. Miniature EPSCs (mEPSCs) were recorded at 32 £1 °C in the continu-
ous present of tetrodotoxin (TTX, 500 nM) to block action potential dependent release, whereas spontaneous
EPSC (sEPSCs) were recorded in the absence of TTX. Short-term synaptic plasticity was induced by two pulses
at different interstimulus interval (10, 30, 70 100 and 300 ms) and were used to calculated paired-pulse ratio
(PPR) that was defined as the ratio of the slope of the second fEPSP to the slope of the first fEPSP, respectively.
Long-term potentiation (LTP) was induced by 4 trains of 100 pulses at 100 Hz repeated two times, separated
by 10 s. The magnitude of LTP was compared with baseline 30-35 min after applying the stimulation protocol.
To assess cell stability, series and input resistances were monitored with test pulses (—4 mV, 50 ms) throughout
all experiments. Cells with>20% change in series resistance were excluded from analysis. All recordings were
elicited at 15-20-s intervals, filtered at 2.4 kHz, and acquired at 10 kHz, using custom made software written in
Igor Pro 6.36 (WaveMetrics). Statistical comparisons were made using two samples Student’s t-test at p <0.05
significance level, using Origin 8.5 Pro software (OriginLab). Unless otherwise indicated, all electrophysiological
values are provided as mean + S.E.M and illustrated traces are average of 31-40 responses.

Statistical analysis

Values are presented as mean + standard error of mean (SEM) for 3 or more independent experiments. Statistical
analyzes with Student’s ¢-test or Two-samples student t-test was performed. Values of p <0.05 were considered
statistically significant. All statistical analyzes were performed using Graphpad Prism (GraphPad Software Inc.)
or Origin 9.3 Pro (Origin Lab).

Data availability
All data supporting our conclusions are incorporated in the original manuscript. Other data and material are
available from the corresponding authors upon request.
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Abstract

Background The VPS50 protein functions in synaptic and dense core vesicle acidification, and perturbations

of VPS50 function produce behavioral changes in Caenorhabditis elegans. Patients with mutations in VPS50 show
severe developmental delay and intellectual disability, characteristics that have been associated with autism spectrum
disorders (ASDs). The mechanisms that link VPS50 mutations to ASD are unknown.

Results To examine the role of VPS50 in mammalian brain function and behavior, we used the CRISPR/Cas9 system
to generate knockouts of VPS50 in both cultured murine cortical neurons and living mice. In cultured neurons, KO
of VPS50 did not affect the number of synaptic vesicles but did cause mislocalization of the V-ATPase V1 domain
pump and impaired synaptic activity, likely as a consequence of defects in vesicle acidification and vesicle content.
In mice, mosaic KO of VPS50 in the hippocampus altered synaptic transmission and plasticity and generated robust
cognitive impairments.

Conclusions We propose that VPS50 functions as an accessory protein to aid the recruitment of the V-ATPase V1
domain to synaptic vesicles and in that way plays a crucial role in controlling synaptic vesicle acidification. Under-
standing the mechanisms controlling behaviors and synaptic function in ASD-associated mutations is pivotal

for the development of targeted interventions, which may open new avenues for therapeutic strategies aimed at ASD
and related conditions.
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Background

Thousands of mutations have been implicated in promot-
ing neurodevelopmental disorders, with different degrees
of certainty and a myriad of phenotypes [1-6]. An under-
standing of the consequences of specific gene mutations
will be crucial to identifying common pathways and
potential therapies for these disorders. Autism spectrum
disorders (ASDs) are neurodevelopmental disorders
characterized by deficits in social interaction, repetitive
behaviors, and anxiety [7]. In addition, memory perfor-
mance involving working and spatial memory is severely
reduced in ASD patients [8, 9]. ASD can be driven by
mutations that cause changes in brain wiring, structure,
and function. Mutations in more than 1300 genes—
including single-nucleotide polymorphisms (SNPs),
copy-number variations (CNVs), deletions, and duplica-
tions—are associated with ASD, reflecting the complexity
of its multifactorial genetics [1-6]. In particular, muta-
tions that affect the function, loading, or availability of
synaptic vesicles have been strongly associated with the
manifestation of ASD-like phenotypes [10]. For instance,
mice carrying mutations in Synl, a synaptic vesicle com-
ponent, cause limited synaptic vesicle release and, in
Nhe9, a Na+ /H + exchanger, cause hyper-acidification of
vesicles; both mice mutants show phenotypes associated
with ASD [11-13].

The evolutionarily conserved VPS50 protein functions
in synaptic and dense-core vesicle maturation and acidi-
fication both in Caenorhabditis elegans and in murine
cultured neurons and controls behavioral state in C.
elegans; VPS50 is widely expressed in both the C. elegans
and the murine nervous system [14]. VPS50 is associ-
ated with components of the Golgi-associated retrograde
protein (GARP) complex and more specifically with the
endosome-associated recycling protein (EARP) com-
plex, suggesting a role in endocytosis of synaptic vesicles
by early endosomes [15, 16]. In C. elegans VPS50 physi-
cally interacts with the protein VHA-15, a component of
the V-ATPase complex pump responsible for acidifying
both dense core and synaptic vesicles, and knockdown
of VPS50 in cultured murine neurons causes a robust
decrease in synaptic vesicle acidification [14]. In humans,
a deletion spanning the Vps50 gene, and the calcitonin
receptor, has been reported in an ASD patient [17]. More
recently, two patients with a neurodevelopmental dis-
order including severe developmental delays and intel-
lectual disability were reported to carry homozygous
loss-of-function mutations in Vps50 [18]. These findings
implicate VPS50 in ASD. However, no mechanisms have
been identified that link the phenotypes shown by these
patients to their deficits in Vps50 function.

Below we describe our use of the CRISPR/Cas9 system
to produce VPS50 knockouts (KO) in cultured murine
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neurons and mosaic knockouts (mKOs) in living mice,
allowing us to analyze the role of VPS50 in synaptic func-
tion and mouse behavior. Our findings suggest mecha-
nisms through which VPS50 mutations contribute to
ASD phenotypes in general and to cognitive impairment
in particular. In addition, our brain mosaic VPS50 mKO
animal model should enable further investigations into
the cellular and molecular mechanisms underlying the
function of VPS50 and its relationship to ASD.

Results
VPS50 modulates synaptic vesicle acidification
and V-ATPase V1 domain pump localization in cortical
neurons
In C. elegans, VPS50 KO causes changes in behavior state,
likely as a consequence of defects in synaptic and dense
core vesicle acidification [14]. In mice, VPS50 is highly
expressed in the central nervous system, and its knock-
down in culture causes dysregulation of synaptic vesicle
acidification [14]. To further investigate the role of VPS50
in regulating mammalian synaptic function and behavior,
we used the CRISPR/Cas9 technology to generate VPS50
KO murine neurons. Cortical neuron cultures from Cas9
KI mice were transduced at 3 DIV with AAV encoding
tdTomato as an infection marker alone or together with
sgRNAs targeting the Vps50 gene. The transduction effi-
ciency reached >90% of cultured neurons. Genomic DNA
was extracted 10 days after infection, and a T7 endonu-
clease I assay was performed to determine the efficiency
of gene editing. We tested different combinations of sgR-
NAs targeting the Vps50 genomic locus and observed
the highest editing efficiency when the pair sgRNA1 and
sgRNAG6 were used together (Additional file 1: Fig. S1A).
Next, we performed a series of experiments using
together sgRNA1 and sgRNA6 (hereafter referred to as
“VPS50 KO” in culture and “VPS50 mKQO” in mice). T7
endonuclease I assay revealed that in cultured neurons
VPS50 KO allows efficient gene editing (Fig. 1A). Edit-
ing of the Vps50 locus caused a ~70% reduction in VPS50
mRNA and protein levels in cortical neurons (Fig. 1B-D),
confirming an efficient KO of VPS50 after gene editing.
Locus-specific sequencing showed the resulting edited
genomic sequences that were introduced by CRISPR/
Cas9 as evidenced by the presence of deletions repre-
sented by dashes when compared to the WT sequence
(Additional file 1: Fig. S1B). Since VPS50 has been related
to synaptic vesicle acidification, we next evaluated if the
number of vesicles was changed in VPS50 KO neurons.
Importantly, VPS50 KO neurons showed no significant
difference in the total number of synaptic vesicles as
assessed by electron microscopy (Fig. 1E, F). To deter-
mine changes in synaptic vesicle acidification, we used
the ratio-SyPhy probe, which in red signal shows all
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synaptic vesicles and in green the vesicles with basic pH,
we observed a robust reduction in vesicle acidification
in VPS50 KO neurons (Fig. 1G). Quantification using a
Mander’s coefficient to show the ratio of red clusters
(vesicles) that are also green (high pH) shows a reduc-
tion in the coefficient (Fig. 1H), consistent with previous
observations showing that VPS50 modulates synaptic
vesicle acidification [14].

As VPS50 is enriched in synaptic and dense core vesi-
cles and appears as a soluble protein in mouse brain
extracts [14], we next performed proximity ligation assays
(PLA) to evaluate its approximate location within the
synapse. PLA assesses the proximity between two pro-
teins of interest by generating a positive fluorescent sig-
nal. In this study, the positive signal is observed as puncta
in the red channel (550 nm), indicating that the targeted
proteins are within a distance of <40 nm. First, we tested
in control neurons whether VPS50 was proximal to either
the post-synaptic protein PSD95 or the presynaptic pro-
tein in synaptic vesicles Synapsinl. We observed the PLA
signal only in proximity to Synapsinl, confirming that
VPS50 is near or within synaptic vesicles (Fig. 2A). This
interaction was quantified showing high PLA puncta
only in the VPS50/Syn1 condition (Fig. 2B). As controls,
we performed PLA reactions using Synapsinl/Synapto-
physin and PSD95/Synaptophysin (Additional file 1: Fig.
S2A-B). Since VPS50 interacts directly with ATP6V1H
in murine tissue [14] and synaptic vesicle acidification
is reduced in VPS50 KO neurons [14] (Fig. 1G, H), it is
possible that VPS50 facilitates the sorting or assembly
of the V-ATPase complex in synaptic vesicles to acidify
them for neurotransmitter filling. To test this possibil-
ity, we used PLA to evaluate the proximity of VPS50
and the V-ATPaseV1 domain of the pump in control
neurons and observed PLA signal, indicating proximity
between VPS50 and the V-ATPaseV1 domain (Fig. 2C;
top). Importantly, in VPS50 KO neurons, this PLA signal
was absent, confirming the reduced expression of VPS50
and a consequent lack of interaction between VPS50 and
the V-ATPaseV1 domain of the pump (Fig. 2C; bottom).
Quantification of the PLA signal between VPS50/v-
ATPaseV1 shows a significant decrease in the number

(See figure on next page.)
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of puncta per field in VPS50 KO neurons (Fig. 2D). We
then asked if the localization of the V-ATPaseV1 domain
is disrupted in VPS50 KO neurons. While PLA experi-
ments examining the V-ATPaseV1 domain and Synap-
tophysin showed that they are in proximity in control
neurons (Fig. 2E; top), no corresponding signal was
observed in VPS50 KO neurons (Fig. 2E; bottom),
strongly suggesting that KO of VPS50 causes a mislo-
calization of the V-ATPaseV1 domain. Quantification of
PLA signal between v-ATPaseV1/Syn shows a significant
decrease in VPS50 KO neurons (Fig. 2F). As a control to
show that there are no changes in the expression of the
interacting proteins, in all PLA experiments, we imaged
in the blue channel (633 nm) the proteins of interest that
were used to test interaction (Fig. 2). As an additional
control for PLA experiments, we carried out western blot
analyses of PSD95 and Synaptophysin in VPS50 KO neu-
rons. As expected, we found a small reduction in PSD95
expression and no change in Synaptophysin expression
levels (Additional file 1: Fig. S2I). Together, these results
indicate that KO of VPS50 does not affect the total num-
ber of synaptic vesicles but produces a mislocalization
of the V-ATPaseV1 domain that could in turn prevent
the correct assembly of the v-ATPase complex and as a
consequence could be likely responsible for the observed
impairment in synaptic vesicle acidification [14] (Fig. 1G,
H).

