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1. Summary of the scientific work

In this thesis, | will summarize recent developments in the field of “synaptic long-term
plasticity in the cortical GABAergic interneurons” and discuss our research team's
contribution to the topic. Indeed, we among other laboratories have demonstrated during the
past decade that 1) excitatory glutamatergic synapses targeting the GABAergic interneurons
in the hippocampus and the neocortex exhibit various different forms of activity-induced
learning-related long-term plasticity (Lamsa et al. 2005; Lamsa et al. 2007a; Lamsa et al.
2007b). Importantly, we have demonstrated that the plasticity forms are often specific to
interneuron type; anatomically specialized GABAergic interneurons exhibit distinct long-term
plasticity mechanisms and require specific neuronal activity patterns for the plasticity
induction (Oren et al. 2009; Nissen et al. 2010). 2) We have shown that the interneuron
plasticity reported in acute brain slice preparations also occurs in the intact brain in vivo, and
that the plasticity regulation in vivo brain is complex (Lau et al. 2017). 3) We have proven that
common interneuron types exhibiting synaptic long-term plasticity in a rodent brain show
plasticity in the human neocortex although with specific features. 4) Both in the rodent and in
the human cortex, the interneuron plasticity strongly modifies the local neuronal network
activities permanently changing signal transmission though polysynaptic circuits (Lamsa et al.
2005; Szegedi et al. 2016; Szegedi et al. 2017). In addition, our results indicate that
interneuron plasticity is required to maintain high temporal precision of principal cells' signal
processing in the cortex in the face of learning (Kullmann and Lamsa 2007; Kullmann and

Lamsa 2011b).

2. Introduction

Salient and contextual information in the brain is encoded in firing of neurons as neuronal
ensembles, and GABAergic (y-aminobutyric acid -releasing) inhibitory interneurons play a
pivotal role in this process. The activated neuronal ensembles (often referred to as engrams)
are thought to represent means carrying relevant stored pieces of information, and they are
promptly re-organized by learning (Tonegawa et al., 2015; Poo et al., 2016; Buzsaki and Llinas,
2017). The re-organisation of engrams is at least partly manifested by long-term synaptic
plasticity between the excitatory glutamatergic pyramidal neurons (Lisman, 2017). However,

it has been poorly understood whether and how long-term plasticity in GABAergic inhibitory
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interneurons contributes to this process (McBain et al., 1999; Kullmann and Lamsa, 2011b). It

is well established that glutamatergic excitatory neurons exhibit synaptic and non-synaptic
long-term plasticity forms. In contrast, the GABAergic inhibitory neurons were initially
considered rigid and unchangeable with a hypothesis that their function may not exhibit
learning-associated permanent changes (McBain and Maccaferri, 1997; McBain et al., 1999;
Ross and Soltesz, 2001). Yet, a past decade in the research of neocortical and hippocampal
microcircuits has revealed sophisticated plasticity forms in synapses to the GABAergic
inhibitory neurons (Kullmann and Lamsa, 2011a). Several research groups including ours have
independently demonstrated that the GABAergic neurons undergo a wide range of synaptic
and non-synaptic activity-induced plasticity processes (Laezza et al., 1999; Alle et al., 2001;
Perez et al., 2001; Lamsa et al., 2005; Pelkey et al., 2005; Lamsa et al., 2007b; Lu et al., 2007,
Galvan et al., 2010; Sambandan et al., 2010; Peterfi et al., 2012; Griguoli et al., 2013; Le Roux
et al., 2013; Camire and Topolnik, 2014; Zarnadze et al., 2016; Nicholson and Kullmann, 2017).
A remarkable feature in their plasticity is — in terms of its induction and expression — that it
often (although not always) differs from that known to exist in the excitatory principal
neurons (Kullmann and Lamsa, 2007; Pelkey and McBain, 2008; Bartos et al., 2011; Galvan et
al., 2011; Kullmann et al., 2012; Topolnik, 2012). This thesis will shortly review the topic and
explain how our research team activity has participated to the exciting and timely scientific
endeavor of the learning-related cortical GABAergic interneuron plasticity. In four main
chapters, | will review current understanding of the synaptic long-term plasticity in the
interneurons summarizing (1) its induction and the mechanisms explored in vitro slice
preparation, and (2) present evidence for the plasticity in vivo brain. In following chapters (3
and 4), | will elaborate the topic from the rodents (which are the most commonly used
experimental animals in cellular neuroscience research) to the human cortex. This research
thesis focuses on the learning-associated plasticity specifically in the excitatory synaptic input

to the GABAergic neurons.

3. Methods

3.1. Experiments on rodent acute brain slices

Three- to four- week old male Sprague-Dawley rats were killed by cervical dislocation and

decapitated. The brain was rapidly removed and placed in ice-cold (0 to +4°C) sucrose cutting
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solution containing (mM): 75 sucrose, 87 NaCl, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.0 NaH,PQg, 25

NaHCOs;, 25 glucose, pH 7.4, bubbled with 95 % O, / 5 % CO, (Lamsa et al. 2005; Lamsa et al.
2007b; Oren et al. 2009; Nissen et al. 2010; Szabo et al. 2012). Transverse hippocampal slices
(350 um thickness) were cut using a vibrating microtome (Leica VT 1000S, Leica
Microsystems, Germany). Slices were kept submerged at 32°C in the sucrose solution for 20-
25 min before being transferred to an interface chamber where they were maintained in
Earle's Balanced salt solution (EBSS) (Gibco-Invitrogen) with 3 mM Mg®" and 1 mM Ca** at
room temperature (20—-25°C) for at least 60 min before starting experiments. Hippocampal or
somatosensory neocortex slices (Szegedi et al. 2016) were placed in a recording chamber
(Luigs & Neumann, Germany) mounted on the stage of an upright microscope (Olympus
BX51WI, Japan), where they were held under a nylon mesh grid and superfused at 3-8 ml
min~* with artificial cerebrospinal fluid (ACSF) at 31 — 33°C. The ACSF contained (mM): NaCl
(119), KCI (2.5), CaCl, (2.5), MgS0,4 (1.3), NaH,P0O4 (1.25), NaHCOs (26), glucose (11); final pH
7.4 (equilibrated with 95% 0, / 5% CO,) (except in Szegedi et al. 2016 where 3 mM Ca** with
1.5 mM Mg2+ was used instead). A cut was made between the CA3 and CA1 subfields in the
hippocampus to prevent the spread of bursting activity. Slices were visualized using a 20x
immersion objective with 2—4x zoom and infra-red differential interference contrast (DIC)
optics. In the study using mice the hippocampal slices were similarly processed and
maintained and prepared from heterozygous aCaMKIl T286A-mutants (backcrossed into a
hybrid C57BL6 — 129/Sv genetic background and interbred to obtain homozygous and wild-
type (WT) littermates) (Lamsa et al. 2007a). Genotyping was carried out by PCR analysis with
DNA obtained from tail biopsies on postnatal day 21, the day of weaning (Lamsa et al. 2007a).

Male mice homozygous for aCaMKIlI T286A and WT littermates were used in the experiments.

Somatic perforated-patch microelectrode recordings (Lamsa et al. 2005; Lamsa et al. 20073;
Lamsa et al. 2007b; Oren et al. 2009; Nissen et al. 2010; Szabo et al. 2012) were made from
neurons in CA1 area. Electrodes were prepared from borosilicate glass capillaries (GC150F, 1.5
mm o.d., Harvard Apparatus, UK) pulled on a Sutter microelectrode puller (Novato, CA, USA).
Pipette resistance was typically 8-18 MQ for perforated patch, and 4-7 MQ for whole cell
recordings. A Multiclamp 700B amplifier was used for recording (Molecular Devices, CA, USA).
Infra red DIC images of the cell at different magnification (20x, 40x and 80x) were obtained
with a CCD camera (Till Photonics, Germany) during electrophysiological experiments.

Gramicidin stock solution (100 mg ml™}, Sigma) was prepared in dimethyl sulfoxide daily. The
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pipette filling solution containing gramicidin was prepared by diluting the stock solution

1:1000 in potassium gluconate pipette solution. The pipette solution contained (mM):
potassium gluconate (145), NaCl (8), KOH-HEPES (20-25), EGTA (0.2), and QX-314 Br (1-5); pH
7.2, osmolarity 295 mOsm |I™. The electrode tip was filled with gramicidin-free filtered
potassium gluconate solution. The series resistance was continuously monitored throughout
the experiment, and recordings were started when it was < 150 MQ. Bridge balance and
pipette capacitance compensation were adjusted throughout the recordings. The presence of
QX-314 in the filling solution allowed for detection of inadvertent patch rupture.
Suprathreshold depolarizing current steps were injected intermittently to evoke action
potentials. Failure to generate action potentials indicated membrane rupture in which case
the experiment was aborted. Upon completion of perforated patch recordings, the pipette
was slowly retracted under infra red DIC observation. Once the pipette detached from the cell
it was rapidly withdrawn from the slice. Next, the same cell was approached with a new
pipette and re-patched in whole-cell configuration. Infra red images obtained during the
perforated patch recording and the whole-cell recordings were compared to verify that the

same cell was re-patched.

The whole-cell filling solution contained (mM) CsCl (135), KOH-HEPES (10), BAPTA (10), NaCl
(8), Mg-ATP (2), GTP (0.3), and QX-314 Br (5); pH 7.2, 290 mOsm (Lamsa et al. 2005; Lamsa et
al. 2007a; Lamsa et el. 2007b; Oren et al. 2009; Nissen et al. 2010; Szabo et al. 2012).
Spermine tetrahydrochloride (0.5 mM, Tocris) was included in some studies in the filling
solution to maintain polyamine-mediated rectification of AMPA/kainate receptors during
whole cell recording. In addition, neurobiotin (0.3-0.5%, Alomone labs) or biocytin (0.3-0.5%,
Sigma-Aldrich) was included in the solution for post hoc anatomical analysis of cells. Pipette
capacitance compensation was applied in the cell-attached configuration before membrane
rupture. Series resistance was not compensated during voltage clamp recordings, but
regularly monitored with small hyperpolarizing voltage steps (-5 mV). Data were not

corrected for junction potentials.

Monosynaptic excitatory postsynaptic potentials (EPSPs) or excitatory postsynaptic currents
(EPSCs) were evoked by alternately stimulating in the CA1 area at 0.067 Hz via two concentric
bipolar electrodes (o.d. 125 um, FHC, ME USA), connected to constant current isolated

stimulators (DS3, Digitimer UK, 20-200 uA, duration 50 us). The stimulators were controlled
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by a custom data acquisition program (LabView, National Instruments) or by pClamp 10

software (Axon Instruments). Evoked EPSPs were recorded from the resting membrane
potential or in some experiments during a brief (500 ms) hyperpolarizing step (5-10 mV) to
avoid action potential generation. For LTP induction one of the pathways was stimulated at
100 Hz for 1 s, delivered twice with a 20 s interval. Simultaneously, the postsynaptic cell was
voltage clamped (1200-2000 ms) at =70 — -90 mV or at 0 mV (somatic potential). Miniature
EPSCs (mEPSCs) were recorded in 120 s sweeps, with the seal test monitored in between
sweeps (Oren et al. 2009). The first recordings were made after 15 min after breaking through

into the whole cell configuration to allow for stabilization of the cell input resistance

In all recordings data were low-pass filtered (4 - 5 kHz) and acquired at 10 - 20 kHz on a PC for
offline analysis. Data was analysed using LabView, pClamp 10 or in Igor Pro (Wavemetrics,
USA). The GABA receptor blockers picrotoxin (100 uM) and CGP55845 (1 uM) were added to
the extracellular solution. Where indicated, the NMDA receptor antagonist DL-2-Amino-5-
phosphonovaleric acid (DL-APV, 100 uM) or glutamate receptor antagonists philanthotoxin-
433 (PhTx, 10 uM) was also included. All drugs were applied via superfusion (3-5 ml/min).
Tetrodotoxin (TTX 1 uM) was present during mEPSC recordings. Chemicals were purchased
from Sigma and drugs were purchased from Tocris Cookson (Bristol, UK) or Ascent Scientific

(Weston-super-Mare, UK).

3.2. Experiments in vivo rat

Experiments were carried out on adult male (weight 280-350 g) Sprague—Dawley rats (Charles
River, UK) according to the Animal Scientific Procedures Act, 1986 (UK) using a heating
mattress (37.5 + 0.5 °C) with an external abdominal temperature measurement probe with
feedback to the heating pad. Anesthesia was induced with isoflurane (4 % v/v in O,) and
maintained by a single intraperitoneal (i.p.) injection of urethane (1.25-1.3 mg/kg in 0.9 %
saline, i.p.). Ketamine (30 mg/kg i.p.) and xylazine (3 mg/kg i.p.) were given at the start of the
procedure and in supplementary small doses during recording to maintain anesthesia. Saline-
based glucose solution (5% v/v glucose) was injected subcutaneously (2 ml/2h) to
compensate for fluid loss during the experiment. A rostrocaudal incision was performed to
expose the skull, and surgical windows were made above the right and left dorsal

hippocampal CA1l areas with a dental drill. A wall of dental cement was built to protect the
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openings and saline was applied regularly to the exposed brain surface. For accurate

measurement of penetration depth, saline solution was drained before inserting electrodes
into the brain. The windows were covered with warm paraffin wax once the electrodes were

lowered into the brain.

Microelectrodes were pulled from borosilicate glass capillaries (GC120F-10, Harvard
Apparatus, UK) and were filled with 1.5-3 % (w/v) neurobiotin (Vector Laboratories, UK) in
0.5 M NaCl. The recording electrodes were lowered into the brain at 20 um/s, and into the
hippocampus at 5 um/s using a micro drive holder (EXFO-8200 IMMS, Canada) and a
computer-controlled 0.5 um-stepping interface. Stereotaxic co-ordinates for the recording
electrodes were: 3.0 mm posterior to Bregma (0.3 mm), 3.6 mm from midline (0.5 mm),
and depth 2.2 mm (£0.3 mm). The electrode resistance was 15-21 MQ. Following
extracellular recording, the electrode was moved into juxtacellular position and the recorded
cells were modulated by applying a series of +10 to +50 nA square pulses of 200 ms duration
in 30 s episodes for 2—3 minutes continuously (Lau et al. 2017). We verified that the action
potential properties (extracellular spike kinetics) of the modulated cell corresponded to the
action potential properties recorded during plasticity experiment. This labeling procedure was
followed by a period from 1 to 5 hours (Lau et al. 2017), which allowed for the diffusion of
neurobiotin inside the modulated cells. Signal was amplified 1000x (10x, head-stage amplifier,
Axon Instruments, USA; 100x, NL-106, DigitimerTM, UK) and band-pass filtered between 0.3
and 300 Hz for local field potentials (LFP) and between 300 Hz and 5 kHz for detection of
single spikes. The LFP and single neuron activity were acquired at 1 and 19.841 kHz,
respectively using Spike2 (version 7.0; Cambridge Electronic Design, UK). Concentric bipolar
stimulating electrodes (125 um tip diameter, FHC Inc., USA) were stereotaxically placed in the
left hippocampal CA1 area 3.0-3.2 mm posterior and 3.0-4.0 mm lateral to Bregma and at
2.1-2.5 mm depth from the cortical surface (Lau et al. 2017). Single-shock stimulation (100 ps,
150-600 pA) was delivered every 5 s using current isolator stimulator (DS3; Digitimer, UK) to
elicit spikes. The train of theta-burst stimulation (TBS) for plasticity induction consisted of 20

bursts (at 200 ms intervals) of five stimuli at 100 Hz.

3.3. Human brain slices
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All procedures were performed according to the Declaration of Helsinki with the approval of

the University of Szeged Ethical Committee and Regional Human Investigation Review Board
(ref. 75/2014). Human neocortical slices were derived from material that had to be removed
to gain access to the surgical treatment of deep-brain tumors from the left and right frontal,
temporal, and parietal regions with written informed consent of the patients prior to surgery.
The patients were 10-85 y of age (mean + SD =50 + 4 y), including 17 males and 14 females.
The tissue obtained from underage patients was provided with agreement from a parent or
guardian. The resected samples were cut from the frontal and temporal lobes of left or right
hemisphere. Anesthesia was induced with intravenous midazolam and fentanyl (0.03 mg/kg,
1-2 Ig/kg, respectively). A bolus dose of propofol (1-2 mg/kg) was administered
intravenously. The patients received 0.5 mg/kg rocuronium to facilitate endotracheal
intubation. After 2 min, the trachea was intubated and the patient was ventilated with
0,/N,0 mixture (a ratio of 1:2). Anesthesia was maintained with sevoflurane at monitored
anesthesia care volume of 1.2-1.5. After surgical removal, the resected tissue blocks were
immediately immersed in ice-cold standard solution containing (in mM): 130 NaCl, 3.5 KCI, 1
NaH,P0,4, 24 NaHCOs, 1 CaCly, 3 MgS0Q,, 10 D(+)-glucose, and saturated with 95% O, and 5%
CO,. Slices were cut perpendicular to cortical layers at a thickness of 350 um with a
microtome (Microm HM 650 V) and were incubated at room temperature (20-24°C) for 1 h in
the same solution. The solution used during electrophysiology experiments was identical to
the slicing solution, except it contained 3 mM CaCl, and 1.5 mM MgSO4. Recordings were
performed in a submerged chamber (perfused 8 ml/min) at approximately 36—37°C. Cells
were patched using water-immersion 20x objective with additional zoom (up to 4x) and
infrared differential interference contrast video microscopy. Micropipettes (5-8 MOhm) were
filled with intracellular solution for whole-cell patch-clamp recording (in mM): 126 K-
gluconate, 8 KCl, 4 ATP-Mg, 0.3 Na,—GTP, 10 HEPES, 10 phosphocreatine (pH 7.20; 300 mOsm)
with 0.3% (w/v) biocytin. Current and voltage clamp recordings were performed with
Mutliclamp 2B amplifier (Axon Instruments), low-pass filtered at 6 kHz (Bessel filter). Series
resistance (Rs) and pipette capacitance were compensated in current clamp mode and pipette
capacitance in voltage clamp mode. Rs was monitored and recorded continuously during the
experiments. The recording in voltage clamp mode was discarded if the Rs was higher than 25
QM or changed more than 20%. Extracellular stimulation was applied with a concentric
bipolar electrode (125 um tip diameter, FHC Inc., US) positioned on L2—3. Paired pulse stimuli

(50 ps, with 50 ms interval, intensity range from 20 to 300 pA) were delivered every 15 s with
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current isolator stimulator (Model DS3, Digitimer, UK). Compound EPSCs in were confirmed

by observing less than 100 pA increases in the evoked EPSC amplitude when gradually

increasing stimulation intensity.