VPS50 KO impairs synaptic activity in cortical neurons

To further evaluate the effect of VPS50 KO on synaptic
function, murine cortical neurons were infected at 3 DIV
and miniature and spontaneous excitatory postsynaptic
currents (mEPSC and sEPSC, respectively) were recorded
at 12-13 DIV. Compared to control neurons, VPS50 KO
neurons showed a strong reduction in both the ampli-
tude and frequency of sEPCS (Fig. 3A—C). To determine
if the amplitude and frequency of SEPSC decreased with
time, we performed continuous sEPSC recordings for
30 min. While in control neurons we observed no sig-
nificant changes, VPS50 KO neurons displayed a signifi-
cant reduction in the amplitude of the SEPSCs over time
(Additional file 1: Fig. S3A-C), consistent with the idea

Fig. 1 VPS50 gene editing causes a decrease in synaptic vesicle acidification but no change in synaptic vesicle number. Cortical neurons

from Cas9KI mice were transduced with sgRNA targeting VPS50 at 3 DIV to produce VPS50 KO. AT7 endonuclease | assay of control or VPS50

KO cortical neurons. B RT-gPCR to quantify relative mRNA expression of VPS50. C VPS50 protein expression in VPS50 KO and control neurons.
N-cadherin was used as loading control. D Quantification of VPS50 expression in western blots (n=6 biological replicates). E, F Representative
images of synaptic terminals as visualized by electron microscopy and quantification of the number of synaptic vesicles in control and VPS50

KO neurons (n=50 cells per condition from 3 independent experiments). G Representative images of the Ratio-SyPhy signal used to determine
synaptic vesicle acidification in control and VPS50 mKO neurons. Red signal shows all synaptic vesicles and green signal shows vesicles with basic
pH. H Quantification of Ratio-SyPhy signal showing Mander’s coefficient. Thirteen samples from 3 biological replicates were used for Ratio-SyPhy
quantification. Scale bar: 400 nm (E); 25 um (G). Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent £ SEM. ***p <0.001
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that vesicular content might be reduced in VPS50 KO
neurons. Moreover, VPS50 KO neurons showed a dras-
tic reduction in the frequency but not in the amplitude
of mEPSCs (Fig. 3D-F), an effect that could reflect an
increase in the exocytosis of empty vesicles. This reduc-
tion in synaptic strength correlates with a decrease in
neuronal activity, as the spontaneous spike frequency
was decreased in VPS50 KO neurons compared to con-
trol neurons (Fig. 3G, H). In addition, calcium imaging
using the genetically encoded GCaMP7 probe showed
that VPS50 KO neurons were reduced in calcium event
frequency, confirming deficient spiking (Additional
file 1: Fig. S3D-E). To further evaluate if synaptic vesicle
acidification was partly responsible for the reduction in
vesicle content and neuronal activity, we used pHoenix,
a genetically encoded proton pump targeted to synaptic
vesicles [19]. Spontaneous spiking of pHoenix-infected
control and VPS50 KO neurons was recorded for 1 min
as baseline, and then, 532 nm light was used to activate
pHoenix (yellow line under traces). During the 2-min
activation period, we observed a partial recovery of spik-
ing in VPS50 KO neurons close to control levels (Fig. 31,
J; yellow line). Moreover, after stimulation, we observed
no significant differences from control neurons (Fig. 3K).
Altogether, our results strongly indicate that the reduc-
tion in synaptic activity in VPS50 KO requires synaptic
vesicle acidification, since this reduction can be rescued
by artificially acidifying synaptic vesicles.

VPS50 mKO impacts synaptic function and memory
formation

Having demonstrated that VPS50 KO causes a deficit in
vesicle acidification as shown by Ratio-SyPhy (Fig. 1G,
H), and synaptic function in cultured cortical neurons
(Fig. 3), we next aimed to evaluate whether VPS50 mKO
in mice can cause changes in synaptic transmission and
behavior in vivo, as observed previously for C. elegans
[14] and as suggested for humans [18]. Toward this end,
we used the CRISPR/Cas9 system to induce VPS50 mKO
in the intact mouse brain. We delivered high titer AAVs

(See figure on next page.)
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at postnatal day 1 (P1) intracerebroventricularly to Cas9
KI mice. Animals were injected with the same sgRNAs
tested previously in culture together with tdTomato as
a fluorescence marker under the control of the human
synapsinl promoter; tdTomato alone was used as con-
trol. Post-mortem analyses showed high AAV infection
in multiples brain areas (Fig. 4A, B), including the cor-
tex and the hippocampus (Fig. 4C). In those brain areas,
VPS50 protein expression was significantly reduced >70%
(Fig. 4D-F), confirming efficient mKO of VPS50 after
gene editing in the mouse brain. In addition, the expres-
sion of VPS50 mRNA was also significantly reduced
in VPS50 mKO animals (Fig. 4G, H). No changes were
observed in the brain length of VPS50 mKO mice; how-
ever, a significant difference in brain weight was found
compared to the control group (Additional file 1: Fig.
S4A-D). We then monitored basal synaptic function at
Schaffer collateral-to-CA1 synapses in acute hippocam-
pal slices. We observed a significant decrease in the fre-
quency but not in the amplitude of miniature excitatory
postsynaptic currents (mEPSCs) in VPS50 mKO synapses
(Fig. 5A-C). Similarly, we observed a strong reduction
in the frequency and amplitude of spontaneous EPSCs
(sEPSCs) in VPS50 mKO synapses (Fig. 5D—F). Moreo-
ver, input/output curves revealed a large decrease in the
amplitudes of evoked EPSC at all stimulus intensities
tested for VPS50 mKO synapses (Fig. 6A, B). Importantly,
paired-pulse facilitation remained unchanged (Fig. 6C,
D), suggesting that the decrease in evoked EPSC ampli-
tude cannot be explained by changes in release prob-
ability, but rather could be a consequence of a decrease
in vesicle content and/or vesicle refilling caused by a
change in the level of acidification, as observed for cul-
tured neurons (Fig. 1G). To further evaluate whether the
filling state of vesicles might be involved in this synaptic
change, we used high-frequency stimulation to assess
the response of VPS50 mKO synapses. High-frequency
stimulation promotes full fusion of synaptic vesicles and
posterior fast endocytosis for neurotransmitter filling.
Thus, during high-frequency stimulation, a neuron with

Fig. 2 VPS50 KO causes mislocalization of v-ATPaseV1 domain in cortical neurons. Proximity-ligation assays (PLAs) was used to determine proximity
between studied proteins as indicated in each case. A positive PLA signal, thus proximity between the proteins, is observed as red puncta in images
(red channel, 546 nm). In all experiments, an antibody against the microtubule-associated protein 2 (MAP2) was used to stain processes of all
neurons (green channel, 488 nm). Merge shows superimposed images of MAP2 (green), PLA signals (red), and the signal for a protein of interest

as shown in the figure (blue, 633 nm). A PLA using PSD95 or Synapsin1 (Syn1) antibodies to define pre- or post-synaptic localization of VPS50

in control neurons. B Quantification of PLA puncta per field of VPS50/PSD95 and VPS50/Syn1. C PLA to assess proximity of VPS50 and v-ATPAseV1
domain in control and VPS50 KO neurons. D Quantification of PLA puncta per field of VPS50/v-ATPaseV1 in control and VPS50 KO neurons. E PLA

to determine proximity of v-ATPaseV1 domain and Synaptophysin (Syn) in control and VPS50 KO neurons. F Quantification of PLA puncta per field
of v-ATPaseV1 domain/Syn in Control and VPS50 KO neurons. Six low magnification (20 x) fields from 3 independent biological samples were used
for quantification in each condition. Scale bars, 25 um. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent + SEM
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Fig. 3 VPS50 KO neurons show a reduction in synaptic activity that can be recovered by inducing synaptic vesicle acidification. Cortical neuronal
cultures from Cas9Kl animals were transduced at 3DIV and at 12-13 DIV used for electrophysiology or calcium imaging. A Representative traces
and B, C quantification of amplitude (B) and frequency (C) of spontaneous AMPA-mediated EPSCs. D Representative traces and E, F quantification
of the frequency (E) and amplitude (F) of miniature AMPA-mediated currents. G Representative traces and quantification of the frequency (H)

of current clamp recordings of control and VPS50 KO neurons. I-K Representative traces of current clamp recordings of control and VPS50 KO
neurons expressing pHoenix. Orange bars under the traces show the periods pHoenix was activated. K Quantification of the frequency of spiking
of control and VPS50 KO neurons before, during, and after stimulus with pHoenix to artificially acidify synaptic vesicles. For all experiments, at least
18 neurons from 3 independent experiments were analyzed. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent
mean +SEM
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Fig.4 Systemic injection of AAV at P1 to produce VPS50 mKO. A, B Representative image of coronal sections of a mouse brain (VPS50 mKO)
injected at P1 with AAV after 15 weeks to show infection efficiency by tdTomato fluorescent signal. Two different sections are shown to show
broad infection. A, B (right) Anatomical annotations from the Allen Reference Atlas — Mouse Brain (atlas.brain-map.org), at the same slice position
as A and B (left). Scheme of the relative positions are shown to identify brain areas. C Higher magnification image of a hippocampus section
showing transduction efficiency. D Representative western blot analyses for the detection of VPS50 expression in control and VPS50 mKO animals
in both cortex and hippocampus. B-tubulin was used as loading control. E, F Quantification of VPS50 expression in western blots from cortex (E)
or hippocampus (F) n=6 animals per condition. G, H RT-gPCR to quantify expression of VPS50 in cortex (G) or hippocampus (H), n=13 animals
per condition. Scale bar, 500 um. Unpaired t-test was used for statistical analysis; ***p < 0.001. Error bars represent+ SEM
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Fig. 5 Hippocampal spontaneous excitatory synaptic activity is impaired in VPS50 mKO mouse. A Representative traces of mEPSCs recorded

from CA1 pyramidal neurons in acute hippocampal slices of control and VPS50 mKO animals. B, C Quantification of the frequency (B) and amplitude
(C) of MEPSCs. D Representative traces of sEPSCs in hippocampal slices of control and VPS50 mKO animals. E, F Quantification of the frequency (E)
and amplitude (F) of mEPSCs. In each representative trace (A-D), the numbers of cells (c) and animals (a) are indicated in parentheses. Two-samples
Student t-test was used for statistical analysis; *p < 0.05, ***p <0.001. Summary data consist of mean + SEM

partial or null synaptic vesicle filling would be detected
as a decrease in quantal size. Under this condition, the
responses of VPS50 mKO to high-frequency stimulation
synapses were greatly reduced compared to control syn-
apses (Fig. 6E, F), strongly suggesting that vesicle content

(See figure on next page.)

is reduced in VPS50 mKO synapses. Next, we investi-
gated the impact of VPS50 mKO on hippocampal long-
term synaptic plasticity (LTP), the cellular mechanism
underlying learning and memory. We found that the
magnitude of LTP induced by high-frequency stimulation

Fig. 6 Hippocampal synaptic function and plasticity are impaired in VPS50 mKO mice. Electrophysiological recordings characterizing Schaffer
collateral-to-CA1 synapses in acute hippocampal slices of control and VPS50 mKO animals. A Representative traces fEPSP of input-output curve
elicited at different stimulus intensities. B Input-output curves reveal a strong reduction in the amplitude of fEPSC at all stimulus intensities tested.
C Representative traces and D quantification of paired-pulse facilitation at different inter-stimulus intervals. E Representative synaptic responses
and F quantification showing a strong synaptic depression in response to a single high-frequency stimulus train (100 pulses at 100 Hz) that likely
reflect a reduce vesicular content in VPS50 mKO synapses compared to control synapses. G Representative traces before and after LTP induction
elicited by four trains of high-frequency stimulation. Sample traces were taken at times indicated by numbers in summary plot. H Summary plot
showing that the magnitude of LTP is reduced in VPS50 mKO animals. In each representative trace, the number of slices (s) or cells (c) and animals
(a) are indicated in parenthesis. Two-samples Student t-test was used for statistical analysis; *p < 0.05. Summary data consist of mean + SEM
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was reduced in mice with disrupted VPS50 compared
to controls (Fig. 6G, H), suggesting that there might be
cognitive deficits in the context of memory formation in
VPS50 mKO mice.

Finally, we evaluated the cognitive performance of
VPS50 mKO mice in the Barnes maze and a fear-condi-
tioning apparatus (Fig. 7), two memory formation para-
digms dependent on the hippocampus. First, we asked if
VPS50 mKO mice had locomotor problems that might
affect their performance in behavioral testing. Accel-
erated rotarod test showed that VPS50 mKO animals
spent more time on the ramp, evidencing better motor
function than control animals (Fig. 7A). In the Barnes

A . B
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maze (Fig. 7B), VPS50 mKO animals made a significantly
higher number of primary errors (holes checked before
finding the escape hole) on days 1 and 2 (Fig. 7C) but
behaved similarly to control error numbers on days 3 and
4. Also, primary latency, the time the animal takes to find
the escape hole, was significantly affected in VPS50 mKO,
but only on the first day (Fig. 7D), and VPS50 mKO ani-
mals spent significantly less time in the escape zone on
days 1-3 compared to control littermates (Fig. 7E). These
data indicate that VPS50 mKO animals have deficits
in the short-term acquisition of spatial learning. Using
the context-dependent fear-conditioning paradigm, we
found that VPS50 mKO animals significantly decreased
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Fig. 7 VPS50 mKO animals show impaired hippocampal memory formation. Brain-wide control and VPS50 mKO animals were subjected

to behavioral testing. A Quantification of the time spent on the ramp on the accelerated rotarod apparatus. B Scheme of the Barnes maze memory
paradigm in which clues attached to the wall, escape hole, and escape zone are shown. C Quantification of the numbers of primary errors made

by control and VPS50 mKO animals before finding the escape hole. D Quantification of the primary latency of control and VPS50 mKO animals

to find the escape hole. E Quantification of the time control and VPS50 mKO animals spent in the escape zone. F Quantification of freezing
percentage time shown by control and VPS50 mKO animals in the fear conditioning paradigm. For behavioral experiments, a total of N=13 animals
per condition were assayed. Unpaired t-test was used for statistical analysis; *p < 0.05. Error bars represent + SEM
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in freezing compared to control littermates (Fig. 7F).
Together, these results indicate that VPS50 mKO mice
display alterations in hippocampal synaptic function and
memory deficits dependent on this brain area.

Discussion

The VPS50 protein is evolutionarily conserved, with
homologs in C. elegans, M. musculus, and humans,
reflecting its fundamental importance in cellular func-
tion [14, 18]. VPS50 has been associated with the EARP
complex (endosome-associated recycling protein) and
more specifically with dense core and synaptic vesicles
[20]. Studies of C. elegans revealed that VPS50 controls
locomotion and behavioral state by controlling vesicle
acidification and function, likely by regulating the assem-
bly of the V-ATPase pump [14]. The V-ATPase pump is
recruited to synaptic vesicles after recycling to facilitate
neurotransmitter filling [21]. C. elegans mutants in the
gene unc-32, which encodes the homolog of the human
V-ATPase pump, have severe deficits in motoneuron
neurotransmission [22]. Interestingly, the V-ATPase
pump acidifies cellular compartments broadly in the cell;
specificity is conferred by the differential formation of
the complex by different isoforms and protein interac-
tions [23].

Our findings reveal a critical role of VPS50 in synap-
tic function and behavior in mammals and demonstrate
that this role likely involves synaptic vesicle acidification.
Using CRISPR/Cas9 to produce KO of VPS50 in cultured
cortical neurons, we showed that VPS50 KO neurons
exhibited mislocalization of the V-ATPaseV1 domain,
lacking proximity to synaptic vesicles, without affecting
the total number of synaptic vesicles. Instead, this mislo-
calization impedes the correct assembly of the v-ATPase
complex affecting vesicle acidification, thereby influenc-
ing vesicular content and/or vesicle refilling. The lim-
ited acidification of synaptic vesicles is known to reduce
neurotransmitter filling and cause a consequent decline
in synaptic activity [10, 21, 24]. Our findings strongly
indicate that VPS50 plays a crucial role in facilitating the
proper sorting of the v-ATPaseV1 domain near synaptic
vesicles or the assembly of the v-ATPase complex that
permits synaptic vesicle acidification.

Our data further demonstrate that in cultured neurons
the reduction of VPS50 impairs synaptic transmission
and that these deficiencies can be recovered by artificially
acidifying synaptic vesicles. Electrophysiological record-
ings using hippocampal slices showed a strong decrease
in the frequency of spontaneous synaptic events, a reduc-
tion of the amplitude after high-frequency stimulation,
and a severe deficit in LTP formation. These observations
strongly support the idea that the changes observed in
synaptic activity were a consequence of the exocytosis of
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empty or partially filled synaptic vesicles, similar to what
has been shown in cultured hippocampal neurons in
which the v-ATPase pump had been pharmacologically
blocked [25]. These synaptic transmission defects likely
caused the impaired memory formation of VPS50 mKO
animals, linking the deficits in synaptic vesicle acidifica-
tion and/or synaptic filling to complex cognitive behav-
iors such as learning and memory formation. Deficits
in working and spatial memory have been described as
one of the phenotypes of ASD patients [8, 9], a pheno-
type that has also been described for patients with VPS50
mutations [18].

In summary, our data demonstrate that VPS50 modu-
lates synaptic transmission by facilitating the recruit-
ment of the V-ATPase pump to synaptic vesicles, thereby
enabling vesicle acidification and modulating vesicle
content. Deficits in this process, as exhibited by VPS50
mKO mice, result in cognitive impairment. Future stud-
ies of VPS50 mKO mice should provide a comprehensive
understanding of the behavioral consequences of VPS50
mKO and provide insights into how mutations in the
VPS50 gene can lead to ASD.

Conclusions

Our study provides compelling evidence for the critical
role of the evolutionarily conserved VPS50 protein in
synaptic function and behavior across mammalian spe-
cies. Utilizing CRISPR/Cas9 knockout techniques, we
have elucidated the involvement of VPS50 in regulat-
ing synaptic vesicle acidification, a process crucial for
neurotransmitter filling and synaptic activity. Our find-
ings shed light on the molecular mechanisms underly-
ing VPS50’s function and highlight the significance of
VPS50 in maintaining synaptic transmission integrity, as
evidenced by the impaired synaptic activity and cognitive
deficits observed in VPS50 mKO mice. These results not
only deepen our understanding of synaptic function but
also provide valuable insights into the etiology of neu-
rodevelopmental disorders such as ASD.

Methods

Animals and injections

All animal procedures and experiments were performed
according to NIH and ARRIVE guidelines and were
approved by MIT Committee on Animal Care (CAC) and
the animal ethics committee from Universidad Andrés
Bello (020/2018). Animal injections were performed as in
[26, 27]. Briefly, newborn Cas9 KI mice (C57BL/6]J; JAX
026179) were cryoanesthetized in a cold aluminum plate
and injected with 1 pL of concentrated AAV (1 x 10 vg)
in each cerebral ventricle at a depth of 3 mm in the ani-
mal’s head at 2/5 of the intersection between lambda and
the eye with a 10-uL HAMILTON syringe (Hamilton,
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7653-01) and a 32-G needle (Hamilton, 7803-04). After
the injection, mice were placed in an infrared heating pad
at 37 °C until they recovered their pink color, at which
point they were returned to the cage with their mother
[26-28]. In the third week after birth, mice were weaned
and separated by sex into cages with a 12 h/12 h light/
dark cycle with free access to food and water. An elec-
tronic chip (p-chips, Pharmaseq) with a unique identi-
fier was put in the tail of each injected animal to facilitate
animal tracking. After behavioral testing, mice were
anesthetized with isoflurane (3% in 0.8 L/min air flow)
in an induction chamber for 3 min and decapitated for
molecular analyses.

Neuronal cultures

At P1, neonatal mice were quickly decapitated and dis-
sected in ice-cold HBSS to obtain cerebral cortices as
described by [26, 27, 29, 30]. Cortices were minced and
incubated for 20 min at 37 °C with papain (Worthington,
USA) for enzymatic digestion. Then, cells were transferred
to a 15-ml tube containing plating media (D-MEM supple-
mented with 10% fetal bovine serum and 100 U/ml peni-
cillin/streptomycin; Life technologies 15,070—063). Cells
were resuspended by mechanical agitation through fire-
polished glass Pasteur pipettes of decreasing diameters.
Cells were plated on freshly prepared poly-L-lysine-coated
plates. After 2 h, plating media were replaced with growth
media (Neurobasal-A (Life technologies 1,088,802) sup-
plemented with B27 (Life technologies 17,504,044), 2 mM
L-glutamine (Life technologies 25,030-081), 100 U/ml
penicillin/streptomycin (Life technologies 15,070-063)).
Half of the media was replaced every 3 days.

AAV production

AAV viral particles containing sgRNA directed to VPS50,
red fluorescent protein tdTomato under the control of the
human Synapsinl promoter (hSyn), and packaged with
the PHP.eB capsid [31] were obtained from HEK 293T
cells and purified as described by [26, 27]. AAVs were
also prepared using transfer plasmids encoding GCamP7f
to measure calcium transients (Addgene Cat#104,488),
and custom AAV plasmids for enhanced Cas9 (eCas9)
[32], SyPhy to assess synaptic vesicle acidification [33],
plus pHoenix to artificially acidify synaptic vesicles [19].
Briefly, HEK 293T cells were grown to approximately
6x10* cells/cm? with DMEM 10% FBS. Cultures were
transfected using the PEI “MAX” reagent (Polysciences,
Cat 24,765) with PHP.eB capsid plasmids, the vector with
transfer plasmids, and the helper plasmid DF6. After 24 h
of transfection, the media was exchanged for DMEM 1%
FBS. After 72 h, media was collected from the plates and
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replaced with fresh DMEM 1% FBS. The collected media
was stored at 4 °C, and 120 h after transfection cells were
detached from the plate and transferred to 250-mL coni-
cal tubes, together with the collected media and centri-
fuged for 10 min at 2000g. The supernatant was removed
and saved for later use, and the pellet was resuspended
in SAN digestion buffer (5 mL of 40 mM Tris, 500 mM
NaCl, and 2 mM MgCI2 pH 8.0) containing 100 U/mL of
Salt Active Nuclease (Arcticzymes, USA) and incubated
at 37 °C for 1 h. The supernatant was precipitated using
8% PEG 8000 and 500 mM NaCl, incubated on ice for
2 h, and centrifuged at 4000g for 30 min in 250-mL bottles.
Pellet was resuspended with SAN digestion buffer and
the complete solution was placed in an iodixanol gradient
(15 to 60%) and centrifuged at 350,000 for 2.5 h. The phase
containing the AAV was rescued and frozen at—80 °C
for later use.

Proximity ligation assays

Assays were conducted using the Duolink PLA Fluores-
cence kit (Sigma-Aldrich) following the manufacturer’s
instructions. Briefly, cortical cultured neurons were fixed
using 4% paraformaldehyde for 20 min at RT, washed
3 times with PBS, permeabilized using 0.05% Triton
X-100 for 5 min, and rinsed 3 times with PBS. Samples
were incubated with blocking solution for 1 h at 37 °C
and incubated with primary antibodies (VPS50, Sigma
Aldrich, HPA026679, rabbit 1:100; PSD95, Neuromabs,
75-348, mouse 1:250; Synapsinl, Synaptic Systems,
106,011, mouse 1:1000; Synaptophysin, Zymed, 180,130,
rabbit 1:1200; v-ATPase H, Santa Cruz Biotechnology,
SC-166227, mouse 1:100) overnight at 4 °C. Samples
were washed twice with buffer A for 5 min, incubated
with plus-minus probes for 1 h at 37 °C, washed twice
with buffer A, and incubated with ligation mixture for 30
min at 37 °C. Samples were washed twice with buffer A,
incubated with an amplification mixture for 2 h at 37 °C,
and washed twice for 10 min with buffer B. Lastly, sam-
ples were mounted, and images were acquired using a
Nikon C2 + confocal microscope (Nikon, USA).

Brain sectioning and mounting

To assess brain infection, half of the brains were sub-
merged in PBS+4% PFA +4% Sucrose into 30-mL flasks
and fixed for a minimum of 24 h. After fixation, a Leica
VT1000 vibratome was used to cut 100-pm coronal sec-
tions. Slices were kept in PBS 1X and mounted using
Fluoromount G (EMS, Hatfield, PA) to preserve the fluo-
rescence signal. Brain images were captured with a Nikon
Eclipse TE2000 epifluorescence microscope (Nikon, USA).
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Protein extraction and electrophoresis

For immunodetection tests, proteins were extracted
from the cortex and hippocampus of mice brains. Fifty
milligrams of tissue was ground in N-PER lysis buffer
(ThermoFisher Product No. 23225) with protease and
phosphatase inhibitors (cOmplete Protease Inhibi-
tor Cocktail 11,697,498,001, Roche Diagnostics) until a
homogeneous solution was achieved and incubated for 10
min on ice. This extract was centrifuged at 10,000g for 10
min at 4 °C. The supernatant with extracted proteins was
collected and quantified using the BCA method, follow-
ing the manufacturer’s recommendations (Perkin-Elmer).
For electrophoresis, the proteins were denatured in load-
ing buffer (NuPAGE LDS Sample buffer 4X; NP0007) and
heated at 95 °C for 10 min. Forty micrograms of the sam-
ple was loaded onto an SDS 6% acrylamide-bisacrylamide
gel to visualize proteins larger than 100 kDa and a 10%
gel for proteins smaller than 100 kDa. Electrophoresis
was performed at 80-150 V constant voltage in running
buffer (25 mM Tris-Cl, 250 mM glycine, 0.1% SDS) in a
minichamber (MiniPROTEAN System, BIO-RAD).