3.4. Anatomical analyses and identification of neuron types

Neurons were filled with neurobiotin (Vector Labs, UK) or biocytin (Sigma, UK) during whole
cell recordings (at least 30 min). Slices were fixed overnight at 4°C in a solution containing 4 %
paraformaldehyde, 0.05 % glutaraldehyde and 0.2 % picric acid in 0.1 M sodium phosphate
buffer (PB). The next day, slices were washed thoroughly in 0.1 M phosphate-buffer and
stored in PB plus 0.05 % sodium azide (BDH, UK) at 4°C. For re-sectioning, slices were
embedded and fixed in 20 % gelatin and re-sectioned at 60-70 um thickness using a vibrating
microtome (Leica VT1000S, Leica Microsystems, Germany). The sections were washed once in
0.1 M PB, and several times in 50 mM Tris-buffered saline (TBS, Sigma, UK) with 0.3% Triton X-
100, and then incubated for at least 5 hrs with Alexa Fluor 488-labeled streptavidin
(Invitrogen, UK, diluted 1:1000) in TBS with 0.3 % Triton X-100. Human brain slices were
permeabilized using a freeze and thaw procedure. Sections were mounted in Vectashield
(Vector Laboratories, Burlingame, CA) under coverslips, and examined with a fluorescent
microscope. Images were captured using a CCD camera (C4747-95; Hamamatsu Photonics,
Hamamatsu, Japan) with an appropriate filter set and analyzed using the Openlab 4.0.4 image

analysis software package (Improvision, Coventry, UK).

Images were constructed from Z-stacks using ImagelJ 1.42 software (NIH, USA) and inverted to
show the cell on white background; Neuron) program was used for neurite tracing at a preset
line thickness and quantification. Epifluorescent images were taken with the Zeiss
Axiolmager.Z1 microscope (Zeiss HE38 filter, 40x or 63x oil-immersion objective) using
AxioVision software, and digital micrographs were constructed from Z-stacks with Imagel
software. Micrographs were not manipulated selectively, only brightness and contrast of the
whole stacked image was adjusted. Interneuron types were identified as described in the
original publications (Lamsa et al. 2007b; Oren et al. 2009; Nissen et al. 2010; Szabo et al.
2012; Szegedi et al. 2016; Lau et al. 2017; Szegedi et al. 2017). For immunofluorescence

experiments, sections were processed as described in the original publications.

10



dc_1581 18

Some sections for cell structure illustrations (cells in Oren et al., 2009; Szegedi et al. 2016; Lau
et al. 2017) were further incubated in a solution of conjugated avidin-biotin horseradish
peroxidase (HRP; 1 : 300; Vector Labs) in Tris-buffered saline (TBS, pH = 7.4) at 4 °C overnight.
Sections were post-fixed with 1 % OsQ,4 in 0.1M PB. After several washes in distilled water,
sections were stained in 1 % uranyl acetate, dehydrated in ascending series of ethanol.
Sections were infiltrated with epoxy resin (Durcupan) overnight and embedded on glass slices.
Three-dimensional light microscopic reconstructions from sections were carried out using
Neurolucida system with 100 x objective (Olympus BX51, Olympus UPlanFl, Hungary). Images

were collapsed in z-axis for illustration.

Sections from some axo-axonic cells were prepared for electron microscopic analysis (Nissen
et al. 2010). After fixation and re-sectioning of slices (as above), selected sections were
washed in 0.1M PB and then stored in 0.05% sodium azide with 0.1M PB. Following
cryoprotection with sucrose and freeze-thaw to enhance penetration of reagents, the cells
were revealed with HRP reaction (ABC Elite kit, Vector Laboratories; 0.05% DAB, Sigma, UK;
0.01% H,0,). The sections were treated with 1% OsQ4 (in PB; TAAB Laboratory Equipment Ltd,
UK) and 1% aqueous uranyl acetate, dehydrated and embedded in epoxy resin (Durcupan,

Fluka, UK).

4. Results and discussion

4.1. GABAergic interneurons exhibit many forms of synaptic plasticity and some are specific to

interneuron types

Retrospectively, we can conclude that a large source of disagreement on whether the
excitatory synapses onto interneurons undergo long-term plasticity stemmed from the
experimental paradigms chosen to elicit plasticity, and from the diversity of GABAergic
interneuron types. When initially testing a hypothesis on synaptic long-term potentiation
(LTP) and —depression (LTD) in interneurons, it was assumed that the GABAergic neurons
would undergo plasticity similar to that is seen in the principal pyramidal cells (for discussion,
see McBain and Maccaferri (1997). However, later studies have revealed that many

GABAergic interneuron subpopulations (but not all, see for instance Lamsa et al., 2005; Lamsa

11
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et al., 2007a; Le Roux et al., 2013) fail to show the classic NMDA (N-methyl-D-aspartate)

glutamate receptor-mediated synaptic LTP and LTD occurring in the pyramidal neurons
(Kullmann and Lamsa, 2007). Instead, most GABAergic interneurons exhibit the LTP or the LTD
with different induction mechanisms that require activation of metabotropic glutamate
receptors (mGIuRs), calcium-permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid -glutamate receptors (CP-AMPARs) or voltage-gated calcium channels (Galvan et al.,,
2011; Kullmann and Lamsa, 2011b; Pelkey et al., 2017). The LTP and LTD reported in

interneurons in different brain regions in a rodent are summarized in Figure 1.

Another important reason explaining why no consensus existed for a long time with the
interneuron plasticity results (see McBain and Maccaferri, 1997; Kullmann and Lamsa, 2011b)
is the diversity of cortical GABAergic interneuron types (Ascoli et al., 2008; Klausberger and
Somogyi, 2008). Cortical GABAergic neurons are currently classified into at least five different
major subclasses whose specific features already emerge during early ontogenic development
(for a review, see Pelkey et al., 2017). Thus, the pioneering studies examining synaptic
plasticity in the GABAergic cortical neurons expected the interneurons to behave in this
regard as a relatively homogenous group, akin to what had been observed with the principal
neurons (Buzsaki and Eidelberg, 1982; Maccaferri and McBain, 1996; McMahon and Kauer,
1997; Cowan et al., 1998; Mahanty and Sah, 1998). Yet, later it was demonstrated that
distinct interneuron subpopulations as well as different afferent pathways to an individual
interneuron can strongly differ in their plasticity features (Lei and McBain, 2004; Lamsa et al.,
2005; Nissen et al., 2010; Sambandan et al., 2010; Le Roux et al., 2013; Galvan et al., 2015;
Zarnadze et al., 2016). Consequently, various early attempts to address the question whether
the synaptic long-term potentiation exists in the GABAergic cells produced variable and
inconclusive results (for a review see McBain and Maccaferri 1997). As more recent studies
have shown, it is crucial that the cortical interneurons are tested for the hypothesis as distinct
subgroups rather than as an entity (Lei and McBain, 2004; Kullmann and Lamsa, 2011b; Le
Roux et al., 2013).

12
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A LTP and LTD in
LTP and LTD in visual cortex _ Figure 1. Synaptic long-term potentiation (LTP)
hippocampus LTP and LTD in and -depression (LTD) in the excitatory
somatosensory ) . .
—_/ cortex glutamatergic  connections to  GABAergic

interneurons in different brain areas and
postsynaptic interneuron types.

Y 4 // A) Schematic shows LTP and LTD as has been
J (_; reported in different brain areas in a rodent. The
Oy Kx/ original research articles describing the plasticity
LTPand LTPin forms are enlisted in (Kullmann and Lamsa,
LTD in DCN LTP and LTD
amygdala . . 2011b). DCN states for a dorsal cochlear nucleus.
Y9 In striatum

B) LTP and LTD in unidentified GABAergic
B \(7\?—0‘ interneurons in the hippocampal CA1 and CA3
{ © areas and the dentate gyrus (DG). Schematic
! \/’_\ depicts a transfersal hippocampal slice with four
excitatory synaptic pathways. Blue shading in a
/_\4 06 synapse indicates LTD, and yellow shows LTP.
( W . C) NMDA receptor-independent LTP and LTD (or
4 : their absence) in the identified CA1 area
interneuron types. Blue framing of a synapse
indicates LTD, red means LTP. SCA, Schaffer
C PV+ collateral associated cell. BC, basket cell. PC,
SCA BC PC AAC BC BiS OLM pyramidal neuron. AAC, axo-axonic cell. BiS,
bistratified  cell. OLM, oriens-lacunosum
moleculare cell. CCK+, expressing cholecystokinin.
PV+, expressing parvalbumin. Modified images
are based on: A, Kullmann and Lamsa (2011b); B,

Kullmann and Lamsa (2007); C, Lamsa et al.
(2010).

Work from many laboratories, including seminal work of prof. Peter Somogyi in the University
of Oxford (UK), has demonstrated that hippocampal GABAergic interneurons represent
various specialized cell types (Somogyi and Klausberger, 2005). Consequently, in the
hippocampal CA1 area (field 1 in hippocampal area named as Cornu Ammonis) alone there are
roughly twenty different GABAergic interneuron types (Klausberger and Somogyi, 2008). The
hippocampus with its clearly identified GABAergic cell types allowed us to test a hypothesis
whether synaptic long-term plasticity in interneurons was actually cell-type specific. Our
results at least partly explained the previously inconsistent outcome of the interneuron

plasticity experiments.

In 2005, we published a research article with prof. Dimitri Kullmann (University College

London, UK) demonstrating that the hippocampus shows a clear spatial pattern for one
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specific type of LTP (NMDAR-dependent) among the CA1l area interneurons (Lamsa et al.,

2005).
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Figure 2. Hippocampal fast-spiking interneurons in the CA1 area exhibit a specific type of synaptic LTP that requires
calcium-permeable AMPA receptors (CP-AMPARs) and a different induction pattern than the LTP in pyramidal cells.
A) Application of high-frequency stimulation to a synaptic pathway (black symbols) when a postsynaptic interneuron
is hyperpolarized elicits the NMDAR-independent LTP, which is pathway specific (open symbols show control
pathway). B) The glutamatergic synapses in the interneurons have CP-AMPARs indicated by EPSC inward
rectification (rectification index below 1). C) Two visualized and identified cells showing the LTP; OLM cell and a fast-
spiking basket cell. Scale 200 um D) CP-AMPARs and the NMDAR-independent LTP are common in interneurons
located in strata pyramidale (p) and oriens (0), and rare in GABAergic cells in strata radiatum (R) and locunosum-
moleculare (Lm). E) The NMDAR-dependent and the independent LTP occur in distinct CA1 area interneuron
subpopulations. Note that not all tested interneurons show either type of LTP. F) The NMDAR-independent "anti-
Hebbian" LTP requires CP-AMPARs. Transient blockade of AMPARs (by NBQX, horizontal bar) during the high-
frequency stimulation prevents LTP in interneurons. Image adapted from Lamsa et al. (2007b).
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We discovered that when using an associative pre- and postsynaptic discharge pairing

protocol (identical to what is commonly used for LTP induction in pyramidal cells), less than
half of the tested postsynaptic GABAergic cells showed LTP, while a majority failed to show
plasticity. We reported these findings in two separate articles published in Nature
Neuroscience (Lamsa et al., 2005) and The Journal of Physiology (Lamsa et al., 2007a), the
former describing the phenomenon in interneurons and the latter uncovering its induction
mechanism downstream to the NMDAR activation (which we found is different from that
existing in pyramidal cells, since in the interneurons a beta isoform of Ca**/calmodulin-
dependent protein kinase Il -enzyme is required for LTP, whereas in the CA1 pyramidal cells

alpha isoform is necessary for the long-term potentiation).

The bimodal expression pattern of the NMDAR-mediated LTP among the CAl area
interneurons encouraged us to approach an anatomy specialist, prof. Somogyi, and suggest a
collaboration project to test whether the plasticity in hippocampal interneurons is associated
with anatomically specialized interneuron types. We set a simple hypothesis: testing two
common LTP induction protocols, we investigated whether there is a correlation between the
plasticity result and an identified postsynaptic interneurons type? This required rigorous post
hoc anatomical and immunohistochemical analyses of the electrophysiologically investigated
postsynaptic neurons. We first focused on the hippocampal O-LM interneuron type (named as
Oriens-Lacunosum Moleculare interneuron because its axon characteristically occupies these
layers) (McBain et al., 1994) in the CAl area to test this idea. The O-LM cell was a good
candidate to study this question, because there was already evidence in the literature
showing that LTP often occurs in interneurons with soma in stratum oriens layer of the CAl
area (Perez et al., 2001). The O-LM interneuron somata locate in stratum oriens. Indeed, we
were able to demonstrate that the O-LM cells consistently show LTP, which is addition was
mechanistically different from the LTP in pyramidal cells. We published these findings in two
research articles first showing the novel type of LTP occurring in many CA1 area interneurons
(but not in pyramidal cells) and then demonstrating that it requires the activation of
postsynaptic calcium-permeable AMPA receptors and group | metabotropic glutamate

receptors (Lamsa et al., 2007b).

In addition, we demonstrated in the articles that the synapses to interneurons with this type

of LTP do not show the conventional "pyramidal cell-like LTP" that requires the glutamatergic
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NMDA receptors. Details of the main findings published in Science (Lamsa et al. 2007b) are

shown in Figure 2. The second research article published in The Journal of Neuroscience (Oren
et al., 2009), was released two years later when | already had moved to Oxford University as
an independent research group leader. In that paper we further demonstrated that the O-LM
cells consistently exhibit the CP-AMPAR-dependent LTP form.
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Figure 3. Synaptic long-term plasticity in the hippocampal interneurons is specific to an interneuron type.

A) The NMDAR-independent LTP exists in PV+ basket (BC) and axo-axonic cells (AAC), but not in B) CCK-
expressing interneuron types in the CA1 area. A1) LTP induced by the high-frequency stimulation (HFS) in the
presence of NMDAR blocker APV. Black symbols show the HFS-treated pathway, open symbols indicate control
pathway. A2) A visualized PV+ BC and A3) an AAC showing the LTP. Scale bar in the cell reconstruction 100 um,
and in the confocal micrographs 20 um. A4) Confocal images of the CA1 stratum pyramidale (first four from
left, scale 20 um) illustrate the BC and the AAC axon terminals used to identify the cell types. Right: electron
micrograph showing AAC synapse (arrow) received by nearby pyramidal cell axon initial segment. Scale 0.25
um. B1) CCK-expressing CA1 interneurons fail to show long-term plasticity with identical protocol. B2) A
visualized sample CCK BC (scale bar 100 um) with characteristic cannabinoid receptor type 1 (CB1R, scale 10
um) expression on the axon. C) Summary of baseline-normalized EPSP potentiation after the HFS in the treated
(black symbols) pathway versus the control pathway (open symbols) in the three different CA1 interneuron
types. Image modified from Nissen et al. (2010).

Both these studies utilized a technically challenging experimental approach — a sequential

recording from a postsynaptic interneuron with two separate micropipettes — in which the
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postsynaptic cell was first recorded using a perforated patch -method to minimize dilution of

the intracellular contents. It was crucial for stable long-lasting recordings that allowed testing
subsequent plasticity protocols in the same neuron. For anatomical identification of
postsynaptic cell type, the recorded neurons were re-patched with a conventional whole-cell
micropipette, and the cells were filled with a marker molecule (neurobiotin or biocytin) for
their post hoc visualization. The results played a key role in our review article published the

same year in Nature Reviews Neuroscience (Kullmann and Lamsa, 2007).

This project generated two further research articles both released in The Journal of
Neuroscience and published with Prof. Somogyi while | was in Oxford. We showed that the
CP-AMPAR-dependent LTP occurs not only in O-LM cells but in addition in other neurons
expressing parvalbumin (PV) (note: some O-LM cells also exhibit this marker although weakly,
see Ferraguti et al., 2004), more specifically basket cells and in axo-axonic cells, and in
interneurons with no PV but with neuronal nitric acid synthase (nNOS) (Nissen et al., 2010;
Szabo et al., 2012). On the contrary, this plasticity was absent in the CAl area interneurons
expressing cholecystokinin (CCK) but not PV (Nissen et al., 2010). Key results of these findings
are illustrated in Figure 3. In addition, we demonstrated that the O-LM cells and the nNOS-
expressing ivy cells both exhibit CP-AMPARs and the CP-AMPAR-dependent LTP because they
lack the glutamate AMPA receptor subunit 2 (GIuA2) (Szabo et al., 2012). Interestingly, later
studies have revealed that interneuron types with CP-AMPARs are mostly derived from the
same developmental brain area during early ontogenesis (Akgul and McBain, 2016). Hence,
we speculate that the specific type of plasticity is already programmed in the interneurons

during early ontogenesis.

4.2. Identified interneuron types show the learning-related long-term plasticity in vivo

Although in vitro slice preparation studies enabled the detailed investigation of interneuron
plasticity mechanisms in many identified cell types — because the method easily allows long
and stable recording from identified cells — it still remained open whether the same cell types
would similarly show plasticity in the intact brain of a living animal. Interestingly, some
publications already existed showing indirect evidence for the activity-induced long-term
potentiation and -depression in interneurons of the hippocampal CA1 area (Buzsaki and

Eidelberg, 1982; Dupret et al., 2013). In these articles, which utilized extracellular recording of
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spiking activity of unidentified CA1 area interneurons, it was demonstrated that spike

coupling of the presynaptic pyramidal cells (or their fibers) and the interneurons in a rat
hippocampus was permanently strengthened or weakened by either a common LTP-induction
paradigm (applying repetitive extracellular electrical stimulation, see Buzsaki and Eidelberg,
1982) or following spatial learning tasks (Dupret et al., 2013). However, neither of these

studies did or was able to identify the postsynaptic interneuron types for methodological

reasons.
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Figure 4. Fast-spiking PV+ basket cells (BCs) show long-term plasticity in a rat hippocampus in vivo. A) PV+ BCs in
urethane-anaesthetized rats show characteristic spontaneous firing at low frequency (Klausberger et al., 2003).
A1) Extracellularly recorded BC spikes in the CAl area exhibit fast kinetics. Spontaneous firing shows no
autocorrelative pattern. A2) The spontaneous firing occurs at low frequency and it is characteristically phase-
locked to descending phase of the local field potential (LFP) theta oscillation cycle (Klausberger et al. 2003). B-C)
High-frequency stimulation (HFS) induces either LTD- or LTP-like change in the single pulse stimulation-evoked
spiking probability of the PV+ BCs. B1) A BC fires (“synaptic”) with a 5-10 ms delay to the contralateral site
hippocampal CA1 stimulation, and the HFS induces a long-term decrease in the evoked spike probability. Note
that spontaneous firing activity (shown left with bars) remains unaltered. B2) Individual traces and histograms
summarize the reduced single shock-evoked basket cell firing probability after the HFS. Data shown in baseline
and 30 min following the HFS. Scale 0.2 mV, 5 ms. C1-C2) Similar experiment from another PV+ BC showing long-
term potentiation of the evoked spike probability. D) One recorded BC (with LTP) illustrated with
immunoreactions. NB, neurobiotion. PV, parvalbumin. CB1R, cannabinoid receptor type 1. Image adapted from
Lau et al. (2017).

Hence, we next investigated the long-term plasticity of synaptic excitatory drive of
anatomically identified CA1 area interneurons in vivo. To optimize long-term stability of the
recordings, the rats were anaesthetized during experiments (by combination of urethane,
xylasine and ketamine). Rather than using a multichannel electrode (Dupret et al., 2013), we
studied the interneuron spiking probability with an extracellularly juxtapositioned glass

micropipette in response to microelectrode stimulation of afferent glutamatergic projection
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fibers. The juxtacellular glass microelectrode recording method allowed us to label the

studied cells with neurobiotin for post hoc anatomical analyses and identify interneuron type
(Lau et al., 2017). We focused the study on the postsynaptic fast-spiking PV+ basket cells and
the non fast-spiking nNOS+ (immunopositive for neuronal nitric oxide synthase) ivy cells,
which we and others had previously shown in the in vitro slice preparation to exhibit robust
LTP by the high-frequency stimulation (Alle et al., 2001; Nissen et al., 2010; Szabo et al., 2012;
Campanac et al.,, 2013; Le Roux et al., 2013).

Similar to the results by Dupret et al. (2013) as well as Buzsaki and Eidelberg (1982), we found
that the fast-spiking CA1 interneurons can generate either LTP or LTD following high-
frequency glutamatergic fiber activity. Interestingly, when identifying the interneuron types
we found that both the PV+ basket cells as well as the ivy cells could generate either LTP or
LTD in these conditions. Because the results differed from what we had previously observed
in slice preparations (in vitro the LTP was consistently generated in both of these CA1l
interneuron types), we hypothesized that the direction of plasticity in vivo might be regulated
by the underlying brains state in the anaesthetized animal defined by the local field potential
oscillation pattern at the time when the plasticity was induced (see Kullmann and Lamsa,
2007). However, we found that neither did the occurrence of predominant theta (4-8 Hz)
oscillation or slow wave (1 Hz) activity manage to explain whether the LTP or the LTD was

generated in these interneurons (Lau et al., 2017).

Hence, we suggested that the complex plasticity results in vivo could possibly emerge from
variable underlying modulatory effects of monoaminergic, cholinergic or endocannabinoid
system in the experiments. Indeed, such modulations have been reported with
pharmacological agents in slice preparations (Peterfi et al., 2012; Griguoli et al., 2013), and in
intact brain such effects could be generated endogenously. Our results in vivo rat
hippocampus were first reported in Brain Structure and Function (Lau et al., 2017) and the key

findings are illustrated in Figure 4.

4.3. Human cortical microcircuits show evolutionarily conserved interneuron plasticity with

specific features
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We asked whether the interneuron plasticity reported in the rodent occurs similarly in the

human brain, or if there are specific plasticity features in the human cortex not present in a
rat or mice? The question is highly relevant, since recent studies have demonstrated that the
human neocortical microcircuits are not identical to rodents but show various specializations
in the intrinsic neuronal and synaptic functions (Molnar et al., 2008; Blazquez-Llorca et al.,
2010; Defelipe, 2011; Testa-Silva et al., 2014; Eyal et al., 2016; Molnar et al., 2016; Sousa et
al., 2017). Many of these adaptations are either enhancing the temporal signal processing or
the spatial propagation of neuronal activity in the human neocortex. There is an emerging
idea that some of these features may have evolved during the human evolution to enhance
the brain computational power (DeFelipe et al., 2002; Lourenco and Bacci, 2017; Sousa et al.,
2017). However, it had remained unknown whether the plasticity of GABAergic inhibitory

circuits also showed specific functional features in the human cortex.

We investigated the question in acute slices prepared from neocortical tissue samples
resected in a deep brain oncology or aneurism surgery in order to have the access to
subcortical pathological target (Molnar et al., 2008; Szegedi et al., 2017). Such samples
represent the closest to healthy control tissue, since the patients are typically operated with a
short delay from the first symptoms and they lack systematic and persistent pre-medication
(unlike the epilepsy patients) (Lourenco and Bacci, 2017). Importantly, the resected
neocortical tissue samples in the operations locate far from the pathological target. For
clarity, we have systematically reported in our studies the operated patient age, gender and
their primary clinical diagnosis leading to the operation (Szegedi et al., 2016; Szegedi et al.,

2017).

Whole-cell recordings from the layer 2-3 PV+ basket cells revealed a robust LTD in their
glutamatergic afferents by the high-frequency bursting of the fibers. The LTD was similarly
generated by extracellular stimulation in a rat and in the human (Szegedi et al. 2016). In both
cases, the LTD showed presynaptic expression site and it was blocked by antagonist of the
group | metabotropic glutamate receptors. The results are well in line with previous reports in
rodents (Yazaki-Sugiyama et al., 2009) showing that metabotropic receptors mediate the LTD

in the fast-spiking cortical interneurons (Lu et al., 2007; Peterfi et al., 2012).
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Figure 5. Fast-spiking PV+ basket cells (BCs)
show synaptic long-term plasticity in human
neocortex with specific features. Unlike
rodents, the human neocortex contains very
strong glutamatergic synapses that connect
the layer 2-3 pyramidal cells (PCs) specifically
to GABAergic interneurons (Molnar et al.,
2008). These VLE connections (Very Large
EPSPs) are based on synapses with
multivesicular transmitter release (Molnar et
al., 2016) and the EPSPs evoked in the BCs
are often suprathreshold (Szegedi et al.,
2017). A1) Visualized PC (red) to PV+ BC
(blue; scale 40 mV, 20 ms) connection with a
suprathreshold VLE (top). Bottom: post-
synaptic hyperpolarization reveals the VLE.
Blue trace scale 4 mV, 20 ms. A2) lllustration
of the cell pair (PC red, BC blue). Scale 100
um. Inset shows the BC high-frequency firing
pattern (scale 60 mV, 100 ms). A3) The BC
axon (used to identify the cell) in the layer 2-
3. Left: The boutons (arrow) are arranged
around a nearby cell soma (asterisk).
Confocal micrographs show the boutons are
immunopositive for vgat and PV. Right: Scale
bar 5 um. B) PC firing with high-frequency
bursts (5 pulses at 40 Hz, 40 repeats) induces
LTD in VLEs synapses. B1) A sample
experiment. B2) Mean and s.e.m. of 5
experiments. C) LTD has presynaptic
expression site indicated by the EPSP
amplitude coefficient of variation (C1) and
paired-pulse ratio (C2) in LTD. C3) Paired-
pulse EPSPs in baseline and in LTD. D) LTD is
blocked by antagonist of group | mGluRs. D1)
A sample experiment. D2) Mean and s.e.m.
of 4 experiments. Images adapted from
Szegedi et al. (2016) and (2017).

Yet, about 15 % of pyramidal cell to fast-spiking interneuron connections in the human

neocortex layer 2-3 exhibit very large monosynaptic glutamatergic EPSPs (VLEs, average

amplitude 13 mV) elicited by single pyramidal cell spike (Molnar et al., 2008; Komlosi et al.,

2012; Szegedi et al., 2016; Szegedi et al., 2017). The VLEs are often suprathreshold hence

representing a microcircuit feature not occurring in a rat and being possibly specific to the

human neocortex (Molnar et al., 2016). Importantly, we found that the strong synaptic VLE-

connections are able to trigger the mGIluR-dependent LTD independently; a high frequency

bursting activity of just single pyramidal cell triggers the LTD, which in a rat required

simultaneous co-activation of multiple glutamatergic fibers. The LTD in the single cell

connections in the human is shown in detail in Figure 5. In our research article published in
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PLoS Biology, we speculated that the VLE synapses — with their multivesicular glutamate

release (Molnar et al., 2016) — may be sufficient to activate perisynaptic mGIuRs critical for
the LTD in postsynaptic PV+ cells. In the rat neocortex the mGluR activation requires spill-over
glutamate released from several simultaneously active adjacent synapses (Rusakov et al.,

1999).

Altogether, we found that similar plasticity — in terms of its induction by the high-frequency
afferent fiber bursting and the pharmacological sensitivity — is induced in a rat and in the
human neocortex glutamatergic synapses to PV+ basket cells. However, the strong VLE
connections between two individual neurons in the human can trigger the plasticity
independently. The results suggest an evolutionarily conserved mechanism for the
interneuron plasticity in the mammalian neocortex, but reveal microcircuit level

specializations between the species in the learning-related interneuron plasticity.

4.4. Interneuron long-term plasticity produces permanent changes in local network activity

both in the rodent and in the human

Since GABAergic interneurons play a pivotal role in organizing the space and the time of
cortical ensemble activity (see Introduction), we finally investigated whether the interneuron
plasticity was sufficient to alter the activity in neuronal networks. First, we investigated this in
the rodent hippocampus inducing the long-term plasticity in the CA1 area circuitry so that LTP
was either restricted to postsynaptic pyramidal cells, or that it in parallel also occurred in the

GABAergic interneurons.

The results summarized in Figure 6 show that LTP in both the pyramidal cells and in the
disynaptic GABAergic inhibition (i.e. LTP in interneurons) is required to preserve the high
temporal fidelity of the CA1 pyramidal cells' input-output transformation (meaning the
temporal accuracy how synaptic inputs from the CA3 area are integrated in the CA1 cells to
generate their action potential firing) following CA3 area high-frequency bursting (Lamsa et
al., 2005). In other words, we demonstrated that LTP in GABAergic interneurons is needed to
preserve fast co-incidence detection in the excitatory signal transmission from the CA3 to CA1
area in the face of learning and LTP in pyramidal neurons. The results stress the importance of

GABAergic interneuron long-term plasticity during hippocampal learning processes.

22



dc_1581 18

Figure 6. Synaptic plasticity in hippocampal interneurons
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Correspondingly, in the human neocortex the layer 2-3 single pyramidal cell spike -evoked

network activity (called complex events or the ensembles) allowed us to test if the plasticity in

pyramidal cell-to-interneuron synapses was able to modify the evoked network activity.

Indeed, we found that in parallel with the mGluR-dependent LTD in the fast-spiking PV+

basket cells, there was a change in the complex event pattern evoked; the PV+ basket cells,

which are characteristically activated at the earliest phase of the complex events (Szegedi et

al., 2017), were silenced in the evoked ensembles by the mGluR-dependent LTD (Szegedi et

al., 2016). These results show that also in human neocortex the long-term plasticity in PV+

interneurons leaves a permanent imprint in the network activity pattern evoked in the local

circuitry.
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Figure 7. Long-term plasticity in interneurons alters the neuronal ensemble activation in the human neocortex. Al)
Single spike in layer 2-3 pyramidal cell (PC) elicits a large amplitude EPSP (VLE) in fast-spiking interneuron (FSIN). A2)
In parallel a PC spike triggers a complex event with di- and polysynaptic IPSPs in a nearby pyramidal cell. Plot shows
50 consecutive complex events triggered by the PC. Note that first wave of IPSPs is similarly time-locked to PC spike
as the basket cell firing in Al. B1) The first wave of inhibition in complex events plotted for 30 consecutive events
(recorded in voltage clamp). B2) Histogram plotting the first IPSCs in control conditions in the 30 cycles. C) Same
high-frequency PC bursting pattern that elicits the LTD in VLE synapses onto basket cells, causes a permanent
suppression of the first wave of the complex event. Note that the time-locked early IPSC (bottom) disappears after
the PC bursting (middle and upper histograms). D) The suppression of the early complex event activity is blocked by
group | mGIuR antagonist, similar to the LTD in PC to BC synapses shown in Figure 5. Images adapted from Szegedi et
al. (2016) and (2017).

5. Conclusions

Various laboratories during the past decade have shown that learning-related and activity-
induced long term plasticity occurs not only in the cortical pyramidal cells but in addition in
the GABAergic inhibitory interneurons. Our laboratory has contributed to this endeavor
showing that glutamatergic excitatory fibers undergo long-term plasticity in specialized
anatomically identified cortical interneuron types in a rodent as well as in the human. We
have demonstrated that same cell types that exhibit the plasticity in vitro slice preparations,
do also show LTP and LTD in vivo rodent brain. Importantly, in these interneurons the cellular
mechanisms and the induction pattern of LTP often differ from that know in pyramidal cells.
The interneuron-specific plasticity mechanisms may reflect their different physiological firing
pattern in learning processes, such as in the hippocampus during spatial learning tasks

(Klausberger and Somogyi, 2008).
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7. Other scientific activities

7.1. Original research articles forming the base of application

i. Hebbian LTP in feed-forward inhibitory interneurons and the temporal fidelity of input
discrimination

Lamsa K, Heeroma JH, Kullmann DM.

Nat Neurosci. 2005. (7):916-24

ii. Anti-Hebbian long-term potentiation in the hippocampal feedback inhibitory circuit
Lamsa K, Heeroma JH, Somogyi P, Rusakov DA, Kullmann DM.
Science. 2007. 315(5816):1262-6

iii. Cell type-specific long-term plasticity at glutamatergic synapses onto hippocampal
interneurons expressing either parvalbumin or CB1 cannabinoid receptor.

Nissen W, Szabo A, Somogyi J, Somogyi P, Lamsa K.

The Journal of Neuroscience. 2010. 30:1337-1347

iv. Long-term plasticity in identified hippocampal GABAergic interneurons in the CA1l area in
vivo

Lau PY, Katona L, Saghy P, Newton K, Somogyi P, Lamsa K

Brain Struct Funct. 2017. 222(4):1809-1827

v. Plasticity in Single Axon Glutamatergic Connection to GABAergic Interneurons Regulates
Complex Events in the Human Neocortex

Szegedi V, Paizs M, Csakvari E, Molnar G, Barzo P, Tamas G, Lamsa K.

PLoS Biol. 2016. 9;14(11):e2000237

7.2. Most important talks at scientific meetings

¢ 06/2018 EMBO workshop "Cortical Interneurons in Health and Disease”, 17-20 June 2018,
Mallorca, Spain

* 04/2018 Symposium "Neuroplasticity: from synapses to circuits", 15-16 April 2018,
Marseille, France

¢ 09/2017 Symposium “Human-specific cortical microcircuit function and structure” in FENS
Regional Meeting (20-23 September, 2017) in Pecs, Hungary

¢ 06/2016 Symposium “Heterogeneity and convergence: synaptic and network
pathophysiology in brain disorders”, 13 June, Hungarian Academy of Sciences, KOKI,
Budapest, Hungary

¢ 12/2015 Symposium “Brain and Mind” in Helsinki, 15 Dec, 2015, Finland

¢ 03/2014 The Oxford Neuroscience Symposium, 26th March, 2014, Oxford, UK

¢ 09/2013 Symposium “Inhibitory Interactions In Brain Plasticity” in Cracow, 5-7 Sept, 2013,
Poland

¢ 07/2013 Symposium Neurosciences at the European Biophysics Congress, EBSA2013, 13-17
July, 2013 Lisbon, Portugal

* 06/2013 Symposium in Spring Hippocampal Research Conference, 9-14 June, 2013
Taormina, Sicily

¢ 03/2013 Symposium “'Synaptic plasticity in GABAergic cells' in 92nd Annual Meeting of the
German Physiological Society, Heidelberg March 2-5, 2013, Germany
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¢ 11/2012 Janelia Conference, 'Neuron Types in the Hippocampal Formation: Structure,
Activity, and Molecular Genetics', November 11 - 14, 2012, USA
¢ 10/2011 BCCN-lecture in Bernstein Center for Computational Neuroscience, Berlin,
Germany
* 6/2009 Symposium “Cortical interneurons in health and disease”, Costa d'En Blanes,
Mallorca, Spain
¢ 10/2009 B.R.A.I.N platform lecture, University of Toronto, Canada
¢ 12/2006 Inhibition symposium in Cold Spring Harbour, USA

7.3. Supervised PhD students

¢D.Phil. supervisor to Ms Wiebke Nissen (2008-2012 in Oxford University, UK). Currently
Research Scientist in Boehringer Ingelheim Itd, Germany

oD.Phil. supervisor to Mr Joram van Rheede (2010-2013 in Oxford University, UK). Currently
Postdoctoral fellow in Nuffield Department of Clinical Neurociences, Oxford University, UK
*D.Phil. supervisor to Ms Petrina Lau (2010-2015 in Oxford University, UK). Currently
Postdoctoral Fellow in MRC Harwell, Mammalian Genetics Unit, Oxfordshire, UK

*D.Phil. supervisor to Mr Dimitrios Kotzadimitriou (2012-2017 in Oxford University, UK).
Currently Postdoctoral Fellow in ION/UCL, London, UK

7.4. Lectures given in doctoral programs

eFinland: Visiting teacher in “Neuronal Signaling and Plasticity lecture series” in University of
Helsinki Neuroscience Center (2004-)

*UK Plymouth Microelectrode Workshop (2006-2015) organized by the Physiological Society
UK (one lecture and one week supervisor of daily practicals).

e UK Oxford University (2008-2014):

- 2 lectures per year; “Inhibition in the CNS” and "Experimental epilepsy”

- 2 lectures in per year; “Introduction to the CNS” and “Neurotransmission in the CNS”

- 1 lecture per year in Oxford Medical School; “Mechanisms of synaptic inhibition in the brain”
- 8 days per year giving practicals (4 hours each) in Oxford Medical faculty, second year
student course for clinical students: “Effects of drugs on neuromuscular transmission”

7.5. Training of postdoctoral fellows

-Dr Andras Szabo (Oxford University, UK), 2009-2011

-Dr Wiebke Nissen (Oxford University, UK), 2012-2013

-Dr Petrina Yau-Pok Lau (Oxford University, UK), 2015

-Dr Eszter Csakvari (Szeged University, Hungary), 2016-2017

-Dr Viktor Szegedi (Szeged University, Hungary), 2015-till present
-Dr Melinda Paizs (Szeged University, Hungary), 2015-till present

7.6. Organization of domestic and international symposia
e MRC Anatomical Neuropharmacology Science Day (29 May, 2013) in Oxford University, UK

e Organizer of symposium: “Human-specific cortical microcircuit function and structure”,
FENS Regional Meeting (20-23 September, 2017) in Pecs, Hungary

30



dc_1581 18
7.7. Memberships in editorial or review boards

eGuest Editor in Neuropharmacology special issue “Synaptic Plasticity and Interneurons”,
Autumn 2010.

eAssociate Editor in Frontiers in Synaptic Neuroscience, March 2012-

eReviewing Editor in Frontiers in Molecular Neuroscience, Apr 2015-

eGuest Editor in Frontiers in Neural circuits special issue “Calcium-permeable AMPAR-
mediated plasticity”, Autumn 2017-Spring 2018.

7.8. Memberships in scientific committees

eFrance: Member of external scientific evaluation committee for AERES (Evaluation Agency
for Research and Higher education) for research groups in Institut du Fer a Moulin, Paris
France (Feb, 2013).

*UK: Member of interview and advisory committee for Wellcome Trust/NIH Four Year PhD
Programme (Feb, 2013).

eFinland: University of Helsinki, assessing applications for Docentship (adjunct professor) (Jan
2015).

eHungary: Member of the review panel of the Hungarian Scientific Research Fund (OTKA) in
the field of Neurosciences (2015-2018).

eHungary: Member of the internal evaluation committee of the Hungarian Scientific Research
Fund (OTKA) in Neurosciences (2016-2018).

ePakistan: Evaluating Faculty Professorship Promotions for NUST (2016, 2017).

7.9. Scientific awards

*Best physiological thesis of the year awarded by the Finnish Physiological Society, Finland
(2000).

7.10. Personal research grants and fellowships

*The Academy of Finland personal grant for research work abroad 01/02-12/03 (EUR 51.000)
eWellcome Trust Travelling Research Fellowship 10/02-09/04 (£103,645)

*Wellcome Trust Research Career Development Fellowship 09/07-08/12 (£904,112)

¢John Fell OUP Funds (University of Oxford) Research Development Grant 04/10-04/12
(£35,500)

*The Physiological Society, International Junior Research Grant for Mr Tamas Bellak (host Dr
Lamsa) 09/10 (£5,000)

*Medical Research Council (Senior Scientist funding) 09/12-03/15 (£215,739)

*The Hungarian Academy of Sciences (MTA) 01/01/15-31/12/2017 (199,958,000 HUF).