Western blots

After electrophoresis, proteins were transferred to an
activated PDVF membrane in transfer buffer (250 mM
glycine, 25 mM Tris—Cl, 20% methanol) at 400 mA con-
stant current for 1.5 h. To verify protein transfer, the
membrane was incubated with Ponceau red S (0.1%
Ponceau S, 5% acetic acid). The membrane was washed
with TBS/Tween 20 0.05% until the Ponceau red staining
was removed. Next, the membrane was blocked for 1 h
to eliminate non-specific protein binding sites in a 0.05%
TBS/Tween 20 solution with 5% skim milk. The mem-
brane was then incubated with the specific primary anti-
body VPS50 (Sigma, HPA026679-100UL, Rabbit, 1/500
dilution) in 0.05% TBS/Tween 20 solution with 5% skim
milk at 4 °C overnight. The membrane was washed with
TBS/Tween 20 0.05% five times for 5 min each. Then,
the membrane was incubated with a second antibody
directed against the first antibody and coupled to horse-
radish peroxidase (HRP) (anti-rabbit HRP, CS7074, Cell
Signaling Technology, USA) in TBS/Tween 20 0.05% with
5% skim milk at room temperature for 1 h. The mem-
brane was washed with TBS/Tween 20 0.05% five times
for 5 min each. Detection was performed with chemilu-
minescence reagents (SignalFire" Elite ECL Reagent).
Protein expression was normalized to B-Tubulin expres-
sion (Abcam, ab6046, Rabbit, 1/500) or N-Cadherin
(Santa-Cruz Biotechnology, SC-7939, rabbit. 1/500).

DNA and RNA extraction
Thirty to 50 mg of tissue were weighed for DNA and
RNA extractions with Quick-DNA/RNA Miniprep kit
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(Zymo Research, D7001). Briefly, the tissue was homog-
enized with a Dounce homogenizer in lysis buffer and
centrifuged for 30 s at 14,000g. The supernatant was col-
lected and transferred to a Zymo-Spin IIICR column in a
collection tube and centrifuged at 14,000g for 30 s. The
filtrate was used for RNA extraction, and the column for
DNA extraction. For RNA extraction, the same volume of
100% ethanol was added and homogenized, transferred
to a Zymo-Spin IICR column, and centrifuged at 14,000g
for 30 s. The column was then treated with DNase I, 400
uL DNA/RNA Prep Buffer was added, and the column
was centrifuged and washed twice with wash buffer. To
elute the RNA, 25 pL of nuclease-free water was added,
incubated for 3 min, quantified, and stored at— 80 °C for
later use. For DNA extraction, 400 uL DNA/RNA Prep
Buffer was added to the Zymo-Spin IIICR column, and
the column was centrifuged and washed twice with wash
buffer. To elute the DNA, 50 uL of nuclease-free water
was added, incubated for 5 min, quantified, and stored
at— 80 °C for later use.

RT-qPCR

RT-qPCR assays were performed using 400 ng of
extracted total RNA. To obtain complementary DNA
(cDNA), each sample was mixed with 0.25 pg Oligo-dT
(New England Biolab S1316S) in 10 pL of nuclease-free
water, denatured at 75 °C for 5 min and then quickly
transferred to 4 °C for 5 min. Reverse transcription (RT)
was performed in a final 20 pL volume containing: 10 uL
denatured RNA, 100 U of M-MLV Reverse Transcriptase
(NEB; M0253S), M-MLV RT buffer (NEB; B0253S) 1X,
20 U of RNase Inhibitor (NEB; M0314S), and 0.5 mM of
dNTPs (Biotechnology N557-0.5ML). The mixture was
incubated at 42 °C for 1 h, then at 95 °C for 5 min, and
the reaction was stopped at 4 °C and then diluted five times
with nuclease-free water. Three microliters of the diluted
c¢DNA were used for real-time PCR reactions, using relative
abundance by the ddCt method, and GAPDH transcript as
a loading control. Transcript detection was performed with
specific primers for VPS50 mRNA (Sense: TGTTACTTCTC
CGAGGCAGG, Antisense: GCTCTCAAAGGACCAAGAT)
and GAPDH mRNA (Sense: ATGGTGAAGGTCGGTGTG
AA, Antisense: CATTCTCGGCCTTGACTGTG).

Transmission electron microscopy

Electron microscopy was conducted as described in
[34]. Briefly, cortical neurons were grown on sterilized
Aclar pieces (EMS, Cat#50,425) and infected at 3 DIV
with AAVs to produce VPS50 KO. Ten days after infec-
tion, cultures were fixed with 4% Glutaraldehyde in
0.1M Cacodylate Buffer for 1 h at RT, and a secondary
fix in 1% Osmium tetroxide in 0.1M Cacodylate buffer
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on ice 1 h. Samples were dehydrated using increas-
ing concentrations of ethanol and embedded in Epon
resin using an aluminum weighing dish at 60 °C for 48
h. After polymerization the resin was taken out of the
aluminum dish, pieces were sawed out and mounted for
sectioning at 50 nm and imaged using a transmission
electron microscope (JEOL JEM-1200 ExII) and CCD
camera (AMT XR-41).

Calcium imaging

Control and VPS50 KO cortical neurons were co-infected
at 3 DIV with GCaMP7f. At 10 days in vitro (DIV), neu-
rons were imaged using a Nikon Eclipse TE-2000 micro-
scope (Nikon, USA) equipped with a CO2/temperature
chamber (Tokai-Hit). Pictures were acquired every 30 ms
for 5 min. Using Image] (NIH) regions of interest were
selected in neuronal somas to determine fluctuations of
fluorescence over time to calculate calcium transient fre-
quency. The Kolmogorov—Smirnov test was used to test
for significance.

Electrophysiology of cultured neurons
Whole-cell patch-clamp recordings of infected corti-
cal neurons were performed and analyzed as previously
described [27, 30, 35]. The external solution contained
150 mM NacCl, 54 mM KCl, 2.0 mM CaCl2, 2.0 mM
MgCl2, 10 mM HEPES (pH 7.4), and 10 mM glucose.
Patch electrodes (5-7 MQ) were filled with 120 mM
CsCl, 10 mM BAPTA, 10 mM HEPES (pH 7.4), 4 mM
MgCI2, and 2 mM ATP-Na2. After the formation of a
high resistance seal and break-in (>1 GQ), whole-cell
voltage and current signals were recorded with an Axo-
patch 700B amplifier (Molecular Devices). Signals were
low-pass filtered (5 kHz) and digitized (5-40 kHz) using
a PC with pClamp10 software. Cells were held at— 60 mV.
To analyze synaptic function, we recorded isolated
AMPA-mediated synaptic currents using a mixture of
antagonists against NMDA receptors (NMDARs; 20 uM
d-APV) and GABA, receptors (GABAARs; 2 pM bicuc-
ulline). In some experiments, the sodium channel blocker
tetrodotoxin (TTX; 500 nM) was added to the bath to
record miniature AMPA-mediated currents. For cur-
rent-clamp analyses, cells were patched, and spontane-
ous spiking of cells was recorded. MiniAnalysis software
(Synaptosoft) was used to analyze synaptic events. The
frequency and amplitude of currents were automatically
calculated and plotted.

Hippocampal slice electrophysiology
Electrophysiological recording from hippocampal slices
was conducted as previously described [27, 30, 36—38].
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Briefly, acute coronal hippocampal slices (400 mm thick)
were prepared from control and VPS50 mKO mice at
postnatal day (P) 30 to P45. Mice were anesthetized with
isoflurane (3% in 0.8 L/min air flow) in an induction
chamber for 3 min and decapitated. Brain slices were cut
using a DKT vibratome in a solution containing the fol-
lowing: 215 mM sucrose, 2.5 mM KCl, 26 mM NaHCO3,
1.6 mM NaH2PO4, 1mM CaCl2, 4 mM MgCl2, 4 mM
MgSO4, and 20 mM glucose. After 30-min recovery,
slices were incubated in an artificial CSF (ACSF) record-
ing solution containing the following: 124 mM NaCl, 2.5
mM KCI, 26 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM
CaCl2, 1.3 mM MgSO4, and mM 10 glucose equilibrated
with 95% 02/5% CO2, pH 7.4. Slices were incubated in
this solution for 30 min before recordings.

Except as otherwise indicated, all electrophysiological
experiments were performed at 28 +1 °C using a submer-
sion-type recording chamber perfused at 1-2 ml/min
rate with ACSF supplemented with the GABA , receptor
antagonist picrotoxin (PTX; 100 uM). Extracellular field
potentials (fEPSPs) were recorded with a patch pipette
filled with 1 mM NaCl and placed in the CAl stratum
radiatum. Whole-cell voltage-clamp recordings (Multi-
clamp 700B Molecular Devices, USA) were made from
CAl pyramidal neurons voltage-clamped at—60 mV
using patch pipette electrodes (3—4 MQ)) containing the
following intracellular solution: 131 mM Cs-gluconate, 8
mM NaCl, 1 mM CaCl2, 10 mM EGTA, 10 mM glucose,
10 mM HEPES, pH 7.2, 292 mmol/kg osmolality. fEPSPs
and EPSCs were evoked by stimulating Schaffer collat-
eral inputs with a monopolar electrode filled with ACSF
and positioned ~100-150 pm away from the recording
pipette. mEPSCs were recorded at 32+1 °C in the con-
tinuous presence of tetrodotoxin (TTX, 500 nM) to block
action potential-dependent release, whereas sEPSCs were
recorded in the absence of TTX. Short-term synaptic
plasticity was induced by two pulses (100 ms interstimu-
lus interval) to calculate a paired-pulse ratio (PPR) that
was defined as the ratio of the slope or amplitude of the
second fEPSP/EPSC to the slope or amplitude of the first
fEPSP/EPSC, respectively. Long-term potentiation (LTP)
was induced by 4 trains of 100 pulses at 100 Hz repeated
four times, separated by 10 s. The magnitude of LTP
was compared with baseline 30-40 min after applying
the stimulation protocol. Reagents were obtained from
Sigma, Tocris, and Ascent Scientific; prepared in stock
solutions (water or DMSO); and added to the ACSF as
needed. Total DMSO in the ACSF was maintained at less
than 0.01%. For the whole-cells experiments, series resist-
ance (range, 8-12 MQ) was monitored throughout the
experiment with a 5 mV, 80 ms voltage step, and cells that
exhibited significant changes in series resistance (20%)
were excluded from analysis. All recordings were elicited
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at 15-20-s intervals, filtered at 2.4 kHz, and acquired at
10 kHz, using custom-made software written in Igor Pro
6.36 (WaveMetrics). Statistical comparisons were made
using two samples Student’s ¢-test at p <0.05 significance
level, using Origin 9.3 Pro software (OriginLab). Unless
otherwise indicated, all slice electrophysiological values
are provided as mean+S.E.M and illustrated traces are
average of 15-20 responses.

Behavioral analyses

All behavioral tests of mice were performed 8 weeks after
AAV injection and conducted as previously described
[26, 27, 30, 38]. Before each test, mouse cages were trans-
ported to the behavior room and habituated for 30 min
in the dark. After completing a trial, the equipment and
devices used were cleaned with 70% ethanol. Tests were
recorded and analyzed with ANY-Maze software (Stoelt-
ing, USA). Behavior tests were performed between 9:00
am and 6:00 pm. At the end of the battery of behavioral
tests, the animals were sacrificed for subsequent molecu-
lar analyses.

Contextual fear conditioning

An UGO-BASILE apparatus controlled by ANY-Maze
was used. This equipment consists of a sound attenuat-
ing box, fan, light (visible/IR), a speaker, a USB camera,
a single onboard controller, and a mouse cage. All tri-
als were recorded, and all mice underwent habituation,
conditioning, and testing phase. Twenty-four hours after
training, the animals were tested for contextual memory.
Each mouse was placed in the fear-conditioning box,
allowed to explore for 5 min freely, and returned to its
cage. The number of freezing episodes and freezing time
were recorded.

Barnes maze

A non-reflective gray circular platform (91 cm diameter)
with 20 holes (5 cm diameter) evenly distributed along
the perimeter, with one hole containing a metal escape
tunnel, was used. Three exogenous visual cues (length/
width ~30 cm) were used around the platform: a black
circle, a blue triangle, and a yellow square. The light was
adjusted to 1000 Ix in the center of the platform. All ani-
mals underwent a phase of habituation, spatial acquisi-
tion, and testing. On test day, the position of the escape
tunnel was changed, and the animal was brought in the
start box to the center of the platform, left for 10 s, and
sound reproduction was started. The test ended at 90 s or
when the mouse found the escape tunnel. The number of
primary and total errors, primary and total latency, and
total distance before finding the gap were recorded. The
number of visits to each hole was also measured to show
preference.
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Data analysis

All values are presented as means + standard errors (SE)
for three or more independent experiments. Most statis-
tical analyses were performed using the Student’s ¢-test,
whereas slice electrophysiological data were compared
using two-tailed Student’s t-test. For calcium imaging
analyses, the Kolmogorov—Smirnov test was used to test
for significance. Values of p<0.05 are considered statis-
tically significant. Statistical analyses were performed
using OriginPro 9.3 software (OriginLab Corporation) or
Graphpad Prism 10 (Dotmatics).