*The Hungarian Academy of Sciences (MTA) 01/01/18-31/12/2021 (120,000,000 HUF)

7.11. Grant reviewing activities

UK

-BBSRC, grant application peer reviews (2013-)

-Wellcome Trust, grant application peer reviews (2007-); Fellowship application peer reviews
(2009, 2011);

-Medical Research Council, grant application peer reviews (2007-).
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eCanada
-Foundation for Innovation competition (Dec, 2011),
-University of Toronto grant application reviews (2012).
e EU
-ERC Advanced grant call application reviews (2017).
eFrance
-The National Research Agency (ANR) (2012, 2016, 2017).
-Young Researchers Program (2013).
eHungary
-the Hungarian Scientific Research Fund in Neurosciences (2015-2018).
-research grants evaluation for IDEGT (2016).
eNetherlands
-The Netherlands Organisation for Scientific Research (NWO) (2016).
eRepublic of South Africa
-National Research Foundation, Scholarships & Fellowships Programme (2012).

7.12. Public outreach

eExpert commentaries in Tiede —scientific magazine (Sanoma Magazines, Finland)

e Interview in an article in Yliopistolainen- newspaper on Finnish brain drain in science (Issue
Nov, 2008).

® Presentation (1 min 30 sec) in local TV news on research of human brain tissue in the
University of Szeged, Hungary, 8th Jan 2016

e Interview in TV science documentary (10 min) on human brain evolution. Local television
channel, Hungary, 11th Jan 2016

e Interview in a county newspaper “Délmagyarorszag” on the human tissue research in our
laboratory 18th Jan 2016

e Public lecture “What makes us human?” 30 Mar 2017, Budapest embassy of Finland

8. Summary of the most significant results

Our results have shown that learning-related synaptic plasticity takes place in the cortical
inhibitory interneurons in a cell type-specific manner (Kullmann and Lamsa 2007, 2011a,
2011b). Distinct GABAergic cell subclasses, defined by their protein expression profile and the
anatomy structure, prefer different neuronal activity patterns to generate the plasticity and
they show different molecular mechanisms in the plasticity process (Lamsa et al. 2005, 2007;
Nissen et al. 2010). We have demonstrated this in a rodent and more recently also in the
human cortex (Lau et al. 2017, Szegedi et al. 2016). In addition, we have shown that the
interneuron plasticity is sufficient to permanently alter the signal transduction in local
neuronal networks both in the rodent and in the human cortex. Our results suggest that
synaptic long-term plasticity in the GABAergic inhibitory neurons takes place during normal
learning processes in the cortex (Lamsa et al. 2005, Szegedi et al. 2016).

9. Original research articles
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Hebbian LTP in feed-forward inhibitory interneurons
and the temporal fidelity of input discrimination

Karri Lamsa, Joost H Heeroma & Dimitri M Kullmann

Cortical information processing requires a delicate balance of excitatory and inhibitory signaling. How is this balance preserved
during hippocampal memory encoding, which involves NMDA receptor-dependent long term potentiation (LTP)? This form of LTP
occurs at synapses between pyramidal neurons but has not been detected in feed-forward inhibitory interneurons. We show that
paired pre- and postsynaptic activity evokes pathway-specific LTP in half of rat stratum radiatum interneurons if cytoplasmic
integrity is preserved. LTP occurs in aspiny feed-forward interneurons and propagates to pyramidal neurons as an enhancement of
disynaptic inhibition. We also show that when LTP is restricted to synapses on pyramidal neurons, the temporal fidelity of synaptic
integration and action potential generation in pyramidal cells is compromised. However, when LTP also occurs at synapses on
feed-forward interneurons, temporal fidelity is preserved. We propose that Hebbian LTP at synapses driving disynaptic inhibition
is necessary to maintain information processing without degradation during memory encoding.

NMDA receptor—dependent LTP underlies several forms of memory
formation and has been extensively documented in hippocampal
pyramidal neurons, where its cardinal features include pathway speci-
ficity and dependence on the conjunction of pre- and postsynaptic
activity. These phenomena are generally thought to reflect compart-
mentalization by dendritic spines’> and coincidence detection by
NMDA receptors (NMDARs)?, respectively. Although LTP in pyrami-
dal neurons is often evoked by presynaptic tetanization, it can also be
elicited by low-frequency pairing of presynaptic action potentials with
postsynaptic depolarization®?, approximating the requirements postu-

In contrast to the abundant evidence for Hebbian (pathway-specific,

r“ lated by Hebb to allow memory storage”.

=% pairing-evoked) LTP in pyramidal neurons, there is very little evidence

that this occurs in inhibitory interneurons. Indeed, although LTP of
glutamatergic transmission has been reported in some interneurons,
this requires tetanic or theta-burst stimulation of presynaptic affer-
ents®!! or metabotropic glutamate receptor activation'? for induction.
It has also been reported to spread to other synapses'®!*. Low-
frequency pairing of presynaptic stimulation with interneuron depo-
larization has actually been reported to evoke no long-lasting changes
in glutamatergic transmission'>~17 (although see ref. 18).

Absence of Hebbian pathway—specific LTP in interneurons is para-
doxical: because input discrimination depends on a balance of excita-
tion and inhibition (for example, see refs. 19,20), selective potentiation
of excitatory transmission to pyramidal neurons, without correspond-
ing potentiation of inhibitory transmission, might compromise its
precision. Thus, we are faced with the prediction that learning comes at
the price of degradation in the fidelity of signal processing.

Attempts to induce LTP in interneurons have generally relied on
sharp microelectrode or whole-cell patch-clamp recording, both of

which potentially compromise neuronal integrity. Indeed, prolonged
whole-cell recording jeopardizes the ability to induce LTP in pyramidal
neurons?!. We speculated that interneurons might be especially vulner-
able to this artifact, and we therefore performed perforated-patch
recordings®?> from rat hippocampal interneurons, with the goal of
minimizing disruption of the neuronal biochemistry. This revealed
robust Hebbian LTP in approximately half of stratum radiatum
interneurons, which were aspiny, implying that dendritic spines are
not necessary either for LTP!? or for pathway specificity'?. We further
show that LTP in feed-forward interneurons is associative and propa-
gates to pyramidal neurons. Finally, we examine the effect of LTP on a
simple form of information processing. When LTP is restricted to
pyramidal neurons, the temporal fidelity of synaptic integration and
action potential generation in the principal cells is indeed degraded.
When, however, LTP is induced both in pyramidal neurons and in
interneurons, temporal fidelity is, in contrast, preserved. We argue
that LTP at glutamatergic synapses driving feed-forward inhibi-
tion resolves the paradox outlined above: in keeping with intuition,
memory encoding need not occur at the expense of the fidelity of
information processing.

RESULTS

Pairing-evoked LTP in stratum radiatum interneurons

We elicited EPSPs in visualized CA1 stratum radiatum interneurons in
rat hippocampal slices by alternately stimulating two electrodes in
different locations in stratum radiatum (Fig. la). After a baseline
period we paired low-frequency stimulation of one pathway with
postsynaptic firing. This was achieved by switching to voltage-clamp
mode and delivering 50-ms depolarizing commands, nominally to
0 mV, to coincide with each presynaptic stimulus. Because of the high,
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Figure 1 Hebbian LTP in CA1 stratum radiatum interneurons. (a) Schematic showing the design of the experiment. A whole-cell recording was obtained via a
second pipette at the end of some experiments to load interneurons with biocytin. (b) EPSP slopes, normalized by baseline values, plotted against time before
and after pairing in two interneurons, one of which demonstrated LTP (left). Filled circles represent paired pathways, and open circles represent control
pathways. Insets: superimposed averages of 15 consecutive EPSPs before and after pairing. (c) Frequency histogram showing the ratio of the normalized EPSP
slope in the paired and unpaired pathways, taken 20 min after pairing. (d) Time course of the average normalized EPSP slope in the paired and unpaired
pathways (+ s.e.m.) in the two populations of interneurons showing either LTP or no LTP. (e) Somatodendritic morphology of interneurons showing LTP,
projected on the borders between strata pyramidale (s.p.), radiatum (s.r.) and lacunosum-moleculare (s.I-m.). Scale bar: 300 pm. Inset: representative train

of action potentials evoked by current injection, showing a fast after-hyperpolarization (fAHP) typical of the interneurons.

© 2005 Nature Publishing Group http://www.nature.com/natureneuroscience

uncompensated series resistance, this caused the interneuron to fire
‘escape’ action currents during the pairing (Supplementary Fig. 1). In
16/30 interneurons, pairing for 1 min at 2 Hz led to persistent
potentiation of the EPSP initial slope, restricted to the paired pathway
(Fig. 1b). In the remaining cells, there was no long-term (>15 min)
change in either pathway. LTP could also be induced by depolarizing
the postsynaptic neuron continuously while one pathway was stimu-
lated at low frequency. This allowed the stimuli to evoke escape
currents, which occurred with a latency of 37 ms (Supplementary
Fig. 1), satisfying Hebb’s rule®. This protocol yielded pathway-specific
LTP in 17/45 interneurons. We measured the ratio of normalized EPSP
slopes between the two pathways. Results obtained from all experi-
ments showed a bimodal distribution (Fig. 1¢). LTP (defined as > 25%
pathway-specific potentiation) was stable for at least 30 min (Fig. 1d).

We avoided ‘giant’ glutamatergic cells, which occur at low frequency
close to stratum pyramidale15’23'24, by targeting small stratum radiatum
interneurons close to stratum lacunosum-moleculare. All interneurons
showed a prominent fast after-hyperpolarization (Fig. le inset) that
does not occur in giant cells?>*,

When interneurons showing LT'P were filled with biocytin through a
second pipette in whole-cell mode (Supplementary Fig. 2) and subse-
quently imaged they had a bi- or multipolar morphology with dendrites
frequently extending into strata oriens and/or lacunosum moleculare
(Fig. 1e). They had few or no dendritic spines, in contrast to pyramidal
neurons. They did not differ from neurons that showed no LTP with
respect to the position of the soma, passive membrane properties or
maximal spiking frequency (Supplementary Fig. 3).

LTP in stratum radiatum interneurons is Hebbian

In six neurons where pairing led to an increase in EPSP slope in the
first pathway, we subsequently paired the second pathway. In all
cases this led to potentiation of the second pathway (Fig. 2a). LTP
was not accompanied by any detectable change in paired-pulse
ratio (Fig. 2b). In five other cells showing LTP of the first pathway,
we washed in the NMDAR antagonist AP5 (p,L-2-amino-5-phospho-

nopentanoic acid; 100 pM) before pairing the second pathway.
This uniformly prevented LTP of the second pathway without revers-
ing established LTP in the first pathway (Fig. 2c). Thus, TP in
interneurons shares several properties with LTP in pyramidal neurons:
it depends on NMDARs, is pathway-specific and is not associated with
robust changes in short-term plasticity. Notably, these results argue
against an obligatory role for spines either for LTP induction or for
pathway specificity.

Whole-cell recording prevents LTP and causes NMDAR run-down
Why has pairing-evoked NMDAR-dependent LTP in stratum radiatum
interneurons not been reported previously? In agreement with previous
reports'>1®, ITP could not be evoked when recording in whole-cell
mode, in contrast to pyramidal cells that were recorded with the same
pipette solution, recording duration (<7 min baseline) and access
resistance (data not shown). In interneurons where pairing was inef-
fective, the whole-cell pipette was withdrawn to allow the membrane to
re-seal, and we subsequently obtained a perforated-patch recording. In
five out of eight cells, when pairing was repeated (>30 min after
terminating the whole-cell recording), LTP was evoked (Fig. 2d). Thus,
impairment of LTP with whole-cell recording is reversible.

When recorded in whole-cell mode, pharmacologically isolated
NMDAR-mediated EPSPs attenuated rapidly, in contrast to AMPA/
kainate receptor-mediated EPSPs (Fig. 2e). Run-down of NMDAR-
mediated signaling provides a potential explanation for the failure to
elicit LTP in whole-cell mode. If so, the finding that impairment of LTP
induction can be reversed (Fig. 2d) implies that NMDAR-mediated
EPSPs should recover if whole-cell recording is interrupted. To deter-
mine if run-down could be reversed, we monitored an NMDAR-
mediated EPSP through a perforated-patch electrode and obtained
a GQ seal with a second pipette applied to the same interneuron.
Break-in via the second pipette (held in 0 current mode) was followed
by a progressive decline in EPSP amplitude measured via the per-
forated patch (Fig. 2f). When the second pipette was withdrawn,
the EPSP recovered (n = 3). NMDAR-mediated responses in inter-
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neurons are thus unusually labile, possibly explaining previous failure
to observe LTP.

LTP in feed-forward interneurons

Interneurons in stratum radiatum are heterogeneous®>2°. Rather than
o, performing an exhaustive neurochemical and anatomical characteriza-
tion, we asked if LTP could be elicited in feed-forward interneurons
(defined as cells that are excited by Schaffer collaterals and that inhibit

Figure 3 Hebbian plasticity occurs in feed-
forward interneurons. (a) A synaptically coupled
interneuron—pyramidal cell pair. Superimposed
traces are taken from the presynaptic interneuron
(IN, aligned to an escape action current evoked
by a depolarizing voltage clamp command), and
from the postsynaptic pyramidal neuron (PC),
before (top) and after (bottom) blockade of
GABA, with picrotoxin (PiTX). Current scalings
apply to IN and PC, respectively. (b) Pairing-
induced pathway-specific LTP in three
interneurons confirmed to project monosynap-
tically to a pyramidal neuron. Filled circles: paired

a
Perf. patch ~ Whole cell

P4
%

pathways; open circles: control pathways. Traces b 0 2
obtained from one cell: baseline, and 20 min o
after pairing. (c) Feed-forward interneuron =
(purple) showing LTP and postsynaptic pyramidal o, S
neuron (orange). Insets: dendritic segments. (0 g
Scale bar: 300 um (low magnification), 80 um 2

Pairing @

Figure 2 Induction of LTP requires activation of NMDARs and cellular
integrity. (@) In six out of six interneurons where pairing one pathway (filled
circles) evoked LTP, subsequent pairing of the second pathway >30 min
later (open circles) also evoked LTP (traces at right: averages of 15 trials from
one cell at the times indicated). (b) LTP was not accompanied by detectable
change in the paired-pulse ratio (PPR; n = 4). Traces: averages of 45 EPSPs
recorded in one experiment before (gray) and 15—30 min after (black)
pairing. (c) Blockade of NMDARs (by AP5) prevented LTP induction in the
second pathway, without reversing LTP in the first. (d) In eight out of eight
cells, pairing one pathway (filled circles) did not induce LTP when recording
in whole-cell mode (<7 min). In five of these cells LTP was evoked

when pairing was repeated subsequently in perforated-patch mode.

(e) Pharmacologically isolated NMDA (filled circles) or AMPA/kainate (open
circles) receptor-mediated EPSPs (normalized by the first four responses),
plotted against time from break-in (stimulation started > 15 min before
break-in). NMDAR-mediated EPSPs show a rapid and selective run-down.

(f) Reversible depression of NMDAR-mediated EPSPs by whole-cell
recording. Top: experimental design, with EPSP traces measured through the
perforated-patch pipette in a representative experiment. The second pipette
was initially in the cell-attached configuration (1). Break-in (confirmed by
epifluorescence imaging) was followed by EPSP run-down (2), which
recovered after withdrawal of the pipette and membrane re-sealing

(3). AP5 was applied at the end of the experiment.

CALl pyramidal neurons). We evoked action potentials in interneurons
via a perforated-patch pipette and searched among pyramidal neurons
until a monosynaptic inhibitory postsynaptic current (IPSC) was
obtained (GABA, receptor blockers were omitted). The success rate
for obtaining a monosynaptic IPSC was approximately 1:30 (Fig. 3a).
We then blocked GABA receptors and evoked EPSPs in the interneuron
by stimulating either of two Schaffer collateral pathways. Low-frequency
pairing of one pathway with postsynaptic depolarization led to path-
way-specific LTP in three out of five identified feed-forward interneur-
ons (Fig. 3b). Both the feed-forward interneuron and the synaptically
coupled pyramidal neuron were visualized post-hoc (Fig. 3c). We
conclude that at least some of the stratum radiatum interneurons
that demonstrate TP are indeed feed-forward interneurons.
Although LTP is confined to the paired pathway, the experiments
above do not address whether it spreads to other interneurons
innervated by the same axons?’. We therefore recorded from two
interneurons simultaneously (Fig. 4a) and paired high-frequency
stimulation of one of two afferent pathways (100 Hz, 1 s, delivered

+PiTX (100 uM

IN
PC

P <0.005

(high magnification).

20

10
Time (min)

VOLUME 8 | NUMBER 7 | JULY 2005 NATURE NEUROSCIENCE



dc_1581 18

a c (N n=5/9

[ J
-
;O
Normalized EPSP slope
- N
=1
"
£
©

® IN1@® IN1O
O LTP
IN2 _ BL
v, 200 ms /
-70 mV
IN2@® IN2O
-100 mV
Ie _I—,_ f G
4 mV
® T 10 ms

o

twice, 20-s interval) with depolarizing current injection (200-350 pA)
in one interneuron. The other interneuron was simultaneously hyper-
polarized (—150 to —200 pA) to prevent it from spiking (Fig. 4b). This
led to robust LTP in the paired (depolarized) interneuron in five of nine
experiments and no change in transmission in the other four experi-
ments (Fig. 4c,d). LTP did not spread to the other interneuron. We did
not observe either homosynaptic or heterosynaptic long-term depres-
e, Sion (LTD; Supplementary Fig. 1).

We then asked if LTP in interneurons propagates to pyramidal
=" neurons as an increase of disynaptic inhibition. We adapted an
experimental design used to demonstrate pairing-evoked LTP in
principal cells*. Pyramidal cells were held in whole-cell voltage clamp
close to the reversal potential for glutamate receptors with a pipette

© 2005 Nature Publishing Group http://www.nature.com/natureneuroscience

]

Figure 5 Hebbian LTP can be elicited by synaptic depolarization and
propagates to pyramidal neurons. (a) ‘Conjunctive pairing’: disynaptic IPSCs
were recorded in a pyramidal cell voltage-clamped in whole-cell mode close
to the reversal potential for ionotropic glutamate receptors but positive to the
reversal potential for GABA4 receptors. One pathway (filled circles) was
stimulated at 1 Hz (2 min) synchronously with brief tetani delivered via a
third stimulus electrode designed to depolarize interneurons (‘Stim. conj.’).
The other pathway (open circles) was stimulated out of phase to ensure that
it received the same number of stimuli. (b) Traces obtained from one
experiment showing averages of 45 trials before and after pairing and after
blocking AMPA/kainate receptors (NBQX) to confirm the disynaptic nature of
the IPSCs. (c) Time course of LTP of IPSCs and effect of blocking AMPA/
kainate receptors. LTP was superimposed on a transient depression in both
pathways. The points show the means of 27 experiments (error bars omitted).
P =0.001, paired t-test (time interval used for statistics indicated by dotted
lines). (d) Cumulative frequency plot showing the ratio of normalized
disynaptic IPSCs between the two test pathways (in-phase and out-of-phase)
during the time interval used for statistics.

ARTICLES

Figure 4 LTP does not spread to other interneurons. (a) Schematic showing
the experimental arrangement. Two stratum radiatum interneurons were
recorded with perforated-patch pipettes. (b) Traces obtained simultaneously
from two interneurons during tetanic stimulation of one pathway (filled
circles). Depolarizing current was injected into one interneuron (IN 1),
whereas the other was hyperpolarized (IN 2). (c) The depolarized interneuron
demonstrated either LTP (top) or no change in transmission in either pathway
(middle). Neither LTP nor LTD was observed in the hyperpolarized interneuron
(bottom). (d) Sample traces obtained before and after the induction protocol
in one experiment.

solution containing the Ca>* chelator BAPTA (10 mM). Stratum
radiatum stimuli evoked IPSCs, which were confirmed as disynaptic
because they were abolished by the AMPA/kainate blocker NBQX
(25 pM) at the end of every experiment (Fig. 5a). After recording
the IPSCs in the two pathways during a baseline period, we delivered
brief high-frequency stimulus bursts via a third electrode in stratum
radiatum to depolarize the interneurons, synchronous with single
stimuli delivered to one of the test pathways. The other test pathway
was stimulated out of phase. This ‘conjunctive pairing’ led to LTP of the
in-phase pathway (Fig. 5b,c). This IPSC potentiation was superim-
posed on a transient depression in both pathways and a small persistent
decrease in the out-of-phase pathway (Fig. 5¢), possibly reflecting
endocannabinoid-mediated decrease of GABA release resulting from
intense stimulation via the third electrode®S. Nevertheless, LTP of the
in-phase pathway was highly significant when the two pathways were
compared (P = 0.001, paired t-test; Fig. 5d shows the ratio of IPSCs in
the in-phase and out-of-phase pathways as a cumulative frequency
plot). Thus, LTP in feed-forward interneurons propagates to principal
cells as a persistent enhancement of disynaptic inhibition. Importantly,
this result also shows that synaptic activation of interneurons can
substitute for direct depolarization, underlining the physiological
relevance of the phenomenon.

LTP potentially compromises temporal fidelity of integration

It has recently been shown'? that precise signal processing depends on
monosynaptic excitation and disynaptic inhibition: when two afferent
inputs are stimulated asynchronously, there is a very narrow integration
window for action potential generation in pyramidal cells that is
shorter than the underlying synaptic conductances. This phenomenon
provides an opportunity to test the hypothesis that LTP in feed-forward
interneurons is required to preserve temporal fidelity of information
processing during memory encoding.
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We measured the integration window for spike generation in
pyramidal cells with perforated-patch recordings, because this also
allowed the EPSP-IPSP sequences to be monitored before and after LTP
induction in a relatively noninvasive manner (Fig. 6a,b). Stimuli
delivered via either of two electrodes in stratum radiatum were adjusted
to evoke a spike in 40-50% of trials when delivered synchronously but
were sub-threshold when delivered alone. The spike success rate fell
steeply when the stimuli were delivered asynchronously, with an inter-
stimulus interval as short as 2 ms (Fig. 6¢). This reflects the brief delay
between monosynaptic excitation and disynaptic feed-forward inhibi-
tion!”. We confirmed that blocking disynaptic inhibition with picro-
toxin (Fig. 6b) caused the relationship between spike probability and
inter-stimulus interval to flatten (Fig. 6¢)'.

Before determining how LTP affects temporal fidelity, we asked
whether trisynaptic inhibition (resulting from firing of CA1 pyramidal
neurons and recruitment of feedback interneurons) also contributes to
the narrow integration window. In separate control experiments,
we recorded pharmacologically isolated EPSPs in stratum radiatum
interneurons or, simultaneously in stratum radiatum and stratum
oriens interneurons, evoked by strong stimuli designed to recruit
CAl pyramidal neurons (Fig. 6d). Stratum radiatum interneurons
showed a biphasic EPSP, with the second component occurring
>5 ms after the first. The onset latency of the first EPSP detected in
stratum oriens interneurons was also consistently >5 ms after the
onset of the first EPSP in stratum radiatum interneurons (Fig. 6e).
Figure 6f shows a frequency histogram for the latency difference
between the first component (in stratum radiatum cells) and the
second component (in either stratum radiatum or stratum oriens
cells), corresponding to mono- and disynaptic excitation. The modal
latency difference (~7 ms; see also ref. 15) represents the additional
synaptic delay and integration time in the pyramidal neurons that
contribute to feedback inhibition. This latency difference was greater

Figure 6 Measurement of the time window for action potential generation in
the face of asynchronous afferent stimulation. (a) EPSP-IPSP sequences
evoked in a pyramidal neuron by two stimuli delivered separately, and
individual trials showing the effect of varying the inter-stimulus interval (top
to bottom: —10 to +10 ms, 5-ms steps). (b) Picrotoxin (PITX) blocked the
late IPSP (averaged traces from one cell). (c) Average normalized probability
of evoking an action potential with different intervals in 14 cells recorded
without picrotoxin (black bars) and in four cells recorded with picrotoxin
(white bars). Stimuli were adjusted to evoke similar-sized EPSPs in both
pathways and to obtain an action potential upon synchronous stimulation in
~50% of trials. The spike probability in each cell was normalized by the
probability at O interval. Blocking GABAergic transmission degraded the
temporal fidelity of action potential integration. (d) Schematic showing how
feed-forward and feedback inhibition converge on a pyramidal neuron (cell at
extreme right). Recruitment of local pyramidal cells imposes an additional
delay for feedback inhibition. (e) Estimation of latency from disynaptic feed-
forward to trisynaptic feedback inhibition. The traces show the latency
difference for early monosynaptic EPSPs in stratum radiatum (s. rad.)
interneurons (1) and for later disynaptic EPSPs, which occurred with a
variable delay both in the same interneuron and in simultaneously recorded
stratum oriens (s. 0.) interneurons (2). (f) Frequency histogram for the latency
difference (2-1). The modal additional delay for trisynaptic over disynaptic
inhibition was ~7 ms.

than the width of the coincidence detection window in pyramidal
neurons (Fig. 6¢c). We thus conclude that trisynaptic inhibition does
not contribute to coincidence detection in pyramidal neurons within a
+6-ms time window.

Having measured the integration window for spike generation
in a pyramidal neuron, we asked whether LTP affects its width.
First, we deliberately restricted LTP experimentally to glutamatergic
synapses on the same pyramidal neuron where the integration window
was measured. Because perforated-patch recordings were used, low-
frequency pairing-evoked LTP could be elicited even after a long
baseline period. After waiting for LTP to reach a plateau (> 15 min;
Fig. 7a), the stimulus intensities in both pathways were decreased to
return the EPSP amplitude to baseline (and further adjusted if
necessary to return the spike probability for synchronous stimulation
to baseline). This was accompanied by a reduction in the IPSP
amplitude (Fig. 7b).

We then repeated the measurement of the integration window for
spike generation. When the stimuli were delivered asynchronously, the
action potential probability was higher than the baseline before
LTP induction (Fig. 7c,d). The probability of spiking (normalized by
the probability at 0 interval; Fig. 7d,e), plotted as a one-sided function
of the interval, was shallower than before LTP induction (Fig. 7f).
Thus, if LTP occurs only at synapses on pyramidal cells, it is
accompanied by a widening of the time window for action poten-
tial generation. This implies that if memory encoding is exclusively
mediated by an enhancement of monosynaptic excitation (as
expected if interneurons were unable to exhibit Hebbian LTPY), it is
accompanied by a degradation of the fidelity of temporal input
discrimination. In control experiments, we verified that when the
experiment was carried out in the continued presence of picrotoxin
to block disynaptic inhibition, the relationship between inter-stimulus
interval and normalized action potential probability remained
flat before and after pairing-evoked LTP and stimulus adjustment
(Supplementary Fig. 4).

LTP in feed-forward interneurons rescues temporal fidelity

LTP in feed-forward interneurons provides a potential mecha-
nism to rescue temporal fidelity of signal processing during
memory encoding. In a separate series of experiments, we again
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Figure 7 LTP in pyramidal cells compromises the fidelity of coincidence
detection in pyramidal cells. (a) Time course of pairing-evoked LTP of EPSPs
recorded in pyramidal neurons (n = 8 pathways in four cells). The later IPSP
amplitude underwent no change. (b) Traces obtained from one experiment
showing EPSP-IPSP sequences obtained by stimulating either of two
pathways (S1 and S2) during a baseline period after pairing-induced LTP and
after reducing the stimulus intensity to return the spike probability for
synchronous simulation at O interval to baseline (‘LTP | stim’). The
histogram shows the normalized amplitudes of the EPSP and IPSP. (¢) Traces
obtained from one experiment showing individual trials obtained by
stimulating both pathways with different inter-stimulus intervals before (BL)
and after pairing-evoked LTP was elicited in both pathways, followed by
stimulus reduction (‘LTP | stim’). (d) Top: individual traces, obtained from
15 repetitions of a cycle of nine intervals, from one experiment. Bottom:
frequency histogram showing the spike occurrence for different intervals
between stimuli (in ms). The spike rate for asynchronous stimulation was
elevated after LTP. (e) The action potential probability for synchronous
stimulation was stable both during the baseline period and after LTP and
stimulus reduction (n = 4). (f) Action potentials occurred with a decreasing
probability with increasing interval between the two stimuli. The spike
probability interval slope (plotted as a one-sided graph) was shallower after
LTP (open circles) than during the baseline period (BL, filled circles),
implying impaired temporal precision of coincidence detection.

measured the integration window for spike generation before
and after LTP, with one modification: instead of inducing LTP only
at Schaffer collateral synapses on pyramidal neurons (Fig. 7), we
induced LTP more extensively in the network by tetanizing both
afferent pathways (100 Hz, 1 s, delivered twice, 20-s interval,
Fig. 8a). By analogy with the experiments in Figure 4 and Figure 5,
tetanization should evoke LTP at least at some Schaffer collateral
synapses on feed-forward interneurons. Indeed, we observed an
increase of both the monosynaptic EPSP and the IPSP (histogram
in Fig. 8b). (Note, however, that although trisynaptic inhibition has
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Figure 8 Tetanic stimulation-evoked LTP, designed to potentiate not only
synapses on pyramidal neurons but also on feed-forward interneurons,
preserves the fidelity of coincidence detection. (a) Tetanic stimulation was
accompanied by an increase in amplitude of the later IPSP, although this
lagged behind LTP of the EPSP (n = 12 pathways in six cells). (b) EPSP-
IPSP sequences in one experiment, before and after tetanic LTP, and after
reducing stimulus intensity to return the spike probability for synchronous
stimulation to baseline. The histogram shows the relative changes in the
EPSP and later IPSP. (c) Traces obtained from one experiment showing the
effect of stimulating both pathways with different intervals before (BL) and
after (‘'LTP | stim’) LTP and stimulus reduction. (d) Top: traces obtained from
one experiment, showing no change in the time window for stochastic action
potential generation before and after LTP and stimulus reduction. Bottom:
frequency histogram showing no broadening of the relationship between spike
occurrence and interval. (e) The spike probability for synchronous stimulation
was stable both before and after LTP and stimulus reduction (n = 6 cells).

(f) Spike probability interval plot showing no change in slope after LTP

(filled circles: baseline; open circles: after tetanic LTP).

no role in maintaining a narrow integration window for spike
generation at small intervals (Fig. 6d—f), it potentially contaminates
the late IPSP recorded in pyramidal neurons!®, Therefore, it is
not possible to use its amplitude as a direct estimate of LTP in feed-
forward interneurons.)

In contrast to pairing-induced LTP, the action potential pro-
bability interval relationship was unchanged relative to baseline, in
spite of a similar magnitude of LTP before stimulus adjustment
(Fig. 8c—f). When spike integration in pyramidal cells was used to
measure the temporal fidelity of information processing, Hebbian
plasticity had no deleterious effect. LTP at glutamatergic synapses on
interneurons can explain the difference between the effects of pairing-
induced and tetanic LTP on the integration window for spike genera-
tion. Hebbian plasticity in interneurons may therefore allow the
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temporal fidelity of coincidence detection to be preserved during
memory encoding.

DISCUSSION

The present study yields two surprising conclusions. First, about half of
stratum radiatum interneurons demonstrate Hebbian LTP. Second,
pathway-specific LTP does not require dendritic spines. LTP occurs in
feed-forward interneurons, identified as such by their inhibition of
pyramidal neurons monosynaptically, and LTP in interneurons propa-
gates to pyramidal cells as a persistent enhancement of disynaptic feed-
forward inhibition. LTP in interneurons can also be elicited by synaptic
depolarization. Finally, we draw attention to an important
paradox: if memory encoding mediated by Hebbian LTP enhances
only monosynaptic excitation but not disynaptic inhibition of
principal cells, this will degrade the fidelity of information proces-
sing. However, the occurrence of LTP also in feed-forward inter-
neurons resolves this paradox. In keeping with this, the temporal
fidelity of synaptic integration and action potential generation in
pyramidal neurons is degraded if LTP is restricted to monosynaptic
excitation but is preserved if LTP is also allowed to occur in feed-
forward interneurons.

Stratum radiatum interneurons studied here fall into two categories:
in cells that show LTP in one pathway, subsequent pairing of the other
pathway also invariably results in LTP. Other cells are resistant to the
different induction protocols tested here. We have not characterized
interneurons neurochemically, so it remains to be determined whether
the presence or absence of a particular membrane receptor, Ca**-
binding protein or other marker correlates with the ability to elicit LTP.
Although NR1 subunits seem to be absent in some interneurons®’, we
found that NMDAR-mediated synaptic responses could be elicited in
all stratum radiatum interneurons tested (data not shown), so absence
of NMDARs is unlikely to be the explanation.

Pathway-specific LTP in aspiny interneurons argues against an
obligatory role for spines in compartmentalizing changes in synaptic
strength!»>!3, There is a precedent for this in the finding that pairing
can result in the appearance of AMPA receptor—mediated EPSCs in
nascent pyramidal neurons before the formation of spines®’. A possible

la.l subcellular substrate is localized Ca?* elevation, which has been

© 2005 Nature Publishing Group http://www.nature.com/natureneuroscience

reported to be restricted to micron-scale segments of aspiny inter-
=" neuron dendrites®. This might allow some spread of LTP among
closely spaced synapses, which cannot be excluded by the present study.
NMDARSs contribute to the Ca** influx underlying dendritic transients
detected in interneurons®” and that these interact with back-propagat-
ing action potentials®®. Notably, we found that LTP could be triggered
by allowing the presynaptic stimuli to evoke action potentials, a
naturalistic Hebbian situation that is likely to pertain in vivo. This
might differ from a previous study in which LTP was not evoked in a
few interneurons despite the use of perforated-patch recordings'.
Although spines may not be essential for pathway-specific LTP,
their absence might contribute to the labile nature of NMDAR-
mediated signaling in aspiny interneurons, as demonstrated by
whole-cell recording. We tentatively suggest that when the cytoplasm
is dialyzed, they are relatively less well protected than NMDARs at
spiny synapses in pyramidal cells, explaining the profound run-down
of NMDAR-mediated EPSPs and inability to elicit LTP. In this study,
neither NMDAR run-down nor failure to elicit LTP with whole-cell
recording are irreversible: after removing the whole-cell pipette, we
observed a recovery both of NMDAR-mediated EPSPs and of the ability
to evoke LTP in a similar proportion of interneurons as when
perforated-patch recording was used ab initio. This recovery can be
explained by postulating that a cytoplasmic constituent required for

NMDAR function is replenished by an endogenous mechanism. We are
currently investigating several candidates.

Robust LTP of feed-forward inhibition is apparently at odds with the
observation that tetanic stimulation-induced LTP, studied with field
potential electrodes, is accompanied by an increase in the ratio of
population action potential amplitude to EPSP slope®!. This ‘E-S’
potentiation has been attributed to relatively selective LTP of excitatory
signaling in pyramidal neurons*® and/or to simultaneous depression of
inhibition, either because LTD is induced in interneurons!®3¢ or
because GABAergic transmission to pyramidal neurons is downregu-
lated through a calcineurin-dependent mechanism??. However, in the
present study, tetanic LTP was associated with a similar increase of
EPSPs and IPSPs in pyramidal neurons when these were recorded via
perforated patches (Fig. 8a,b), arguing instead that the mechanisms
underlying E-S potentiation are not directly related to GABaergic
transmission. Consistent with this, several studies have shown that
E-S potentiation accompanies LTP when the experiments are per-
formed during the continual presence of GABA receptor blockers®’ 0
(although see refs. 41,42).

The temporal fidelity of input integration and firing in pyramidal
neurons is a simple measure of information processing in the hippo-
campus. The finding that pairing-induced LTP was accompanied by a
broadening of the temporal integration window is in keeping with the
principle that the balance of monosynaptic excitation and disynaptic
inhibition is essential for temporal fidelity. Selectively potentiating
monosynaptic excitation is analogous to a relative weakening of
disynaptic inhibition, which also causes a widening of the integration
window (Fig. 6¢)'°. By showing that tetanic stimulation allows LTP to
be evoked without widening the integration window, we argue that
Hebbian plasticity in interneurons preserves temporal fidelity of infor-
mation processing. What other explanations are available for the
different results of pairing-induced and tetanic LTP? We verified that
trisynaptic inhibition is unlikely to affect spike generation at short inter-
stimulus intervals (Fig. 6d—f), thus reducing the circuitry necessary to
explain the narrow window on the basis of monosynaptic excitation and
disynaptic inhibition. Changes in the intrinsic properties of pyramidal
neurons are also unlikely to explain the difference, because they
underwent similar voltage excursions in both cases. Plasticity of
glutamatergic synapses on interneurons thus seems to be the only
candidate mechanism that distinguishes the two cases. This is only a
preliminary insight into the interaction between Hebbian plasticity and
information processing, providing fertile ground for further research.

METHODS

Hippocampal Slice preparation. Three- to four-week-old male Sprague-
Dawley rats were killed according to the Animals (Scientific Procedures) Act
1986. Hippocampal slices (300- to 350-um-thick) were visualized with infrared
differential interference contrast and epifluorescence imaging. A cut was made
between CAl and CA3 to prevent propagation of recurrent excitation in
Schaffer collaterals. The perfusion medium contained (in mM): NaCl (119),
KCI (2.5), MgCl, (1.3), CaCl, (2.5), NaHCOj (25), NaH,POy (1), glucose (11),
equilibrated with 95% 0,/5% CO, (pH 7.4, 31—32 “C). For measurement of
NMDAR-mediated responses, Mg?* was omitted and AMPA/kainate and
metabotropic glutamate receptors were blocked with NBQX (25 uM) and
LY341495 (1 mM). For measurement of AMPA receptor—mediated EPSPs,
NMDARs were blocked with AP5 (100 pM). The GABA receptor blockers
picrotoxin (PiTX, 100 uM) and CGP52432 (5 pM) were added to the solution
for all except the experiments with paired recordings (Fig. 3), conjunctive
pairing (Fig. 5) and temporal discrimination (Figs. 6-8).