Abbreviations

ASD Autism spectrum disorders

CRISPR  Clustered regularly interspaced short palindromic repeats
KO Knockout

mKO Mosaic knockout

SNPs Single nucleotide polymorphism

CNVs Copy number variants

GARP Golgi-associated retrograde protein

EARP Endosome-associated recycling protein
WT Wild-type

PLA Proximity ligation assay

DIV Days in vitro

mEPSC  Miniature excitatory postsynaptic currents
SEPSC Spontaneous excitatory postsynaptic currents
AAV Adeno-associated virus

LTP Long-term potentiation

PPR Paired-pulse ratio

fEPSPs  Extracellular field potentials
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Additional file 1: Fig. S1. Cortical neurons were infected at 3 DIV with
AWV encoding TdTomato as control and a combination of sgRNAs (1-6 /
2-4/1-4/ 2-6) targeting Vps50, as indicated. 10 days later genomic DNA
was extracted, and the T7 endonuclease | assay was performed. (A) T7
endonuclease | assay for sgRNA combinations showing successful editing
of the VPS50 locus with all sgRNA combinations as shown by lower size
bands in the treated samples. (B) Sequences of VPS50 locus edited with
sgRNAs in VPS50 KO cultured neurons showing the changes in the DNA
sequence after gene editing using locus-specific sequencing. Fig S2.
Proximity ligation assay (PLA) in Control and VPS50 KO neurons. PLA was
performed using specific antibodies to determine proximity between
proteins of interest. Low magnification (20x) for each condition are shown.
Microtube-associated protein 2 (MAP2) was used to stain all neurons. (A)
PLA for Synapsin1 (Syn1)-Synaptophysin (Syn) (pre-presynaptic) or (B)
Synaptophysin-PSD95 (pre-post synaptic). Reaction controls where PLA
signal was observed only for the Synapsin1-Synaptosophysin pair, the two
proteins known to be in proximity. Lower magnification of PLA reactions
in Fig. 2 to show different combinations of PLA reactions to determine
proximity between (C) VPS50/PSD95, (D) VPS50/Syn1, (E) VPS50/v-ATPa-
seV1, (F) VPS50/v-ATPaseV1 in VPS50 KO neurons, (G) v-ATPaseV1/Syn, and
(H) v-ATPaseV1/Syn in VPS50 KO neurons. (I) PSD95 and Synaptophysin
protein expression in VPS50 KO and control neurons. N-cadherin was used
as loading control. Scale bars, 25 um. Fig. $3. VPS50 KO neurons show def-
icits in synaptic transmission. (A) Representative traces of AMPA-mediated
EPSCs followed for 30 min for control and VPS50 KO neurons. VPS50 KO
neurons show a robust reduction in both Amplitude (B) and Frequency (C)
of AMPA EPSCs. (D-E) Cortical neurons were co-transduced with GCaMP7
to measure calcium events by changes in fluorescence over time. (D) Rep-
resentative traces and quantification (E) of changes of fluorescence over

time in control and VPS50 KO neurons. A significant reduction is observed
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in VPS50 KO neurons compared to control. Control n=1214; VPS50 mKO
n=1175 cells from 3 independent experiments; Kolmogorov-Smirnov
test was used to test for significance. For electrophysiology recordings
at least 18 neurons from 3 independent experiments were analyzed.
Unpaired t-test was used for statistical analysis; *p < 0.05, ***p <0.001.
Error bars represent = SEM. Fig. S4. Anatomical changes of Control and
VPS50 mKO brains. (A-B) Representative images of full brains from Control
and VPS50 mKO animals. (C-D) Quantification of the total length (C) and
weight (D) of brains extracted from Control or VPS50 mKO animals. (E-F)
Representative bright field images of brain slices from Control (E) and
VPS50 mKO (F) brains.

Additional file 2. Original gels/blots.
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Abstract

Background The brain cortex is responsible for many higher-level cognitive functions. Disruptions during cortical
development have long-lasting consequences on brain function and are associated with the etiology of brain
disorders. We previously found that the protein tyrosine phosphatase receptor delta Ptprd, which is genetically
associated with several human neurodevelopmental disorders, is essential to cortical brain development. Loss of Ptprd
expression induced an aberrant increase of excitatory neurons in embryonic and neonatal mice by hyper-activating
the pro-neurogenic receptors TrkB and PDGFR3 in neural precursor cells. However, whether these alterations have
long-lasting consequences in adulthood remains unknown.

Results Here, we found that in Ptprd+/- or Ptprd-/- mice, the developmental increase of excitatory neurons persists
through adulthood, affecting excitatory synaptic function in the medial prefrontal cortex. Likewise, heterozygosity
or homozygosity for Ptprd also induced an increase of inhibitory cortical GABAergic neurons and impaired inhibitory
synaptic transmission. Lastly, Ptprd+/- or Ptprd-/- mice displayed autistic-like behaviors and no learning and memory
impairments or anxiety.

Conclusions These results indicate that loss of Ptprd has long-lasting effects on cortical neuron number and synaptic
function that may aberrantly impact ASD-like behaviors.
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Introduction

The cerebral cortex is responsible for processing complex
sensory and cognitive behaviors, requiring an extraor-
dinary control over the generation of neurons and their
connections during the development of the nervous sys-
tem [1]. Typically, cortical circuits are assembled from
different glutamatergic and GABAergic neuron lineages,
each with unique morphological and physiological char-
acteristics [2, 3]. Indeed, disruption in the generation
of neurons or their connectivity has long-lasting con-
sequences affecting behavior that can result in brain
disorders. In this regard, it has been proposed that the
number, diversity, and function of glutamatergic and
GABAergic neurons are essential to maintain the balance
between different cerebral circuits and to avoid the onset
of multiple neuropsychiatric conditions [4]. Perturbation
of cellular processes such as neural precursor cell pro-
liferation, neurogenesis, and neuronal migration during
brain development may, in part, cause structural brain
alterations that lead to the onset of brain disorders [5].
Gain or loss of expression or activity of genes involved
in these processes are associated with the onset of sev-
eral brain disorders, including autism spectrum disorder
(ASD), schizophrenia, bipolar disorder, attention-deficit/
hyperactivity disorder (ADHD), and intellectual disability
[5-10]. We reported that alterations in the expression of
one of these genes, protein tyrosine phosphatase recep-
tor delta (PTPRD), impairs cerebral cortex development
in mice [11, 12].

Ptprd is a receptor protein tyrosine phosphatase type
II family member. Structurally, it contains extracellular
immunoglobulin and fibronectin III domains and two
cytoplasmic tyrosine phosphatase domains [13-15].
We reported that Ptprd hetero- or homozygosity dur-
ing cortical development triggered dysregulation of TrkB
and PDGEFRP tyrosine kinase activity in embryonic and
neonatal cortical neural precursor cells. Ptprd acted as a
TrkB and PDGFRP phosphatase, fine tuning kinase activ-
ity and preventing their hyperactivation. Loss of Ptprd
resulted in aberrantly increased proliferation of neural
precursor cells and concomitant mispositioning of their
progeny, embryonic and newborn excitatory neurons
[11, 12]. Ptprd regulation of receptor tyrosine kinases like
TrkB thus ensures the generation of appropriate numbers
of neural precursor cells and neurons postnatally. Ptprd
also performs a critical function at synapses, regulating
cell adhesion important for synaptic formation and dif-
ferentiation [15]. Given the role of Ptprd in assuring
appropriate numbers of postnatal cortical neuron sub-
types and its role at synapses, we asked if alterations of
cortical neuron numbers observed embryonic and post-
natally persist into adulthood, and if they perturb cortical
synaptic function and ultimately, behavior.
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Studies of how Ptprd deficiency alters excitatory and
inhibitory synaptic transmission have yielded contradic-
tory results [16—19]. For example, in hippocampal neu-
ron cultures, Ptprd is involved in inhibitory synaptic
formation and transmission but not in the development
of excitatory synaptic transmission [16]. More recently,
the loss of Ptprd expression differentially suppressed
excitatory synaptic transmission in the stratum lacu-
nosum moleculare in the hippocampus but not in the
stratum radiatum [17]. Moreover, deletion of Ptprd in
cultured neurons did not alter the development or num-
ber of synapses [18] and did not interfere with excitatory
or inhibitory synaptic development and transmission
[19]. It is important to note that these findings focused on
hippocampal neurons. Whether the absence of PTPRD
alters synaptic transmission in cortical neurons has not
yet been addressed.

Here we address these issues by assessing in adult
Ptprd-/- mice the number of glutamatergic and GABAer-
gic neurons in the brain cortex, recording both excitatory
and inhibitory synaptic function and analyzing animal
behavior. Our results indicate that ablation of Ptprd
results in an increase in both glutamatergic and GABAer-
gic neurons in adult cortex leading to changes in excit-
atory and inhibitory synaptic transmission. Moreover,
Ptprd+/- or Ptprd-/- mice show deficits in sociability and
social novelty, and repetitive behavior characteristic of
ASD-like behaviors when compared to Ptprd+/+ mice.
These findings indicate that loss of one or both alleles of
Ptprd during the formation of the cerebral cortex leads to
profound structural changes that affect the assembly and
functioning of glutamatergic and GABAergic circuits and
synaptic transmission, likely contributing to ASD-like
behaviors in adulthood.

Methods

Animals

The C57BL/6  N-A<tmlBrd>Ptprd<tm2a(KOMP)
Wtsi>/WtsiOrl mice strain was purchased from Well-
come Trust Sanger Institute and maintained as heterozy-
gous. The cross between heterozygous mice allowed the
Ptprd+/+, Ptprd+/-, and Ptprd-/- mice to be obtained.
The following primers were used to identify the three
genotypes mentioned above: Ptprd_111547_F: 5-TCAC
CTCGCTGTTCTTCCTG-3; Ptprd_111547_R:5’-CTT
CTCAGTGCCCAACCCTC-3; CAS_R1_Term: 5-TCG
TGGTATCGTTATGCGCC-3. In addition, for sociabil-
ity and social novelty tests, BALB/c wild-type mice were
used as “old mouse” and “new mouse”. All mice had free
access to rodent chow and water in a 12-hour dark-light
cycle room with temperature controlled at 20-22 °C.
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Perfusion of mice and brain extraction

Ptprd+/+, Ptprd+/-, and Ptprd-/- mice were perfused
transcardially at 3 months old. The mice were first placed
in an isoflurane chamber to be lightly anesthetized. Once
the animal was numb, the heart was exposed, and a saline
solution (0.9% NaCl) was injected gradually through the
right ventricle. Once the blood flow stopped, the brains
were extracted and fixed in a 4% PFA solution overnight
at 4 °C. The next day, the brains were dehydrated in 20%,
25%, and 30% sucrose (Merk, 107,651,100) solutions at
4 °C for 24 h each incubation. Subsequently, brains were
embedded in the optimal cutting temperature compound
(OCT; Sakura, 4583) and stored at -80 °C until cut. Next,
18 pum coronal slices were obtained by cryostat (Leica,
CM1850) at a temperature of -20 °C and stored at -80 °C
until use.

Immunofluorescence and quantification

For morphometric analysis, immunostaining of tissue
sections was performed as described [11, 12, 20]. Briefly,
brain sections were washed with 1X TBS for immunos-
taining. Then were permeabilized with TBS —0.3% Tri-
ton X-100 for 30 min. The tissues were then incubated in
TBS with 5% BSA 0.3% Triton X-100 for 1 h as a blocking
solution. Brain slices were incubated overnight with pri-
mary antibodies in a blocking solution at 4 °C. The next
day, the sections were washed with TBS and then incu-
bated with secondary antibodies in a blocking solution
for 1 h at room temperature. After TBS washes, sections
were counterstained with Hoechst 33,258 for 10 min and
mounted. To evaluate the number of GABAergic neu-
rons in the somatosensory cortex and medial prefrontal
cortex (mPFC), rabbit anti-parvalbumin antibody (1:100;
Swant, PV 25) and mouse anti-somatostatin antibody
(1:500; Santa Cruz, sc-55,565) were used. To evaluate
the number of glutamatergic neurons in the somatosen-
sory cortex and mPFC, rabbit anti-Tbrl antibody (1:400;
Abcam, ab31940) and rabbit anti-Satb2 antibody (1:500;
Abcam, ab92446) were used. To quantify the specific
neuronal types, the somatosensory cortex and mPFC
boundaries were established using the mouse brain Atlas
[21] and Adobe Photoshop CC 2015. Then, the images
were quantified using the Cell Counter tool of the Fiji
program.