Electrophysiological recordings. Perforated-patch recordings were made with
12-18 MQ pipettes containing gramicidin (100 pg/ml) in a solution containing
(in mM): K-gluconate (145), NaCl (8), KOH-HEPES (20 — 25), EGTA (0.2),
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and QX-314 Br (5; pH 7.2, 295 mOsm). The electrode tip was filled with
gramicidin-free solution. Series resistance was continuously monitored
throughout the experiment, and depolarizing currents were intermittently
injected to evoke action potentials to verify patch integrity. In some experi-
ments, AlexaFluor 488 was also included and the neuron was imaged with
epifluorescence to monitor dye penetration. Recordings in bridge balance mode
were started when the series resistance was <150 M.

Whole-cell recordings from CAl pyramidal cells were made with a solution
containing Cs-gluconate (117.5), CsCl (17.5), KOH-HEPES (10), BAPTA (10),
NaCl (8), Mg-ATP (2), GTP (0.3), and QX-314 Br (5; pH 7.2, 290 mOsm). The
pipette solution used in the whole-cell interneuron recordings contained
K-gluconate (145), NaCl (8), Mg-ATP (2), GTP (0.3), KOH- HEPES (20—25),
EGTA (0.2), and Alexa 488 (20-50 pM) (pH 7.2, 295 mOsm). Biocytin (0.4%)
was included in some experiments. Series resistance (<20 MQ) was monitored
throughout the experiment using a —5 or —10 mV step command. Cells
showing unstable series resistance or holding current were rejected.

Stimuli (50 ps, 50-500 pA) were delivered via bipolar stainless steel electrodes
in stratum radiatum, with a 15- to 20-s inter-trial interval. For low-frequency
pairing the cells were voltage clamped nominally at 0 mV (because of the high
uncompensated series resistance, the estimated V;;, was between —30 and —20
mV). The test pathway was stimulated at 2 Hz for 60 s. For conjunctive pairing,
pyramidal cells were recorded in whole-cell voltage clamp mode nominally at
+10 to +15 mV (estimated at —5 to 0 mV after compensating for the liquid
junction potential and series resistance). Two stimulus electrodes were posi-
tioned in CAl stratum radiatum distant (>1 mm) from the recording site. A
third electrode was set close to the pyramidal neuron (<250 pm) to deliver
brief tetani (5—10 pulses at 200 Hz) simultaneously with the paired pathway at
1 Hz for two minutes. The control pathway was stimulated out of phase (with a
500-ms delay after the train). The stimulus intensity for the third electrode was
chosen to evoke a maximal single-shock IPSC.

Cells were recorded with a Multiclamp 700 amplifier (Axon Instruments).
Evoked EPSPs were recorded from a resting membrane potential (—70.7 4 4.9
mV, liquid junction potential corrected), low-pass filtered (5 Hz) and acquired
at 20 kHz on PC for offline analysis (LabView, National Instruments). In some
experiments EPSPs were recorded during a brief (500-ms) hyperpolarizing step
(5—10 mV) to avoid action potential generation. The initial slope (<10 ms
from onset) of the EPSPs was analyzed to restrict attention to monosynaptic
excitatory inputs in LTP experiments. To study pharmacologically isolated
NMDA or AMPA/kainate receptor-mediated EPSPs, the amplitude of the
monosynaptic response was analyzed. Data are shown as mean + s.em.,
normalized by baseline values, and analyzed with Student’s paired t-test.

© 2005 Nature Publishing Group http://www.nature.com/natureneuroscience
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Anatomical experiments. For morphology studies, a whole-cell recording was
=W obtained from the same cell with a pipette containing the perforated-patch
pipette solution, without gramicidin but with the inclusion of Mg-ATP
(2 mM), GTP (0.3 mM), and 0.4% biocytin or biocytin conjugated to the
fluorescent dye Alexa Fluor 488. Slices were fixed overnight in 4% parafor-
maldehyde at 4 “C. After permeabilization in 0.1% Triton X-100, slices were
incubated in 0.1% streptavidin—Alexa 488 conjugate, mounted in DABCO anti-
fading medium and imaged with a Zeiss LSM 510 meta-confocal microscope.

Drugs and reagents. Chemicals were purchased from Sigma. Receptor antago-
nists were purchased from Tocris Cookson. Streptavidin-Alexa 488 and
biocytin—Alexa 488 were obtained from Molecular Probes.

Note: Supplementary information is available on the Nature Neuroscience website.
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The effects of our amendments on both the
POA/SOA split and the total OA burden are
shown in Fig. 4. The traditional model predicts
substantial contributions from POA, whereas the
revised model predicts that ambient OA is dom-
inated by SOA during the summer. Such a shift
is consistent with recent field measurements
indicating dominant contributions from SOA
(8-10) while remaining consistent with POA
estimates based on low-volatility tracers. In terms
of the overall OA budget, the revised model
decreases predicted OA in urban areas by as
much as 50% and increases it in many rural areas
by 15 to 30% (Fig. 4C), reducing the large urban-
to-regional gradients predicted by the traditional
model and resulting in considerably better
agreement with measured urban-to-regional OA
ratios (Fig. 4D).

This work has several implications for our
understanding of OA. The semivolatile character
of primary emissions requires that instead of mea-
suring fixed POA EFs, we must measure the
volatility distribution of the emissions. Models
and inventories must account for these distribu-
tions and their evolution with photochemical
age. Regulations and control technologies may
also need to be revised to control SVOC and
IVOC emissions because of their importance as
SOA precursors. The results also imply that,
except for people living close to sources, the
majority of the population (even in urban areas)
is exposed mostly to SOA. Ultimately, a rela-

tively local urban emissions problem is trans-
formed into a regional source of oxidized and
presumably hydrophilic OA. The health con-
sequences and climate effects of this oxidized
material are almost certainly dramatically differ-
ent from those of primary emissions.
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Anti-Hebbian Long-Term Potentiation
in the Hippocampal Feedback

Inhibitory Circuit

Karri P. Lamsa,” Joost H. Heeroma,® Peter Somogyi, Dmitri A. Rusakov,® Dimitri M. Kullmann'*

Long-term potentiation (LTP), which approximates Hebb's postulate of associative learning, typically
requires depolarization-dependent glutamate receptors of the NMDA (N-methyl-D-aspartate) subtype.
However, in some neurons, LTP depends instead on calcium-permeable AMPA-type receptors. This is
paradoxical because intracellular polyamines block such receptors during depolarization. We report that
LTP at synapses on hippocampal interneurons mediating feedback inhibition is “anti-Hebbian": It is
induced by presynaptic activity but prevented by postsynaptic depolarization. Anti-Hebbian LTP may
occur in interneurons that are silent during periods of intense pyramidal cell firing, such as sharp
waves, and lead to their altered activation during theta activity.

ssociative N-methyl-D-aspartate receptor
A(NMDAR)—dependent LTP is induced
by coincident activity in afferent path-
ways sufficient to depolarize postsynaptic neu-

rons (/). However, the voltage dependence of
Ca”"-permeable a-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid receptors (CP-AMPARSs)
is opposite to that of NMDARs (2, 3). Because
CP-AMPARs are blocked by cytoplasmic poly-
amines upon depolarization (4, 5), maximal Ca®"
influx occurs when the membrane potential is rela-
tively negative. LTP dependent on CP-AMPARs
occurs in interneurons of the spinal cord and
amygdala (6, 7), but its postsynaptic voltage
dependence has not been explored. In hippocampal
intemeurons, CP-AMPARSs have been implicated
in long-term depression (8—/0), and contribute to
synaptic Ca”" transients, especially in the stratum

oriens/alveus (/7). Many interneurons in the
oriens/alveus also show NMDAR-independent
LTP (/2). We therefore looked for associative
LTP in these cells, while recording with the
gramicidin perforated patch technique to preserve
intracellular polyamines (/3).

Stimulation of pyramidal cell axon collaterals
in the alveus evoked monosynaptic excitatory
postsynaptic potentials (EPSPs) subthreshold
for evoking action potentials. After recording a
baseline, we paired high-frequency burst (HFB)
stimulation (five pulses at 100 Hz, repeated 20
times) with stimulation of a second, supra-
threshold, alveus pathway. “In-phase” associa-
tive pairing (phase difference A® = 0°) failed to
elicit associative LTP in either pathway (n = 7;
Fig. 1, A and B). In a further set of experiments,
we alternately stimulated two weak pathways,
and then delivered HFBs to both pathways
antiphase (A® = 180°). This evoked a persistent
increase in EPSP initial slope in one or both
pathways in all cells (» = 7; Fig. 1, C and D).
LTP was elicited even when HFB stimuli were
delivered to only one weak pathway (n = 7;
Fig. 1, E and F). Thus, LTP at excitatory
synapses on interneurons in the oriens/alveus is
prevented by associative pairing, in direct
contrast to NMDAR-dependent LTP (/).

Can direct manipulation of the postsynaptic
membrane potential similarly gate LTP induc-
tion? We delivered HFBs to one pathway
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coinciding with the trough (somatic voltage:
=90 mV) of an imposed 4-Hz sinusoidal somatic
membrane potential oscillation. HFBs were then
delivered to the other pathway coinciding with
the depolarizing phase. In 8 out of 11 cells,
pairing with hyperpolarization, but not with
depolarization, resulted in LTP (Fig. 2, A and
B). One cell showed the opposite behavior, and
the other two showed no effect of either pairing
(fig. S1). Single alveus stimuli in phase with
maximum hyperpolarization (100 times) also
induced LTP (n = 10; Fig. 2C), but pairing with
depolarization was ineffective (Fig. 2D). Thus,
even low-frequency stimulation can trigger LTP
if interneurons are hyperpolarized.

Because the induction requirements for
LTP in most interneurons in the oriens/alveus
are diametrically opposite to Hebb’s postulate
(14, 15), we refer to it as “anti-Hebbian.” We
tested the same LTP induction protocols in
interneurons in the stratum radiatum. Hebbian
LTP could be elicited in about half of these cells,
many of which mediate feedforward inhibition
(16), whereas pairing either HFB or low-
frequency stimuli with hyperpolarization was
uniformly unsuccessful (figs. S1 and S2). Anti-
Hebbian LTP is thus characteristic of excitatory
synapses made by local pyramidal cells on
interneurons in the oriens/alveus but not of

Schaffer collateral synapses on interneurons in
the stratum radiatum.

Can differences in synaptic glutamate receptors
explain whether Hebbian, anti-Hebbian, or no LTP
is elicited? When interneurons in the oriens/alveus
were recorded in whole-cell voltage clamp [with
y-aminobutyric acid (GABA) receptors blocked,
and with spermine included in the pipette
solution], synaptic AMPARs activated by alveus
stimulation were generally strongly rectifying (Fig.
2E), consistent with expression of CP-AMPARs
(11). Furthermore, only small NMDAR-mediated
synaptic currents were detected at a positive
holding potential, consistent with low synaptic
expression of the NR1 subunit (/7).

We tested interneurons in the oriens/alveus,
recorded in perforated patch mode, with a further
anti-Hebbian protocol High-frequency stimu-
lation of one alveus pathway (100 Hz, 100
pulses, delivered twice) paired with hyper-
polarization, with NMDARs blocked, elicited
LTP in 25 out of 31 cells (Figs. 3A and 4C). We
repatched 11 of these cells in whole-cell
voltage-clamp mode and found pronounced syn-
aptic AMPAR rectification in every cell where
anti-Hebbian LTP was evoked. The rectifica-
tion index did not differ detectably between
control and potentiated pathways (Fig. 3B),
yielding no evidence for an LTP-related change

REPORTS I

in the permeability of synaptic AMPARs to
Ca®* (18).

In contrast, repatched interneurons in the
stratum radiatum generally showed nonrectifying
AMPARs and a large NMDAR-mediated com-
ponent of Schaffer collateral-evoked synaptic cur-
rents (fig. S2) (9). The anti-Hebbian LTP induction
protocol was successful in only 2 out of 20 cells in
the stratum radiatum. AMPARs at Schaffer collat-
eral synapses on 11 cells (none of which showed
anti-Hebbian LTP) were nonrectifying (fig. S3).

Anti-Hebbian LTP thus typically occurs at
synapses on interneurons in the oriens/alveus
equipped with rectifying CP-AMPARSs. Are these
a uniform subgroup? Seven interneurons were
regular-spiking oriens-lacunosum moleculare
(O-LM) cells (Fig. 3C, fig. S4), which mediate
feedback inhibition of the apical dendrites of
pyramidal neurons (/9). Twelve other interneu-
rons had horizontal dendrites and electrophysio-
logical properties typical of O-LM cells, but
axon visualization was incomplete (fig. S5). Anti-
Hebbian LTP, however, also occurred in 17 out
of 24 fast-spiking interneurons in the strata
oriens or pyramidale, including one anatomi-
cally confirmed axo-axonic and two basket cells,
which are innervated by CA1 pyramidal cells and
target their perisomatic area. Seven other cells
could not be classified.
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Fig. 1. Associative pairing precludes LTP in interneurons in the stratum HFB NBQX
oriens/alveus. (A) Left: Schematic illustrating in-phase high-frequency burst : (10 pm)
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symbols, respectively). Sample traces (1 to 5) show action potentials evoked Y= =y 3 T
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Baseline-normalized EPSP initial slopes (25 min after pairing) in the two A _é- ' _
pathways, plotted against one another. (C) Antiphase pairing of two weak w 4 S5
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for (B) and (D). Traces (top) also show the effect of NBQX. Data in (C) (right)
and (E) (right) are shown as the mean + SEM. Vm, membrane potential.
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Anti-Hebbian LTP is, however, rare at
Schaffer collateral synapses on interneurons in
the stratum radiatum, which generally mediate
feedforward inhibition and express nonrectifying
receptors (Fig. 3, D and E). Synaptic responses
evoked by stratum radiatum stimulation in fast-
spiking interneurons in the stratum pyramidale,
however, had strongly rectifying AMPARs and a
small NMDA component, and the Hebbian LTP
induction protocol was uniformly unsuccessful
(n = 4; fig. S6).

Does rectification of CP-AMPARs fully ex-
plain the anti-Hebbian nature of LTP in interneu-
rons in the oriens/alveus? We first verified that
AMPA /kainate receptors are necessary for induc-
tion, by pairing HFS with postsynaptic hyper-
polarization while AMPA/kainate receptors were
blocked with 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline (NBQX, 5 uM): After wash-
out of the antagonist, EPSPs in the tetanized and
control pathways recovered to the same extent
(n=17; Fig. 3F). We then explored systematically
the voltage dependence of LTP. In five cells in
the oriens/alveus where anti-Hebbian LTP was
evoked in one alveus pathway, subsequent
pairing of the other pathway with depolarization
only evoked short-lived post-tetanic potentiation

Fig. 2. Postsynaptic membrane potential gates
anti-Hebbian LTP induction. (A) LTP was evoked by
pairing presynaptic stimulation with the hyper-
polarizing but not the depolarizing phase of an
imposed sinusoidal membrane potential oscilla-
tion. Left: Schematic and sample membrane
potential traces during pairing in one cell (five
sweeps superimposed for each pairing protocol).
Right: Baseline-normalized EPSP initial slopes in
eight cells showing LTP after anti-Hebbian pairing
of HFB stimulation of one pathway with hyper-
polarization. Subsequent Hebbian pairing of the
other pathway with depolarization was ineffective.
AMPA/kainate receptors were blocked at the end of
the experiment (NBQX). Data are shown as the
mean + SEM. (B) Averaged EPSPs in one cell taken
at the times indicated and after NBQX addition.
Top: Anti-Hebbian pairing. Bottom: Hebbian
pairing. (C) LTP was induced by pairing single
stimuli at 5 Hz with hyperpolarization. Left: Sample
traces during pairing. Right: Averages of all cells
tested. Data are shown as the mean + SEM. (D)
Pairing with depolarization failed to induce LTP.
Left: Sample traces during pairing. Right: Averages
of all cells tested. Data are shown as the mean +
SEM. (E) Repatched interneurons recorded in
whole-cell voltage-clamp mode show rectifying
AMPARs and a negligible NMDAR-mediated
component (GABA receptors blocked). Traces:
Averaged EPSCs at +60 and —60 mV, showing
the times at which the two components were
measured. Bottom: current-voltage (/-V) relation of
AMPAR-mediated EPSCs in six repatched inter-
neurons (left). /-V relation for the NMDAR-
mediated component, normalized by the AMPA
EPSC at —60 mV (right).

(Fig. 4A). In six other cells, pairing the second
pathway with hyperpolarization elicited robust
LTP in all cases (Fig. 4, B and C). We then
adapted this experimental design to explore the
effect of manipulating the rectification properties
of CP-AMPARs. Having demonstrated anti-
Hebbian LTP in one pathway, we repatched the
interneuron in whole-cell mode either with or
without spermine in the pipette solution. Follow-
ing a short baseline recording (<7 min from patch
rupture), we then paired HFS of the second path-
way either with depolarization (+20 mV) or with
hyperpolarization (—90 mV). When spermine
was omitted, pairing with depolarization evoked
LTP in five out of five cells (Fig. 4D), consistent
with Ca®" influx via CP-AMPARs rendered non-
rectifying by removal of polyamines (4). In
contrast, HFS paired with depolarization failed
to elicit LTP in five cells that were repatched with
a spermine-containing pipette (Fig. 4E). In five
other interneurons repatched with a spermine-
containing solution, pairing HFS of the second
pathway with hyperpolarization to —90 mV
evoked LTP (Fig. 4F).