Prefrontal cortex slice preparation

Acute coronal brain slices (300 pm thick) were obtained
as previously described [22]. Briefly, the brain was
removed and slices containing the mPFC were cut using
a DTK-1000 Microslicer (Ted Pella, Inc.) in an ice-cold
high-choline solution (110 mM Choline-Cl, 2.5 mM KCl,
1.25 mM NaH,PO,, 7 mM MgCl,, 25 mM NaHCO,,
15 mM glucose, 0.5 mM CaCl,, 11.6 mM ascorbate, 3.1
mM pyruvate (290-305 mmol/Kg)). Thirty minutes
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post-sectioning, coronal slices were gradually switched
to artificial cerebral spinal fluid (aCSF) solution (124 mM
NaCl, 2.69 mM KCl, 1.25 mM KH,PO,, 1.3 mM MgSO,,
26 mM NaHCO;, 10 mM glucose, 2.5 mM CaCl,, pH 7.4
(300-305 mmol/Kg)). All solutions were equilibrated
with 95% O, and 5% CO, (pH 7.4), and slices were kept
at room temperature for at least 30 min before recording.

Electrophysiology

All experiments, unless otherwise stated, were performed
at 28+1 °C in a submersion-type recording chamber per-
fused at ~2 mL/min with aCSF supplemented with either
the GABAA receptor antagonist picrotoxin (PTX; 50 M)
or the AMPA/Kainate and NMDA receptor antagonists
CNQX (25 uM) and D-APV (50 uM) to block fast inhibi-
tory and excitatory transmission, respectively. Coronal
slices were visualized using infrared differential interfer-
ence contrast on a Nikon Eclipse FN1 microscope, and
layer 2/3 pyramidal neurons from prelimbic (PrL) and
infralimbic (IL) subdivisions of mPFC were morpho-
logically identified. Whole-cell voltage-clamp recordings
using a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA) were made from 2/3 pyramidal
neuron somas located ~200 mm from pia and voltage-
clamped at -60 or 0 mV (unless otherwise stated) using
patch-type pipette electrodes (~3.0-4.5 MQ) containing
131 mM Cs-gluconate, 8 mM NaCl, 1 mM CaCl,, 10 mM
EGTA, 10 mM glucose, 10 mM HEPES, 5 mM MgATP,
and 0.4 mM Na;GTP; pH 7.2-7.4 (285 mmol/kg). To
assess cell stability, series, and input resistances were
monitored with test pulses (-4mV, 80 ms) throughout all
experiments. Cells with >20% change in series resistance
were excluded from the analysis.

To elicit excitatory and inhibitory postsynaptic cur-
rents (EPSCs and IPSCs, respectively), a bipolar-stimu-
lating patch pipette filled with aCSF was placed in layer
2/3 around 100-150 pm from the recording neuron and
voltage pulses (1-15 V, 100-200 ms pulse width) were
delivered through a stimulus isolator (DS2A-Mk.I1, Digi-
timer Ltd). Typically, stimulation was adjusted to obtain
comparable magnitude synaptic response across experi-
ments (e.g., 100-150 pA EPSC and IPSC). Two different
protocols were used to evaluate short-term synaptic plas-
ticity: First, two pulses at different interstimulus intervals
(10, 30, 70, 100, and 300 ms) were used to calculate the
paired-pulse ratio (PPR) that was defined as the ratio of
the amplitude of the second response to the amplitude of
the first response. Second, synaptic depression was eval-
uated using a burst of 25 (for EPSC) and 20 (for IPSC)
stimuli at 14 and 10 Hz, respectively, and delivered every
60 s; 5 burst-evoked responses were averaged for each
experiment. Miniature EPSCs (mEPSCs) were recorded
at 321 °C from neurons voltage-clamped at -60 mV in
the continuous presence of tetrodotoxin (TTX, 500 nM).
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In contrast, isolated miniature IPSCs were recorded at 0
mV in the continuous presence of TTX, CNQX (25 uM),
and D-APV (50 uM). mEPSCs and mIPSC were identified
using a minimal threshold amplitude (=5 pA) and ana-
lyzed using the mini-analysis software Synaptosoft (Syn-
aptosoft). Spontaneous excitatory and inhibitory currents
(sEPSCs/sIPSCs) were recorded without TTX, whereas
AMPAR/NMDAR ratios were analyzed by record-
ing AMPAR-mediated EPSCs at -60 mV. In contrast,
NMDAR-mediated EPSCs were recorded at +40mV in
the continuous presence of CNQX (25 uM) to isolate
NMDA-mediated EPSC. All drugs were obtained from
Sigma and Tocris, prepared in stock solutions in milli-
Q water or DMSO, and added to the ACSF as needed.
Total DMSO in the aCSF was maintained at >0.1%. Syn-
aptic EPSCs and IPSCs were elicited at 10-sec intervals
(0.16 Hz), filtered at 2.2 kHz, and acquired at 10 kHz
using custom-made software written in Igor Pro 4.09 A
(WaveMetrics).

Morris water maze test

Morris water maze navigation task was performed to
evaluate spatial learning and memory as previously
described [23]. Briefly, in the learning phase, the animals
were trained to locate a hidden 9-cm-diameter white
platform (1 cm below the surface of the water) for 4 con-
secutive days following 4 external cues, 4 times per day
per animal in a 1.2-m-diameter circular pool filled with
2312 °C painted white water. Each trail ended when the
animals found the platform and remained there for 10 s.
If the animal did not find the platform at the end of 60 s,
they were gently guided there for the remaining 10 s.
Later in each trial, the animals were gently removed from
the maze, dried with a tissue paper towel, and put in a
similar housing cage with additional tissue paper tow-
els to continue drying. On the fifth day, in the memory
phase, the test was performed by removing the platform
and allowing the free swimming for 60 s. The behavior
was monitored during all tasks using an automatic track-
ing system (ANY-maze video tracking software, Stoelting
Co, Wood Dale, IL, USA). The learning phase measured
latency and path length to the platform, while the mem-
ory test measured the time spent in each quadrant and
the target quadrant and the traveled distance within the
target quadrant.

Y-Maze test

Memory was also evaluated with the Y-maze as previ-
ously described [24]. Briefly, Y-Maze tests were per-
formed using a maze with 3 arms of 8 cm width x 35 cm
long and walls of 20 cm height, connected at a 120° angle,
shaping a Y and assigned as arms A, B, and C. Each ani-
mal was placed in the arm (A), looking to the center
of the maze, and tracked for 8 min by the ANY-maze
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software. Four clues were put on the maze walls to guide
the animals. Alternation was defined as a visit to 3 dif-
ferent arms (ABC, ACB, BCA, BAC, CAB, CBA), and %
spontaneous alternation was determined by the following
formula:

% Spontaneous alternation =
(Total arm entries-2) x 100.

(Total alternations /

Open field test

Anxiety was evaluated with the open field test as
described previously [25]. Briefly, mice were exposed to
a free exploration in an open field chamber of 40 cm (1)
x 40 cm (w) x 40 cm (h). This arena is divided into two
areas by a line: the peripheral and central regions. The
time in each chamber area was recorded for 10 min by
ANY-maze software.

Elevated plus maze test

Anxiety was also evaluated with the evaluated plus maze
as described previously [26]. Briefly, the test was per-
formed using a maze with 4 arms of 7.5 cm width x 35 cm
long, shaping a cross with a 7.5x7.5 cm center and 50 cm
from the floor. 2 arms (closed arms) had walls of 20 cm
height, and the others (open arms) were uncovered.
The animals were placed in the center of the maze and
tracked for 5 min by ANY-maze software.

Self-grooming test

Repetitive behavior was measured by the self-grooming
test as previously described [25, 27]. Briefly, mice were
recorded for 10 min through a 20x20 cm transparent
box to allow visualization of the animal. The cumulative
time spent by the animals performing the self-grooming
process was quantified.

Marble burying test

Repetitive behavior was also evaluated by the marble
burying test as previously described [22, 25]. Briefly,
the animals were exposed to a free exploration arena of
23%33 cm in the presence of 20 proportionally distrib-
uted black marbles. The marbles were placed in a 5 cm
thick layer of dry sawdust to allow the animal to perform
the digging behavior. After 30 min, the number of buried
marbles was quantified. A marble was considered buried
if 2/3 were covered.

Three-chamber test

The three-chamber social novelty and sociability test was
used to evaluate deficits in social behavior as previously
described [25, 27, 28]. First, the animals were subjected
to 10 min of habituation in the three chambers. Then, to
assess the sociability of the animals, mice were placed
in a context in which they chose to interact with either
a caged mouse (old mouse) or an inanimate object, each
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in a different chamber for 10 min. Subsequently, to assess
the social novelty, the inanimate object was replaced by a
second unfamiliar mouse (new mouse), and the experi-
mental mouse was placed in a context in which it had to
choose between interacting with a familiar or an unfamil-
iar mouse for 10 min. ANY-maze software recorded the
time the experimental animals spent with each option.

Statistical analyses

Statistical analyses were performed using the one-
way ANOVA test with unpaired data to compare data
between Ptprd+/+, Ptprd+/-, and Ptprd-/- genotypes.
Unless otherwise indicated, all electrophysiologi-
cal results were statistically analyzed using paired and
unpaired two-tailed Student’s t-test and One- or Two-
way ANOVA at the p<0.05 significance level in Orig-
inPro 7.0 and 8.6 (OriginLab). In the figures illustrated,
traces are averages of 25—30 responses. In the case of the
statistical analysis used to evaluate the sociability and
social novelty test, the 2-way ANOVA test was used. Cor-
rections for multiple comparisons were performed using
Tukey’s post hoc test. All statistical tests were performed
with Prism 6 software. In all cases, the bars indicate the
standard error of the mean.

Results

Ptprd+/- or Ptprd-/-mice display an increase in
glutamatergic neurons and impaired synaptic function in
the adult cortex

We previously reported that Ptprd+/- and Ptprd-/-
embryos have more excitatory cortical neurons [11]. To
determine whether this phenotype persisted until adult-
hood, we performed immunostaining for Tbrl (Fig. 1A)
and Satb2 (Fig. 1C), markers of deep- and upper-layer
excitatory cortical neurons, respectively, in coronal sec-
tions of the mPFC, a brain area involved in different cog-
nitive processes, from 3-month-old Ptprd+/+, Ptprd+/-,
and Ptprd-/- mice. While heterozygous mice showed no
differences as compared to control littermates, Ptprd-/-
mice had 20% more Tbrl-positive neurons than control
and Ptprd+/+ littermates in the mPFC (Fig. 1B). How-
ever, we did not observe any changes in the number of
Satb2-positive neurons (Fig. 1D), suggesting that only
early born neurons are affected at the mPFC. To comple-
ment this result, we analyzed the somatosensory cortex,
another cortical region commonly disrupted in brain dis-
orders associated with PTPRD mutations. We found that
Ptprd-/- and Ptprd+/- mice had more Tbrl-(Fig. 1E, F)
and Satb2-positive excitatory neurons (Fig. 1G, H).

The brain cortex has 6 layers which are connected to
different brain circuits. To determine if this increase in
excitatory neurons is cortical layer specific [1, 3, 29], the
mPFC and somatosensory cortex were divided into their
respective layers as previously described [21, 30-33]. In
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the mPFC, there were no differences in the number of
Tbrl- or Satb2-positive excitatory neurons per cortical
layer (Fig. 11, J). However, in the somatosensory cortex,
the increase in Tbrl-positive neurons was specific to lay-
ers IV and VI in 3-month-old Ptprd+/- or Ptprd-/- mice
compared to Ptprd+/+ mice (Fig. 1K). For Satb2-positive
neurons, the increase was observed in all cortical lay-
ers in the somatosensory cortex of 3-month-old Ptprd-
/- mice compared to Ptprd+/+ mice, except for cortical
layer V, where Ptprd+/- mice had more Satb2-positive
neurons compared to Ptprd+/+ mice (Fig. 1L). These
results indicate that loss of Ptprd in adult mice results in
an increase in excitatory cortical neurons in brain areas
associated with cognition.

As an increased number of glutamatergic neurons is
associated with altered synaptic function [33], we charac-
terized the impact of the P¢prd ablation on the spontane-
ous synaptic activity in layer 2/3 pyramidal neurons in the
mPFC. Firstly, we recorded spontaneous excitatory syn-
aptic currents (SEPSCs) and found a significant increase
in the frequency but not amplitude of sEPSCs in Ptprd-
/- and not Ptprd+/- mice when compared to Ptprd+/+ lit-
termates (Fig. 2A). Similarly, an increase in the frequency
of miniature excitatory synaptic currents (mEPSCs) but
not in the amplitude was observed in Ptprd+/- or Ptprd-
/- mice compared to Ptprd+/+ mice (Fig. 2B). Secondly,
we analyzed the evoked synaptic transmission mediated
by AMPA receptors by generating input—output curves.
We observed an increased response at high voltage
inputs in Ptprd-/- mice compared to Ptprd+/+ (Fig. 2C),
suggesting that excitatory transmission is augmented
in the Ptprd-/- mice. Thirdly, we examined whether the
effect of the PTPRD ablation alters synaptic release prob-
ability by estimating two principal forms of short-term
synaptic plasticity: paired-pulse ratio (PPR) and use-
dependent depression. However, both PPR (Fig. 2D) and
synaptic depression in response to a stimulus train of 25
stimuli at 14 Hz (Fig. 2E) remained unchanged between
genotypes. Finally, we measured the AMPA/NMDA ratio
and found no significant differences between genotypes
(Fig. 2F). Together, these results suggest that the increase
in excitatory transmission cannot be accounted for by
changes in postsynaptic receptor numbers or changes in
release probability, but rather, could be due to an increase
in the number of synaptic contacts in Ptprd-/- mice.