Polyamine-mediated rectification of AMPARs
(and/or kainate receptors) thus explains the
voltage dependence of LTP induction in these

A

MM

interneurons and reconciles our results with
previous reports that a Hebbian protocol induces
LTP in interneurons in the oriens/alveus when
recorded with a polyamine-free whole-cell pi-
pette solution (/2). Also consistent with these
reports, blockade of group I metabotropic
glutamate receptors prevented LTP induction in
interneurons with horizontal dendrites in the
oriens/alveus (fig. S7). Finally, we looked for
evidence that anti-Hebbian LTP is accompanied
by an increase in glutamate-release probability
(12), by applying extracellular polyamines,
which also block CP-AMPARs in a use-
dependent manner (20). After inducing anti-
Hebbian LTP in one pathway, bath perfusion of
N-(4-hydroxyphenylpropanoyl)-spermine (5 to
10 uM) caused a progressive decrease in EPSP
initial slope, which was significantly faster in the
paired than in the control pathway (n = 7; fig.
S8). Given that anti-Hebbian LTP did not alter
AMPAR rectification (Fig. 3B), this result is
consistent with presynaptic expression.
Anti-Hebbian LTP may play distinct roles in
neurons that show characteristic phase relation-
ships in different network states (27, 22). During
sharp-wave ripples, O-LM cells are typically
silent, while many of their input pyramidal neu-

‘ initial slope
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Fig. 3. Anti-Hebbian LTP occurs in interneurons with rectifying AMPARs in
the feedback circuit. (A) High-frequency stimulation (HFS) paired with
hyperpolarization evoked LTP in 25 out of 31 interneurons in the oriens/
alveus [NMDARs blocked with 100 uM p,L-2-amino-5-phosphonovalerate
(APV)]. Insets: Averaged EPSPs before and after LTP induction, and
membrane potential during pairing, in one interneuron. Data are shown as
the mean = SEM. (B) Repatched interneurons recorded in whole-cell voltage-
clamp mode revealed strongly rectifying synaptic AMPARs (rectification
index < 0.3). Gray and open symbols show cells that did and did not exhibit
LTP, respectively. Insets: Averaged EPSCs at —60 and +60 mV in one cell that
showed anti-Hebbian LTP. (C) O-LM cells were the commonest identified
interneuron type exhibiting anti-Hebbian LTP (left: schematic, with dendritic
and axonal arborizations for one cell shown in red and blue, respectively).
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Three fast spiking perisomatic-projecting neurons were also identified,
including a basket cell (right). Scale bar: 200 um. Firing patterns in response
to current injection (/) are shown below. (D) Typical layer- and pathway-
specific properties of EPSCs in experiments where NMDARs were not
blocked (n, number of repatched interneurons). Interneurons were
recorded in the stratum radiatum (1), stratum pyramidale (2), and stratum
oriens/alveus (3). (E) Success rates for eliciting Hebbian or anti-Hebbian
LTP at synapses made by axons illustrated in (D). (F) Anti-Hebbian LTP
requires activation of AMPA/kainate receptors. HFS stimulation of one
pathway (filled symbols) was paired with hyperpolarization in NBQX (5 uM)
(inset). After wash-out, EPSPs in both pathways recovered at the same rate.
Inset: Averaged EPSPs before pairing (blue) and after recovery (red) in the
two pathways in one experiment. Data are shown as the mean + SEM.

rons fire at high frequency (217), possibly satis-
fying the induction conditions for anti-Hebbian
LTP. Binding of pyramidal neurons to a spatial
map may occur during periods of high-frequency
firing (23), similar to sharp-wave ripples. In
contrast, during theta activity, which is associated
with exploratory behavior (24), O-LM cells fire

in phase with pyramidal cells (2/) and may
contribute to this oscillation through phase-
locked dendritic inhibition (25). Anti-Hebbian
LTP induced during ripples may therefore result
in a long-term alteration of pyramidal cell
excitation of O-LM cells, which persists during
theta activity, and may therefore contribute to

spatial memory formation, the early stages of
which have been shown to withstand NMDAR
blockade (26).
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Cell Type-Specific Long-Term Plasticity at Glutamatergic
Synapses onto Hippocampal Interneurons Expressing either
Parvalbumin or CB, Cannabinoid Receptor

Wiebke Nissen,' Andras Szabo,' Jozsef Somogyi,? Peter Somogyi,” and Karri P. Lamsa'
'Department of Pharmacology, Oxford University, Oxford 0X1 3QT, United Kingdom, and 2Medical Research Council Anatomical Neuropharmacology
Unit, Oxford University, Oxford OX1 3TH, United Kingdom

Different GABAergic interneuron types have specitic roles in hippocampal function, and anatomical as well as physiological features vary
greatly between interneuron classes. Long-term plasticity of interneurons has mostly been studied in unidentified GABAergic cells and is
known to be very heterogeneous. Here we tested whether cell type-specific plasticity properties in distinct GABAergic interneuron types
might underlie this heterogeneity. We show that long-term potentiation (LTP) and depression (LTD), two common forms of synaptic
plasticity, are expressed ina highly cell type-specific manner at glutamatergic synapses onto hippocampal GABAergic neurons. Both LTP
and LTD are generated in interneurons expressing parvalbumin (PV+), whereas interneurons with similar axon distributions but
expressing cannabinoid receptor-1 show no lasting plasticity in response to the same protocol. In addition, LTP or LTD occurs in PV+
interneurons with different efferent target domains. Perisomatic-targeting PV+ basket and axo-axonic interneurons express LTP,
whereas glutamatergic synapses onto PV + bistratified cells display LTD. Both LTP and LTD are pathway specific, independent of NMDA
receptors, and occur at synapses with calcium-permeable (CP) AMPA receptors. Plasticity in interneurons with CP-AMPA receptors
strongly modulates disynaptic GABAergic transmission onto CA1 pyramidal cells. We propose that long-term plasticity adjusts the
synaptic strength between pyramidal cells and interneurons in a cell type-specific manner and, in the defined CA1 interneurons, shifts the

spatial pattern of inhibitory weight from pyramidal cell dendrites to the perisomatic region.

Introduction

Synapses between cortical excitatory principal cells show rela-
tively stereotypical activity-induced plasticity and may express
either long-term potentiation (LTP) or long-term depression
(LTD) depending on glutamate NMDA receptors (NMDARs).
Concomitant with LTP in hippocampal pyramidal cells, the
strength of local inhibition is often altered (Kullmann and Lamsa,
2007; McBain, 2008; Pelletier and Lacaille, 2008). Parallel modu-
lation of inhibition is likely to be required to balance changes in
the network excitability caused by plasticity between principal
cells (Kullmann and Lamsa, 2007), as well as to maintain fidelity,
threshold, and gain of pyramidal cell responses to their excitatory
inputs (Lamsa et al., 2005; Carvalho and Buonomano, 2009).
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However, plasticity reported in GABAergic interneurons is
highly heterogeneous and varies between hippocampal areas and
layers (McMahon and Kauer, 1997; Cowan et al., 1998; Alle et al.,
2001; Perez et al., 2001; Lei and McBain, 2004; Lamsa et al., 2005,
2007; Galvén et al., 2008), possibly reflecting the high diversity of
GABAergic cells in the hippocampus (Kullmann and Lamsa,
2007; McBain, 2008). Cell type-specific firing patterns of many in-
terneurons in vive suggest that distinct GABAergic cell types have
highly specified roles in the hippocampal function (Klausberger et
al., 2003, 2005). Excitatory glutamatergic synapses onto many
hippocampal interneurons have calcium-permeable (CP) AMPA
receptors (AMPARs), and these synapses often express NMDA
receptor-independent LTP or LTD (Laezza et al., 1999; Perez et
al., 2001; Laezza and Dingledine, 2004; Lei and McBain, 2004;
Lamsa et al., 2007; Oren et al., 2009). Afferent stimulation of
glutamatergic pathways, which elicits LTP in principal cells in the
hippocampal CA1 or dentate gyrus, can induce parallel potenti-
ation of GABAergic transmission (Buzsaki and Eidelberg, 1982;
Kairiss et al., 1987; Lapointe et al., 2004; Lamsa et al., 2005). It has
been suggested that this might result from LTP of excitatory glu-
tamatergic synapses driving a subpopulation of local inhibitory
interneurons (Kullmann and Lamsa, 2007; Pelletier and Lacaille,
2008). Equally, afferent stimulation of hippocampal mossy fibers
can elicit either LTP or LTD in CA3 inhibitory cells in a layer-
specific manner (Maccaferri et al., 1998; Lei and McBain, 2004;
Galvén et al., 2008; McBain, 2008), but each hippocampal layer
may contain several types of interneurons, as defined by their
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neurochemical markers and the pyramidal cell membrane do-
mains that their axons target. To understand the nature and func-
tional significance of heterogeneous interneuron plasticity in the
hippocampus, it is therefore important to identify the interneu-
rons studied in terms of their axonal projections and molecular
expression profiles.

Here we test how consistent long-term plasticity is across five
common interneuron types innervating different domains of py-
ramidal cells in the hippocampal CA1 area. We hypothesized that
plasticity properties might systematically vary between individual
GABAergic interneuron types. In the CA1 area, interneurons im-
munopositive for parvalbumin (PV+) or cannabinoid receptor 1
(CB,R+) collectively target the whole postsynaptic surface of
local pyramidal cells, but individual cell types preferentially in-
nervate one or more specific membrane domains of their targets.
We demonstrate that there are cell type-specific rules of plasticity
that emphasize distinct roles of interneurons in hippocampal
function.

Materials and Methods

Hippocampal slice preparation

Three- to 4-week-old male Sprague Dawley rats were killed according to
the Animals (Scientific Procedures) Act 1986, and transverse hippocam-
pal slices (350 wm thickness) were prepared as described by Oren et al.
(2009) (supplemental Methods, available at www.jneurosci.org as sup-
plemental material). Hippocampal slices were placed in a recording
chamber (Luigs & Neumann) mounted on the stage of an upright micro-
scope (Olympus BX51WI), where they were held under a nylon mesh
grid and superfused at 3-5 ml/min with artificial CSF at 31-33°C. Slices
were visualized using a 20X immersion objective with 2—4X zoom and
infrared differential interference contrast (DIC) optics. A cut was made
between CAl and CA3 to prevent propagation of recurrent excitation
from the CA3. The perfusion medium contained the following (in mm):
119 Na(l, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1.25 NaH,PO,, 25 NaHCO,,
and 11 glucose, final pH 7.4 (equilibrated with 95% 0O,/5% CO,). Glu-
tamate NMDARs were blocked with pL-APV (100 M) unless stated
otherwise. The GABA receptor blockers picrotoxin (PiTX) (100 um)
and CGP55845 [(25)-3-[(1S)-1-(3,4-dichlorophenyl) ethyl]amino-2-
hydroxypropyl) (phenylmethyl)phosphinic acid] (1 um) were added to
the solution for all experiments except those for recording IPSCs (see
Figs. 5, 6) (supplemental Figs. S3, S4, available at www.jneurosci.org as
supplemental material). In experiments with cannabinoid receptor type
1 antagonist AM-251 [N-1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-
methyl-N-1-piperidinyl-1 H-pyrazole-3-carboxamide]| (5-10 um), slices
were incubated with the drug for at least 1 h before recording, and the
drug was present in the perfusion solution. Glutamate receptor antago-
nists philanthotoxin-433 (PhTx) (10 M) and NBQX (10 um) were ap-
plied via perfusion. Chemicals were purchased from Sigma-Aldrich and
drugs from Tocris Bioscience or Ascent Scientific.

Electrophysiological recordings

Perforated patch. For additional details, see supplemental Methods
(available at www.jneurosci.org as supplemental material). Somatic
perforated-patch recordings were made from neurons close to or inside
CA1 stratum (str.) pyramidale using pipettes containing gramicidin (50—
200 pg/ml). Electrodes were made from borosilicate glass capillaries.
Pipette resistance was 8—15 M(). Filling solution contained the following
(in mm): 145 K-gluconate, 8 NaCl, 20-25 K-HEPES, 0.2 EGTA, and 5
QX-314 Br [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium
bromide], pH 7.2 (osmolarity, 295 mOsm/L). The electrode tip was filled
with gramicidin-free solution. Recordings were started when series resis-
tance was below 150 M{). Series resistance was continuously monitored but
not recorded.

Repatch. After completion of perforated patch recordings, the pipette
was slowly retracted under infrared DIC observation. Once the pipette
detached from the cell, it was rapidly withdrawn from the slice. Next, the
same cell was approached with a new pipette and repatched in whole-cell
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configuration. Infrared images of the cell at different magnification were
obtained with a CCD camera during perforated patch recording and
compared in whole-cell recordings to verify that the same cell was repatched
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material) (Lamsa et al., 2005, 2007; Oren et al., 2009). Voltage-clamp
recording of EPSCs was performed in repatched cells only if access resis-
tance was <20 M().

Whole cell. For additional details, see supplemental Methods (available
at www.jneurosci.org as supplemental material). The whole-cell record-
ings were made with a solution containing the following (in mwm): 145
CsCl, 20 HEPES, 0.2 Cs-EGTA, 8 NaCl, 2 Mg-ATP, 0.3 GTP, and 5
QX-314 Br, pH 7.2 (295 mOsm). In some experiments, 145 mm Cs-
methanesulphonate was used instead of CsCl. Spermine tetrahydrochlo-
ride (0.5 mu; Tocris Bioscience) was included in the filling solution to
maintain polyamine-mediated rectification of AMPA/kainate receptors
during whole-cell recording. In addition, Neurobiotin (0.2-0.5%j; Vec-
tor Laboratories) or biocytin (0.5%; Sigma-Aldrich) was included in the
solution to enable post hoc anatomical analysis. Electrode input resistance
for whole-cell recordings was 4—6 M().

Electrical stimulation. For additional details, see supplemental Meth-
ods (available at www.jneurosci.org as supplemental material). Mono-
synaptic EPSPs or EPSCs were evoked by alternately stimulating (50-100
s) in the str. oriens/alveus in area CA1 with 15 s interevent interval via
two concentric bipolar electrodes, connected to constant-current iso-
lated stimulators. In some experiments, the stimulation electrode for
control pathway was positioned in str. radiatum (supplemental Tables 1,
2, available at www.jneurosci.org as supplemental material). Evoked
EPSPs were recorded from the resting membrane potential or in some
experiments during a brief (500 ms) hyperpolarizing step (5-10 mV) to
avoid action potential generation. In whole-cell recordings, EPSC cur-
rent—voltage relationships were estimated over a postsynaptic membrane
potential range from —90 to +60 mV using 1 s steps in voltage-clamp
mode. The EPSC rectification index (RI) was obtained by dividing the
amplitude of the EPSC recorded at +60 mV by that measured at —60
mV. A Multiclamp 700B amplifier was used for recording. In all
recordings, data were low-pass filtered (4—5 kHz) and acquired at
10-20 kHz on a personal computer for offline analysis. Data were
analyzed using LabView and pClamp 10. Disynaptic IPSCs were
evoked by stimulation in str. oriens/alveus and voltage clamping the
postsynaptic cell between 0 and +10 mV (Cs-methanesulphonate-
containing filling solution was used). Maximum disynaptic IPSC was
screened by increasing stimulation intensity voltage using fixed du-
ration (100—150 ws). Submaximal amplitude IPSCs were evoked by
shortening the stimulation duration (up to 25 us).

Statistics. Data are shown as mean * SE. Data on postsynaptic poten-
tials/currents were baseline normalized within each pathway and ana-
lyzed with Student’s paired ¢ test. Within each cell, the change in the
initial slope (3-5 ms from onset) of the paired pathway was compared
with that of the control pathway with an unpaired ¢ test.

Anatomical analysis

Tissue processing. For additional details, see supplemental Methods
(available at www.jneurosci.org as supplemental material). Neurons
were filled with Neurobiotin (Vector Laboratories) or biocytin (Sigma)
during whole-cell recordings, fixed, and examined as described by Oren
et al. (2009). For illustration, selected cells were digitally photographed
from one or two 70-um-thick sections using structured illumination
microscopy (Axiolmager ApoTome, Carl Zeiss Axiolmager.Z1) with a
Carl Zeiss 38HE filter, 40X oil-immersion objective and AxioVision Re-
lease 4.7.1 software. Images were constructed from Z-stacks using NIH
Image] 1.42 software and inverted to show the cell on a white back-
ground; Neuron] program was used for neurite tracing at a preset line
thickness and quantification. Dendrites were manually selected from
microscopic examination and are shown in a color different from the
axon. Epifluorescent images were taken with the Carl Zeiss Axiolmager.Z1
microscope (Carl Zeiss HE38 filter, 40X or 63X oil-immersion objec-
tive) using AxioVision software, and digital micrographs were con-
structed from Z-stacks with NIH Image] software. Micrographs were not
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manipulated selectively; only brightness and contrast of the whole
stacked image was adjusted.

Immunohistochemistry. For additional details, see supplemental
Methods (available at www.jneurosci.org as supplemental material).
Sections were blocked in normal horse serum (Vector Laboratories)
for 1 h and incubated in mixtures of appropriate primary antibodies
for 48 h at 4°C. A complete list of primary antibodies, their species,
dilution, source, and specificity references is given in supplemental
Table 3 (available at www.jneurosci.org as supplemental material).
When fluorescence was not detectable in the relevant area of the
section in which similar parts of other unfilled cells were immuno-
positive, cells were considered immunonegative. If a decision about
immunoreactivity could not be clearly made because the cell appeared
to be negative but the immunoreactivity in unrecorded cells of the
slice was low or mostly absent, then the immunoreaction test does not
inform about the presence or absence of the molecule in that specific
cell. Furthermore, in cases of low immunoreactivity levels, when a
conclusion could not be reached by several investigators, the test was
considered inconclusive [indicated as reacted but not tested (“nt”) in
supplemental Tables 1, 2, available at www.jneurosci.org as supple-
mental material].

Electron microscopy. Sections from two putative axo-axonic cells
were prepared for electron microscopic analysis (supplemental Table
1, available at www.jneurosci.org as supplemental material). After
fixation and resectioning of slices (as above), selected sections were
washed in 0.1 M phosphate buffer (PB) and then stored in 0.05%
sodium azide with 0.1 M PB. After cryoprotection with sucrose and
freeze—thaw to enhance penetration of reagents, the cells were re-
vealed with HRP reaction [ABC Elite kit (Vector Laboratories); 0.05%
DAB (Sigma) and 0.01% H,0,). The sections were treated with 1%
0s0, (in phosphate buffer; TAAB Laboratory Equipment) and 1%
aqueous uranyl acetate, dehydrated, and embedded in epoxy resin
(Durcupan; Fluka). The axons were examined for the identity of
postsynaptic targets without lead staining (Klausberger et al., 2003).

Results

Cell type-specific LTP in CA1 perisomatic-targeting
interneurons

We studied long-term plasticity in glutamatergic afferents onto
five different GABAergic interneuron types or groups in the hip-
pocampal CALl area, as defined by their axonal projections and
molecular expression profiles (Klausberger and Somogyi, 2008).
We patched putative interneurons inside or in the vicinity of str.
pyramidale in the CAl area of hippocampal slices. Perforated
patch recording was used to minimize disruption of intracellular
postsynaptic content of interneurons (Kullmann and Lamsa,
2007). Interneurons were then repatched with a new pipette in
whole-cell mode, studied in voltage clamp, and filled with biocy-
tin for post hoc anatomical identification (Lamsa et al., 2007;
Oren et al., 2009). Cells were identified on the basis of axonal
pattern and neurochemical marker expression. Briefly, cell types
were as follows: axo-axonic cells innervating mainly or exclu-
sively the axon initial segment of pyramidal cells; basket cells
innervating somata and proximal dendrites as predicted from the
concentration of their axon in str. pyramidale and expressing
either PV or CB,R; and bistratified cells innervating mainly den-
drites in str. radiatum and oriens and expressing PV, neuropep-
tide Y (NPY), and/or somatostatin (Halasy et al., 1996; Losonczy
etal., 2002; Pawelzik et al., 2002; Klausberger et al., 2004; Baude et
al., 2007). The fifth group of interneurons included several cell
types in terms of synaptic targets, as predicted from the absence of
axon concentration to str. pyramidale and, for brevity, will be
called “non-basket cell CB,R-expressing cell type” because, in
slice preparations, often insufficient axon is revealed for accurate
identification (Klausberger and Somogyi, 2008). Cells classified
as CB,R+ non-basket cells had their soma in either str. radiatum
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(n = 11) or str. oriens (n = 3). They presented radially or diago-
nally oriented dendrites in strata oriens and radiatum, sometimes
with small dendritic tufts into str. lacunosum moleculare, and
large axon arbors in strata oriens and/or radiatum, hardly ever
crossing the border to str. lacunosum moleculare. The propor-
tion of innervation to str. oriens or str. radiatum differed between
individual cells (for examples, see Fig. 2 D, E). Long axon collaterals
traveling across strata oriens and radiatum were characteristic of
most CB,R+ non-basket cells. Others were more reminiscent of
bistratified cells with denser axon clusters above and below str.
pyramidale, but the pyramidal layer itself always had sparse in-
nervation in contrast to typical basket cells. Only cells that fit the
criteria for one of the categories above were included in this
study. Data for identification of all interneurons studied are pre-
sented in supplemental Tables 1 and 2 (available at www.
jneurosci.org as supplemental material).