Ptprd+/- or Ptprd-/- mice display an increase in GABAergic
neurons and aberrant inhibitory synaptic transmission in
the adult cortex

Ptprd is expressed in subcortical structures during brain
development [34] and is important for GABAergic syn-
aptic differentiation [35-37]. However, its role in regu-
lating the generation of GABAergic neurons has not
been described. We therefore evaluated whether loss of
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Fig. 1 Adult Ptprd+/- or Ptprd-/- mice show an increase of glutamatergic neurons in the mPFC and somatosensory cortex. (A-H) Coronal sections of
mPFC (A, C) or somatosensory cortex (E, G) of Ptprd+/+ (PTPRD-WT) and Ptprd-/- (PTPRD-KO) 3-month-old animals were immunostained against Tor1 (A,
E) or Satb2 (C, G). Relative total Tbri-positive cells in the mPFC (for B, PTPRD-WT, n=3; PTPRD-HET, n=4; PTPRD-KO, n=4) or somatosensory cortex (for
F, PTPRD-WT, n=3; PTPRD-HET, n=5; PTPRD-KO, n=5) of Ptprd+/+, Ptprd+/- (PTPRD-HET), and Ptprd-/- 3-month-old mice were quantified. Relative total
Satb2-positive cells in the mPFC (for D, PTPRD-WT, n=3; PTPRD-HET, n=3; PTPRD-KO, n=4) or somatosensory cortex (for H, PTPRD-WT, n=3; PTPRD-HET,
n=4; PTPRD-KO, n=5) of Ptprd+/+, Ptprd+/-, and Ptprd-/- 3-month-old mice were quantified. In (A) and (C), the dotted line shows mPFC and specific
cortical layers. (1, J) Tbr1 (1) or Satb2 (J) positive neurons were quantified per cortical layers II/1ll, V and VI in the mPFC. (K, L) Tbr1 (K) or Satb2 (L) positive
neurons were quantified per cortical layers II/lll, IV, V and VI in the somatosensory cortex. mPFC=medial prefrontal cortex. SSC=somatosensory cortex.
WM =white matter. *p <0.05; **p <0.01; ***p<0.001. In all the images, scale bars represent 200 um. In all graphs, the error bars denote SEMs

Ptprd expression could also alter the number of GAB-
Aergic neurons in the adult mouse cortex. To address
this, we performed immunostaining for parvalbumin
(Fig. 3A) and somatostatin (Fig. 3C), two major types

of cortical GABAergic neurons [2], at the mPFC. We
found that Ptprd-/- mice had more parvalbumin-positive
(Fig. 3B) and somatostatin-positive neurons (Fig. 3D)
than wild-type littermates in the mPFC. Additionally,
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Fig. 2 Excitatory synaptic transmission in layer 2/3 of the mPFC is disrupted in the Ptprd-/- mice. (A) Sample traces (left) and quantitative analysis (right)
of sEPSC activity recorded from layer 2/3 pyramidal neurons in the mPFC in Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-HET), and Ptprd-/- (PTPRD-KO) mice.
A significant increase in the frequency but not in the amplitude of SEPSC in PTPRD-KO was detected. PTPRD-WT, n=4 animals, 10 cells; PTPRD-HET, n=5
animals, 11 cells; PTPRD-KO, n=8 animals, 15 cells. **p <0.01. (B) Miniature excitatory synaptic current (mEPSC) also shows an increase in the frequency
but not in the amplitude in Ptprd-/- compared to Ptprd+/+ and Ptprd+/- mice. PTPRD-WT, n=5 animals, 8 cells; PTPRD-HET, n=5 animals, 8 cells; PTPRD-
KO, n=6 animals, 11 cells. *p<0.05. (C) Input/output function measured as the EPSP amplitude as a function of stimulus intensity also is increased in
Ptprd-/- compared to Ptprd+/+ and Ptprd+/- mice. PTPRD-WT, n=3 animals, 6 cells; PTPRD-HET, n=5 animals, 9 cells; PTPRD-KO, n=5 animals, 7 cells. (D)
Paired-pulse responses superimposed after subtraction of the first pulse at 10, 30, 70, 100, and 300 ms interstimulus intervals (ISI) are similar between
genotyping. PTPRD-WT, n=4 animals, 6 cells; PTPRD-HET, n=6 animals, 8 cells; PTPRD-KO, n=5 animals, 8 cells. (E) Short-term synaptic responses (top)
and normalized summary data (bottom) evoked by a burst of 25 stimuli at 14 Hz are also similar between genotyping. PTPRD-WT, n=3 animals, 6 cells;
PTPRD-HET, n=4 animals, 8 cells; PTPRD-KO, n=4 animals, 9 cells. (F) AMPA/NMDA ratio shows no significant differences between genotyping. PTPRD-WT,
n=3 animals, 6 cells; PTPRD-HET, n=3 animals, 8 cells; PTPRD-KO, n=5 animals, 14 cells. In all graphs, the error bars denote SEMs
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Fig. 3 Ptprd+/- or Ptprd-/- mice show an increase of GABAergic neurons in the mPFC and somatosensory cortex at 3 months. (A-H) Coronal sections of
the mPFC or somatosensory cortex of Ptprd+/+ (PTPRD-WT) and Ptprd-/- (PTPRD-KO) 3-month-old animals were immunostained against parvalbumin (A,
E) or somatostatin (C, G). Relative total parvalbumin-positive cells in the mPFC (for B, PTPRD-WT, n=4; PTPRD-HET, n=3; PTPRD-KO, n=5) or somatosen-
sory cortex (for F, PTPRD-WT, n=4; PTPRD-HET, n=5; PTPRD-KO, n=3) of Ptprd+/+, Ptprd+/- (PTPRD-HET), and Ptprd-/- 3-month-old mice. Relative total of
somatostatin-positive cells (arrows head) in the mPFC (for D, PTPRD-WT, n=4; PTPRD-HET, n=3; PTPRD-KO, n=4) or somatosensory cortex (for H, PTPRD-
WT, n=3; PTPRD-HET, n=4; PTPRD-KO, n =4) of Ptprd+/+, Ptprd+/- and Ptprd-/- 3-month-old mice. In (A) and (C), the dotted line shows mPFC and specific
cortical layers. (1, J) Parvalbumin (I) or Somatostatin (J) positive neurons were quantified per cortical layers II/ll, V and VI in the mPFC. (K, L) Parvalbumin
(K) or Somatostatin (L) positive neurons were quantified per cortical layers II/Ill, IV, V and VI in the somatosensory cortex. mPFC=medial prefrontal cortex.
SSC=somatosensory cortex. PV =parvalbumin. SOM = somatostatin. WM =white matter. In all the images, scale bars represent 200 um, and arrows show
positive cells. *p <0.05; **p <0.01; ***p < 0.001. In all graphs, the error bars denote SEMs
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we immunostained for parvalbumin (Fig. 3E) and
somatostatin (Fig. 3G) at the somatosensory cortex.
Quantification showed that Ptprd-/- mice had more
parvalbumin- (Fig. 3F) and somatostatin-positive neu-
rons (Fig. 3H). In addition, Ptprd heterozygous mice had
more somatostatin-positive neurons (Fig. 3H), indicating
that GABAergic neurons are increased in the cortex of
3-month-old Ptprd-/- mice.

We then evaluated the number of inhibitory neu-
rons per layer. We found no differences in the num-
ber of parvalbumin-positive neurons in the mPFC per
layer across genotypes (Fig. 3I). However, when we ana-
lyzed the somatostatin-positive neurons, we found that
they were increased specifically in the mPFC layer V of
3-month-old Ptprd+/- or Ptprd-/- compared to Ptprd+/+
mice (Fig. 3J). Next, we performed a similar analysis in
the somatosensory cortex and found that parvalbumin-
positive neurons were specifically increased in layers V
and VI (Fig. 3K). For somatostatin-positive neurons, the
increase was observed in all cortical layers in the somato-
sensory cortex of 3-month-old Ptprd-/- compared to
Ptprd+/+ mice, except for cortical layers V and VI, where
Ptprd+/- mice also had more somatostatin-positive neu-
rons compared to Ptprd+/+ mice (Fig. 3L).

As the increase in glutamatergic neurons was coupled
with increase synaptic activity, we evaluated whether
the increase in GABAergic neurons observed in Ptprd-/-
mice was associated with an increase in inhibitory syn-
aptic transmission by recording spontaneous inhibitory
synaptic currents. As we found with excitatory synap-
tic transmission (Fig. 2), we observed an increase in the
frequency but not amplitude of spontaneous inhibitory
synaptic currents (sIPSCs) in Ptprd-/- but not Ptprd+/-
mice when compared to Ptprd+/+ littermates (Fig. 4A).
Similarly, there was an increase in the frequency but not
amplitude of miniature synaptic currents (mIPSCs) in
Ptprd-/- mice (Fig. 4B). Next, we evaluated evoked inhib-
itory input-output curves and found an enhancement in
evoked IPSCs in Ptprd-/- compared to Ptprd+/+ mice
(Fig. 4C), suggesting an increase in GABAergic synaptic
transmission. To further evaluate the effect of the PTPRD
ablation on GABAergic synaptic function, we measured
PPR and use-dependent depression and found that both
PPR and synaptic depression in response to a stimulus
train of 20 stimuli at 10 Hz remained unchanged between
genotypes (Fig. 4D, E), indicating that the increase in
GABAergic function is independent of changes in release
probability.

Finally, we tested whether the enhanced excitatory and
inhibitory inputs onto layer 2/3 pyramidal neurons in
Ptprd-/- mice altered the excitatory/inhibitory balance
of these neurons. We recorded simultaneously evoked
EPSC and IPSCs by holding pyramidal neurons at —35
mV and found no significant differences in the excitation/
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inhibitory ratio among genotypes (Fig. 4F), indicating
that the increase in synaptic function observed in Ptprd-
/- mice does not alter the excitatory/inhibitory balance in
the mPFC.

Ptprd+/- or Ptprd-/- mice do not show impairments in
learning and memory or increased anxiety

Mutation or aberrant expression of genes associated
with neuroanatomical alterations are thought to have
profound consequences in adulthood as they affect the
connectivity between neurons, promoting brain disor-
ders [5]. As PTPRD mutations have been associated with
brain disorders that include cognitive impairments, we
evaluated whether Ptprd+/- or Ptprd-/- mice have learn-
ing and memory deficits by performing the Morris Water
Maze test. We found that Ptprd-/- or Ptprd+/- exhib-
ited normal latency escape (Fig. 5A). Also, they showed
normal time spent (Fig. 5B) and distance (Fig. 5C) in
the target quadrant as well as in the time spent (Fig. 5D)
and distance (Fig. 5E) in the area where the platform was
located compared to Ptprd+/+ mice. To confirm these
observations, we performed the Y-maze test, and found
that Ptprd+/- or Ptprd-/- mice showed no difference in
the percentage of spontaneous alternation preference as
compared to Ptprd+/+ animals (Fig. 5F). These results
indicate that Ptprd+/- or Ptprd-/- mice do not present
with spatial learning and memory deficits.

As individuals with PTPRD variants exhibit anxiety
[38] we evaluated if Ptprd+/- or Ptprd-/- mice showed
increased anxiety using the open-field and elevated plus
maze tests [26, 39]. In the open field test, we observed no
differences between Ptprd+/- or Ptprd-/- and Ptprd+/+
animals in the time spent in the central zone (Fig. 6A)
and the number of times that mice entered this area
(Fig. 6B). In addition, none of the animal groups pre-
sented differences in the distance covered, indicating that
the mice did not have motor deficits (Fig. 6C). In the ele-
vated plus maze test, there were no differences between
genotypes in terms of the percentage of time spent in the
open (Fig. 6D) and closed arms (Fig. 6E) or in the num-
ber of entries to these arms (Fig. 6F, G). Together, these
results suggest that losing one or both alleles of Ptprd
does not result in learning and memory impairment or
aberrant anxious behavior.

Ptprd+/- or Ptprd-/- mice exhibit autistic-like behaviors

PTPRD variants have also been associated with ASD
[40-43]. Therefore we asked whether the loss of one or
both Ptprd-/- alleles induces autistic-like behaviors.
To address this, we evaluated social behavior using the
three-chamber test for social interaction and novelty
[44]. In this test, wild-type rodents prefer to spend more
time with another rodent (sociability) and will investigate
a novel intruder more than a familiar one (social novelty).
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Fig. 4 Inhibitory synaptic transmission in layer 2/3 of the mPFC is impaired in the Ptprd-/- mice. (A) Representative traces (left) and quantitative analysis
(right) of sIPSC activity recorded from layer 2/3 pyramidal neurons in the mPFC in Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-HET), and Ptprd-/- (PTPRD-KO).
PTPRD-WT, n=5 animals, 9 cells; PTPRD-HET, n=6 animals, 8 cells; PTPRD-KO, n=4 animals, 9 cells. *p < 0.05. (B) Representative traces (left) and quantita-
tive analysis (right) of mIPSC activity recorded from layer 2/3 pyramidal neurons in the mPFC in Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-HET), and Ptprd-/-
(PTPRD-KO). PTPRD-WT, n=4 animals, 9 cells; PTPRD-HET, n=4 animals, 8 cells; PTPRD-KO, n=4 animals, 8 cells. *p < 0.05. (C) Evoked IPSC amplitudes as a
function of stimulus intensity plotted as input/output curves show an increase in Ptprd-/- compared to Ptprd+/+ and Ptprd+/- mice. Significant changes
between Ptprd+/+ and Ptprd-/- groups are as “*" *p < 0.05, **p <0.01, and ***p <0.001. PTPRD-WT, n=4 animals, 7 cells; PTPRD-HET, n=5 animals, 9 cells;
PTPRD-KO, n=4 animals, 8 cells. (D) Paired-pulse responses at 10, 30, 70, 100, and 300 ms interstimulus intervals (ISI) are similar between genotyping.
PTPRD-WT, n=4 animals, 6 cells; PTPRD-HET, n=4 animals, 6 cells; PTPRD-KO, n=5 animals, 8 cells. (E) Short-term synaptic responses (top) and normalized
summary data (bottom) evoked by a burst of 20 stimuli at 10 Hz are also similar between genotyping. PTPRD-WT, n=4 animals, 7 cells; PTPRD-HET, n=6
animals, 10 cells; PTPRD-KO, n=4 animals, 7 cells. (F) Excitatory and inhibitory balances show no significant differences between genotyping. PTPRD-WT,
n=4animals, 8 cells; PTPRD-HET, n=4 animals, 10 cells; PTPRD-KO, n=5 animals, 12 cells. In all graphs, the error bars denote SEMs
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Fig. 5 Heterozygous or homozygous Ptprd mice showed no learning and memory deficits. (A-E) 3-month-old Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-
HET), and Ptprd-/- (PTPRD-KO) mice were tested in the Morris water maze (MWM) test. (A) Latency escape during the 4 training days. (B) Time spent by
the animals swimming in the target quadrant area on test day (day 5). (C) Distance traveled in the target quadrant zone on test day. (D) Time spent by the
animals swimming in the platform area on test day. (E) Distance traveled in the platform zone on test day. PTPRD-WT, n=8; PTPRD-HET, n=16; PTPRD-KO,
n=9. (F) 3-month-old Ptprd+/+, Ptprd+/-, and Ptprd-/- mice were tested in the Y-maze test. Percentage of preference for spontaneous alternations (SAP).
PTPRD-WT, n=6; PTPRD-HET, n=11; PTPRD-KO, n=38. In all graphs, the error bars denote SEMs

To evaluate the sociability of Ptprd-/- mice, they were
placed in a context where they could interact with a caged
mouse or an inanimate object, each in a different cham-
ber. We observed that Ptprd-/- or Ptprd+/- mice, unlike
Ptprd+/+ animals, did not show a preference to spend
more time exploring the chamber containing the caged
mouse, indicating a social deficit (Fig. 7A). The inanimate
object was then replaced by another mouse (new mouse)
and the caged mouse was kept in the same chamber (old
mouse). Ptprd-/- or Ptprd+/- mice did not discriminate
between the old and new mouse, indicating a deficit in
social novelty compared to Ptprd+/+ mice (Fig. 7B).
Next, we evaluated repetitive and stereotyped behav-
iors. Self-grooming behavior is often altered in mouse
models of ASD [45]. Thus, we recorded mice from
below through a transparent box to allow the visual-
ization and further analysis of self-grooming. Ptprd-/-
mice increased their time self-grooming as compared
to Ptprd+/+ mice (Fig. 7C). Finally, we used the marble
burying test, a test widely used to assess repetitive behav-
ior in mouse models of compulsive disorder and ASD

[46, 47]. The test assesses the percentage of marbles that
mice bury in 30 min, which indirectly reflects the degree
of repetitive digging behavior. We found that Ptprd-/- or
Ptprd+/- mice showed a significant increase in buried
marbles as compared to Ptprd+/+ mice (Fig. 7D). There-
fore, our behavioral results suggest that loss of one or
both Ptprd alleles induces autistic-like behaviors.

Discussion

Here, we analyzed how loss of Ptprd expression impacts
the generation of glutamatergic and GABAergic neu-
rons and synaptic transmission in the cerebral cortex,
potentially contributing to the emergence of behavioral
impairments in adulthood. Mutations or aberrant expres-
sion of this gene have previously been associated with
various neurodevelopmental disorders such as obsessive-
compulsive disorder, schizophrenia, and ASD [14]. In
this regard, we reported that Ptprd is a key regulator of
mouse embryonic neurogenesis, controlling the num-
bers of neurogenic intermediate progenitor cells and,
ultimately, the number of neonatal cortical neurons [11,
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Fig. 6 Loss of one or both Ptprd alleles does not induce anxious behavior. (A-C) 3-month-old Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-HET), and Ptprd-
/- (PTPRD-KO) mice were tested in open-field anxiety test. (A) Percentage of the total time that the mice spent in the central zone. (B) Number of times
that the animals enter the central zone. (C) Total distance traveled. PTPRD-WT, n=10; PTPRD-HET, n=16; PTPRD-KO, n=11. (D-G) 3-month-old Ptprd+/+,
Ptprd+/-, and Ptprd-/- mice were tested in the elevated plus maze test (EPM). (D) Percentage of the total time spent in open arms. (E) Percentage of the
total time spent in closed arms. (F) Number of times that the animals enter the open arms. (G) Number of times that the animals enter the closed arms.
PTPRD-WT, n=10; PTPRD-HET, n=12; PTPRD-KO, n=11. In all graphs, the error bars denote SEMs

12]. Here, we found that the developmental increase of
excitatory neurons persisted through adulthood, affect-
ing excitatory synaptic function in the mPFC. More-
over, loss of Ptprd expression resulted in an increase in
inhibitory GABAergic neurons and inhibitory synaptic
function. Finally, adult Ptprd-/- mice displayed autistic-
like behaviors, suggesting that ablation of Ptprd not only
influences the number and function of cortical neurons
but also behavior.

What accounts for the increase in glutamatergic neu-
rons in adult Ptprd-/- mice? We propose that it is directly
related to the increase in Tbr2-positive intermedi-
ate precursor cells in these mice during embryogenesis
that we previously reported [11, 12]. There is abundant
evidence that ASD-associated genes exhibit cell cycle
changes in neural precursor cells during brain develop-
ment, culminating in an alteration in the total number of
glutamatergic neurons [48]. For example, Fang et al. [33],
reported that the increase in Tbr2-positive intermediate

precursors that in turn produces increased amounts of
glutamatergic neurons, was sufficient to elicit altera-
tions in synaptic function, interneuron mislocalization,
and the appearance of ASD-like behaviors. The genes
affected in animal models of ASD in which the number of
Tbr2-positive cells is increased are many [48]. Therefore,
given that the pathophysiological mechanisms that trig-
ger the onset of ASD-like behaviors include alterations
in the production of glutamatergic neurons [33, 48] like
those observed in the mPFC and somatosensory cortex
of Ptprd+/- or Ptprd-/- mice, this could, at least in part,
explain the ASD-like behavior in these animals.

Ptprd participates both as an adhesion molecule pro-
moting synaptic formation and differentiation, and a
phosphatase regulating the activity of receptors involved
in synaptic transmission such as TrkB [14]. The role
of Ptprd in synaptic function in cultured hippocam-
pal neurons is conflicting, as the absence of Ptprd has
been reported to either not alter synaptic formation or
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Fig. 7 Ptprd+/- or Ptprd-/-mice showed autistic-like behaviors. (A-D) 3-month-old Ptprd+/+ (PTPRD-WT), Ptprd+/- (PTPRD-HET), and Ptprd-/- (PTPRD-KO)
mice were tested for sociability (A) and social novelty (B), self-grooming (C) or marble burying (D). (A) Social Interaction Test was measured in the three-
chamber test. The graph shows the cumulative duration of Ptprd+/+, Ptprd+/-, and Ptprd-/- mice in the mouse or object chambers. PTPRD-WT, n=12;
PTPRD-HET, n=13; PTPRD-KO, n=9. (B) Social Novelty Test was assessed in the three-chamber test. The graph shows the cumulative duration of Ptprd+/+,
Ptprd+/-, and Ptprd-/- mice in the old mouse and new mouse chambers. PTPRD-WT, n=12; PTPRD-HET, n=13; PTPRD-KO, n=9. *p <0.05; **p < 0.01. (C, D)
Repetitive behavior was evaluated by the time spent in spontaneous self-grooming (C) or marble-burying behaviors (D). (C) Cumulative time in which
Ptprd+/+, Ptprd+/-, and Ptprd-/- mice did self-grooming behavior in a total of 10 min. PTPRD-WT, n=7; PTPRD-HET, n=7; PTPRD-KO, n=8. (D) Percentage
of marbles buried by Ptprd+/+, Ptprd+/-, and Ptprd-/- mice after 30 min. PTPRD-WT, n=7; PTPRD-HET, n=14; PTPRD-KO, n=7. *p <0.05; **p <0.01. In all

graphs, the error bars denote SEMs

transmission [18, 19] or decrease excitatory synaptic
transmission [17]. Our results obtained in acute mPFC
slices from adult Ptprd-/- mice indicate an increase in
both excitatory and inhibitory synaptic activity. While
this increase was not due to changes in the number of
postsynaptic receptors or release probability, it is possible
that these differences could be due to increased number
of synaptic contacts in the Ptprd-/- mPEC.

Ptprd+/- or Ptprd-/- mice showed autistic-like behav-
iors. ASD is characterized by social deficits and repeti-
tive behavior [49]. Consistent with this idea, Ptprd+/- or
Ptprd-/- mice present deficits in sociability with a con-
specific and the preference for interaction with a new
individual, supporting findings of mutations in PTPRD
linked to ASD risk [40-43]. Moreover, Ptprd-/- mice
have increased self-grooming and marble-burying behav-
ior, core symptoms of ASD. However, our findings do
differ from those reported by Ho et al. [50] that did not
report changes in the time invested in self-grooming.
These differences likely reflect the different experimental
paradigms used. We evaluated instinctively self-groom-
ing behavior without stimuli to promote it. Ho et al. [50]
quantified self-grooming time after spraying the animals
with a sucrose solution to encourage the indicated behav-
ior. We propose that artificially stimulating self-grooming
could mask normal behavior in Ptprd+/+ animals. We
also evaluated the number of the marbles buried that
represents the occurrence of repetitive behavior, while
Ho et al. [50] evaluated the time and number of times
the experimental animals spent performing the digging

process. While the experimental paradigms used by
both groups are valid, our findings of increased repeti-
tive behavior in the Ptprd-/- mice do indeed indicate that
they exhibit ASD-like behavior.

Uetani et al. [51] and Drgonova et al. [52] reported
impairments of spatial learning and memory in Ptprd-/-
mice which we did not observe. While the Uetani et al.
[51], Drgonova et al. [52], and our mice were in the same
C57BL/6] genetic background, there were evident dif-
ferences in the mouse models. The mice of those groups
showed growth retardation and weight loss attributed
to problems in food intake. While their Ptprd-/- mice
lived for approximately one year, our animals aged nor-
mally. To confirm the lack of spatial learning and mem-
ory impairments, we also evaluated our animals in the
Y-maze test, which showed no cognitive deficits associ-
ated with learning and memory. Our findings regarding
the lack of anxious behavior in Ptprd-/- mice were similar
to the results reported by Park et al. [17] and Ho et al.
[50], who used the same Ptprd-/- model as that by Uetani
et al. [51] and Drgonova et al. [52]. The findings will need
to be resolved in future studies with neural precursor
specific knockouts of Ptprd.

Conclusions

Our data, together with previous findings [11, 12], show
that several phenotypic features normally associated with
ASD were present in mice lacking Ptprd, including defi-
cits in neural precursor cell proliferation, increased neu-
rogenesis, neuronal mislocalization [48, 53], alterations
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in the number and function of glutamatergic and GAB-
Aergic neurons [54], and social deficits and repetitive
behavior [55]. These findings lead us to propose that the
absence of Ptprd expression disrupts the generation and
functioning of glutamatergic and GABAergic cortical
neurons, inducing the appearance of ASD-like behav-
ior in adulthood in mice. Our results suggest a possible
explanation for why variants in PTPRD result in brain
disorders.
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