We elicited EPSPs by alternately stimulating two electrodes in
different locations in str. oriens/alveus to activate pyramidal cell
axons (see Materials and Methods). GABA receptors were
blocked by PiTX (100 uMm) and CGP55845 (1 uMm), and glutamate
NMDARs were blocked with DL-APV (100 wM). After a baseline
period of at least 10 min, high-frequency stimulation (HFS) (100
Hz for 1 s, delivered twice, 20 s interval) was delivered to one
pathway, whereas the other pathway served as a control. Unlike
the long-term plasticity in pyramidal cells, LTP and LTD in many
hippocampal interneurons is NMDAR independent and involves
CP-AMPARSs (Laezza et al., 1999; Lamsa et al., 2007; Oren et al.,
2009). Postsynaptic somatic potential was voltage clamped to
—70 mV (or more negative down to —90 mV) during HES to
maximize conductance of CP-AMPAR (Geiger et al., 1995) (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). After the HFS, EPSPs were recorded for at least 20 min
before cells were repatched (in three cells, LTP was followed up to
30 min). Analysis of EPSPs was focused on initial slope of EPSPs
(3-5 ms from onset) to avoid contamination by polysynaptic
EPSPs (Maccaferri and McBain, 1996; Lamsa et al., 2005). The
high-frequency stimulation did not cause long-lasting changes in
the resting membrane potential of the interneurons (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial) (Ross and Soltesz, 2001).

Visualization of the cells (see Materials and Methods) revealed
that LTP was elicited in 7 of 14 interneurons whose axon targeted
specifically the perisomatic domain of CA1 pyramidal cells. LTP
was defined as potentiation of EPSP initial slope at least to 125%
of baseline (tested with paired ¢ test) and specific to the pathway
(significant difference to control pathway, tested with unpaired ¢
test). In cells with significant potentiation and pathway specific-
ity, EPSP in the tetanized pathway increased to 156 = 8% (p <
0.005, n = 7, 20 min after HES), whereas EPSP in the control
pathway did not change (102 = 6%) (Fig. 1A-C). Four of the
interneurons with LTP were identified as axo-axonic cells,
based on their axonal patterns showing radial bouton rows
that follow axon initial segments of pyramidal cells (Somogyi
et al., 1985). Two cells randomly selected were confirmed by
electron microscopy to innervate axon initial segments, and
two were confirmed as expressing PV (Klausberger et al,
2003). The three other cells showing LTP and targeting pyra-
midal cells perisomatically were identified as basket cells. Im-
munohistochemical testing showed that these basket cells
were all positive for PV and negative for CB,R (Fig. 1D,E)
(supplemental Table 1, available at www.jneurosci.org as sup-
plemental material). One additional axo-axonic cell failed to
show LTP. Average potentiation of EPSP in all eight PV+
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Figure1.  Celltype-specific LTP ininterneuronsinnervating the perisomatic domain of pyramidal cells. A-G, LTP s generated in

PV+ basket cells and axo-axonic cells but not in basket cells expressing (B,R. Recordings were made in perforated patch; cells
were repatched in whole cell for post hoc identification using biocytin labeling. 4, Pathway-specific LTP in a PV + basket cell. Two
glutamatergic afferent pathways were stimulated with electrodes in str. oriens/alveus. After baseline period, HFS (100 Hz, 15, two
times) was delivered to one pathway (filled symbols), whereas the other pathway served as control (open symbols). Schematic
shows experimental design during perforated patch (PP) recording. Timing of HFS is indicated by an arrow. During HFS, the
postsynaptic cell was voltage clamped to —70 mV. Potentiation of EPSP lasted at least 25 min and was restricted to the stimulated
pathway. B, Consecutive EPSPs in the basket cell in A during baseline and 20 min after the HFS. Left, EPSP at resting membrane
potential (resting Vm) triggered action potentials after LTP. To avoid action potentials, EPSPs were recorded during a hyperpolar-
izing step (— 10 mV) throughout the experiment. Symbols indicate tetanized and control pathways as in 4. €, EPSP slope mean =
SEin eightidentified perisomatic-targeting PV + interneurons. Data include three PV + basket cells and five axo-axonic cells, and
symbols indicate tetanized and control pathway as in A. Top, Consecutive EPSPs in the two pathways during baseline and 20 min
after the HFS. D, Digital visualization of PV + basket cell k081282 (left; dendrites in red from two 70- um-thick sections, axon in
blue, from one section) and axo-axonic cell k120193 (right, one section) recorded in whole cell (WhC). Images produced from
confocal microscopic image stacks. Scale bar, 100 wm. Insets, Inmunofluorescence micrographs of the labeled cells demonstrat-
ing the expression of PV in the dendrites (indicated by arrow) and soma of the cells. Laser confocal microscope images; biocytin is
in green and PV is in red. Scale bar, 20 um. SR, str. radiatum; SP, str. pyramidale; SO, str. oriens. E, Distinct axonal patterns of a
basket cell and an axo-axonic cell within the pyramidal cell layer. Left, Epifluorescent micrographs of a PV + basket cell (PV+ BC,
k151082) showing undulating bouton laden axon collaterals, often running parallel with the pyramidal cell layer, among pyrami-
dal cells (P), and an axo-axonic cell (AAC, k100871), showing their characteristic radial bouton bundles. The axo-axonic bouton
rows follow axon initial segments of pyramidal cells (P) toward str. oriens. Scale bar, 20 pm. Middle, Higher-magnification
epifluorescent micrographs of the same PV+ basket cell (PV+ BC, middle left) and axo-axonic cell (AAC, middle right). Scale bar,
20 pm. Right, Electron micrograph showing a synapse (arrow) received by an axon initial segment (ais) from a bouton (b) of
axo-axonic cell k100871. The bouton is identified by the electron opaque HRP end product and the ais by the membrane under-
coating (double arrow). Scale bar, 0.25 pm. F, EPSPs in basket cells expressing CB,R do not show lasting plasticity. EPSP slope
mean = SE in six basket cells tested for LTP and plotted as above. Top, EPSPs during baseline and 15 min after the HFS. G,
Visualization of one (B, R+ basket cell by digital rendering of fluorescentimages (two superimposed 70- um-thick sections). Scale
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perisomatic-targeting interneurons is
shown in Figure 1C. The remaining six
perisomatic-targeting cells that did not
show LTP were negative for parvalbu-
min and positive for CB,R (Fig. 1F,G)
(supplemental Table 2, available at www.
jneurosci.org as supplemental material).
We conclude that perisomatic-targeting
interneurons positive for either PV or
CB, R show strict cell type-specific plastic-
ity in the CA1 area. LTP was induced in
seven of eight identified PV+ perisomatic-
targeting interneurons but not in any of the
identified CB R+ basket cells (Fig. 1 H).

LTP or LTD occurs in interneurons

with distinct axonal target domains

In contrast to the perisomatic-targeting
interneurons, dendrite-targeting PV+
or CB,R+ interneurons did not show
LTP at all. Seven cells tested with HFS
were identified as bistratified cells. This
cell type is immunopositive for PV, so-
matostatin, and NPY, and their axons in-
nervate mainly pyramidal cell dendrites
in str. radiatum and oriens (Halasy et al.,
1996; Pawelzik et al., 2002; Klausberger et
al., 2004). Remarkably, in five of seven
bistratified cells, HFS induced LTD (re-
duction of the EPSP initial slope to at
least 75% of baseline), whereas two cells
showed no significant change in EPSP
slope (Fig. 2A,B). LTD (63 = 3%, p <
0.005, n = 5) in the bistratified cells was
restricted to the stimulated pathway
(control pathway, 105 = 3%). The sys-
tematic difference in plasticity between
perisomatic- and dendrite-targeting PV +
cells reported here is unlikely to be
explained by different postsynaptic mem-
brane potential or action potential firing
in these cells during afferent stimulation,
because these measures were similar in the
cell types (supplemental Fig. 1, available at
www.jneurosci.org as supplemental ma-
terial). Five interneurons, also studied
with HES, with axons mainly in the den-
dritic layers, were immunopositive for
CB,R and negative for PV (Ali, 2007)
(supplemental Table 2, available at www.
jneurosci.org as supplemental material).
None of these CB,R+ non-basket cells

&

bar, 100 pem. Bottom, Immunofluorescence micrographs of a
biocytin-labeled (green) axon segment (CB,R, yellow, laser
confocalimage). Scale bar, 10 um. H, Comparison of baseline-
normalized average EPSPs in all perisomatic-targeting cells
15-20 min after HFS relative to control pathways. Filled sym-
bols indicate tetanized pathway, and open symbols show the
control pathway. LTP is consistent in the PV+ interneuron
types. Significance levels indicate a difference between path-
ways (**p << 0.01, ***p < 0.005, unpaired t test).
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Figure 2.  LTP is specific to perisomatic-targeting PV+ cell types. EPSPs in PV + bistratified cells that target to the

dendritic domain of CAT pyramidal cells show LTD. EPSPs in interneurons that express (B;R and innervate pyramidal cell
dendrites show no lasting plasticity. Perforated patch (PP) recordings. A, Mean = SE of EPSP slope in seven identified
bistratified cells. HFS to one of the pathways (filled symbols) induced pathway-specific LTD. Open symbols show EPSP in the
untetanized control pathway. Top, Consecutive EPSP traces during baseline and 20 min after the HFS in the two pathways.
Schematic shows experimental design. B, Visualization of one bistratified cell by digital rendering of fluorescent images
(dendritesin red and axon in blue, from one 70 pwm section) recorded in whole cell (WhC). Scale bar, 100 wm. Fluorescence
micrographs demonstrating immunopositivity for PV (red, laser confocal images) as tested in a dendrite (indicated by
arrow) and for neuropeptide Y (yellow, structured illumination microscope images) in the soma. Biocytin is shown in green.
Scale bar, 20 wm. €, Mean == SE of EPSP slope from five cells identified as dendrite-targeting CATinterneurons expressing
(B, R. None of the cells showed significant lasting plasticity in the EPSP. Top, Consecutive EPSPs in the two pathways during
baseline and 20 min after HFS. D, Visualization of a (B,R+ non-basket cell (k270582, reconstruction from two 70-um-
thick sections), recorded in perforated and whole-cell mode. Axon ramifies in strata oriens and radiatum but not in
pyramidale. It was verified that the main axon originated 55 pm away from the soma at a point at which the dendrite
turned by 90° degrees. Scale bar, 100 m. Fluorescence micrographs demonstrating immunopositivity for CB,R in an axon
visualized with biocytin (green, indicated by arrow; structured illumination microscopic images). Scale bar, 20 pm.
E, Another example of a non-basket cell (k170471, dendrites in red, from three 70- um-thick sections, axon in blue, from
two sections) recorded in whole-cell mode that was also confirmed to be positive for CB,R (data not shown) (but see
supplemental Table 2, available at www.jneurosci.org as supplemental material). Note the rich axon arborization in strata
radiatum and oriens but the clear absence of axon concentration in str. pyramidale. Scale bar,100 m. F, Comparison of
baseline-normalized EPSP slopes after HFS (20 min) in the two types of dendrite-targeting interneurons. Filled and open
symbols indicate tetanized and control pathways, respectively (***p << 0.005, unpaired ¢ test). SL-M, str. lacunosum
moleculare; SR, str. radiatum; SP, str. pyramidale; SO, str. oriens.

showed a significant change in EPSP slope 15 min after the HES,
indicating an absence of LTP or LTD (Fig. 2C-E). Thus, LTD
occurred specifically in dendrite-innervating PV+ Dbistratified
cells under this induction protocol (Fig. 2F).
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CB,R + interneuron types with intact
NMDAR-mediated transmission do not
show LTP or LTD

Although CB R+ basket cells did not dem-
onstrate. NMDAR-independent LTP, we
asked whether they might show NMDAR-
dependent LTP similar to pyramidal cells
and some GABAergic interneurons in
other hippocampal circuits (Kullmann
and Lamsa, 2007). We performed experi-
ments in four post hoc identified CB R+
basket cells in the absence of NMDAR
blockers and depolarized the postsynaptic
cell to 0 mV in current clamp during HFS.
This was associated with intense firing of
the postsynaptic cell (63.3 * 3.7 action
potentials evoked by a 100-pulse train,
n = 8 in 4 cells). This protocol, however,
also failed to induce a lasting (=15 min)
change in the EPSPs (Fig. 3A,B).

Next, we asked whether CB,R+ cells
would show plasticity with a different
stimulation protocol. In 10 additional
identified CB,R+ cells, we used theta-burst
stimulation (TBS) while the postsynaptic
cell was in current clamp at resting mem-
brane potential. After baseline, high-
frequency stimulation trains (100 Hz, five
pulses) were delivered to one pathway at
theta frequency (5 Hz, four cycles), whereas
the second pathway served as control. The
protocol was applied five times with 20 s in-
terval (100 stimulation pulses altogether)
(Fig. 3C). The afferent stimulation induced
depolarization above firing threshold in the
cells (34.0 + 8.8 postsynaptic action poten-
tials by 100 stimulation pulses). Both path-
ways were followed atleast 15 min after TBS.
Four cells were identified as CB,R+ basket
cells (Fig. 3D) and six cells as CB,R+ non-
basket cells (Fig. 3E). Neither of these cell
populations showed significant potentia-
tion or depression (paired t test) or differ-
ence between the pathways 15 min after the
TBS (unpaired ¢ test). Averages of baseline-
normalized EPSPs are shown in Figure 3F.

Plasticity occurs in interneurons

with CP-AMPARs

We next asked whether this cell type-
specific plasticity we observed was corre-
lated with the presence of CP-AMPARs in
these cells (Lei and McBain, 2004; Isaac et
al., 2007; Lamsa et al., 2007). We recorded
EPSCs in whole-cell mode from the re-
patched cells (when access resistance al-
lowed voltage clamp; see Materials and
Methods). In addition, we recorded from
a separate set of interneurons in whole-

cell only and subsequently identified their cell type (supplemen-
tal Tables 1, 2, available at www.jneurosci.org as supplemental
material). Stimulation from str. oriens/alveus in all PV+ cells,
including both control and tetanized pathways in repatched cells,
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Figure3. (B R+ basket cells and non-basket cells with intact NMDAR-mediated transmis-

sion fail to show long-term plasticity. A, Schematic shows HFS protocol; tetanic stimulation
(stim.) to one pathway is paired with depolarization of postsynaptic cell to 0 mV in current
clamp (Ic). NMDARs are not blocked. Histogram shows that intense firing of postsynapticaction
potentials (APs) was associated with presynaptic stimuli. B, Mean == SE of EPSP slope from four
cells recorded in perforated patch and identified post hoc as (B,R+ basket cells. None of the
cells showed significant lasting plasticity in the EPSP. Top, EPSPs in the two pathways during
baseline and 10 min after HFS. C, Schematic shows TBS stimulation protocol; trains of stimuli
(100 Hz, five pulses) are delivered to one pathway at 5 Hz, while postsynaptic cell is at resting
membrane potential (action potentials truncated). Histogram shows number of postsynaptic
action potentials elicited by presynaptic stimuli. D, Perforated patch recording from four
(B,R+ basket cells showed EPSPs without lasting plasticity. EPSP slope in theta-bursted path-
way was not different from baseline or from control pathway 15 min after the TBS. Top, Con-
secutive EPSP traces from one experiment. E, Similar recordings show lack of long-term
plasticity of EPSPs in (B,R-+ non-basket cells (n = 6). Cells were repatched and identified as
above. Top, EPSPs from an individual experiment. F, Baseline-normalized average EPSPs in the
three types of experiments shown above. Filled symbols indicate HFS- or TBS-treated pathway,
and open symbols show the control pathway. Data are taken 10—15 min after the HFS or TBS.

elicited strongly inward rectifying EPSCs (Fig. 4A), indicating a
high percentage of CP-AMPARs in these synapses under baseline
conditions as well as after plasticity (Jonas et al., 1994; Geiger et
al., 1995; Lei and McBain, 2004; Lamsa et al., 2007). The RI (see
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Materials and Methods) of EPSCs was consistently low in PV+
cell types (Catania et al., 1998). RI in axo-axonic cells was 0.09 =
0.02 (n = 13 stimulation pathways tested in 8 cells), in basket cells
was 0.12 = 0.03 (n = 10 in 6 cells), and in bistratified cells was
0.11 = 0.02 (n = 22 in 12 cells). Although in most PV + cells two
stimulation pathways from str. oriens/alveus were tested, in some
cells, the control pathway was stimulated in str. radiatum. EPSCs
evoked from str. radiatum showed similar strong inward rectifi-
cation (RI of 0.07 = 0.05, n = 6 pathways). In contrast, RI in
CB, R+ basket cells (7 = 16 in 14 cells) and non-basket cells (n =
14 in 10 cells) was 0.72 *= 0.03 (n = 30), reminiscent of that
recorded in pyramidal cells (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). In only 5 of the 30
pathways recorded in CB R+ cells was rectification prominent
(RI <0.5) (Fig. 4 B). In some recordings, another stimulation was
delivered from str. radiatum, which evoked EPSCs with RI of
0.67 = 0.07 (n = 7 pathways).

We next tested the effect of blocking CP-AMPARs on synaptic
excitation of these interneuron types. EPSCs recorded in identi-
fied interneurons in whole-cell mode were evoked by stimulation
in str. oriens/alveus, and they were strongly suppressed after
wash-in of the CP-AMPAR blocker PhTx (10 um) in all PV+
interneuron types (Fig. 4C,D). EPSC amplitude was reduced to
44 * 6% ( p < 0.005, paired ¢ test) by PhTx (n = 9, includes 3
axo-axonic, 3 basket cells, and 3 bistratified cells). In contrast,
PhTx had a small effect on EPSCs in CB,R+ basket cells (in PhTx:
86 £ 9%, n = 11 cells, p < 0.05). As a reference, we confirmed
that PhTx had no effect on synaptic excitation of identified CA1
pyramidal cells with a linear EPSC I-V relation (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
Thus, CP-AMPAR blockade inhibits excitation of PV + interneu-
rons to a much stronger degree than of CB,R+ interneurons.

Disynaptic GABAergic transmission in CA1 pyramidal cells is
strongly suppressed by CP-AMPAR blockers

Based on the strong effect of CP~-AMPAR blockade on the exci-
tation of PV+ interneurons, we tested the effect of PhTx on
disynaptic inhibition in CA1 pyramidal cells. We recorded from
the soma in whole-cell mode and stimulated in str. oriens/alveus
far (=1 mm) from the recording site and close to the subiculum.
GABAy and glutamate NMDA receptors were blocked with
CGP55845 (1 uMm) and DL-APV (100 M), respectively. Cells were
voltage clamped to the reversal of glutamatergic EPSCs (0 to +10
mV). We first measured maximum disynaptic IPSC (the disyn-
aptic nature was verified at the end by applying NBQX at 10 um)
for stimulation pathways. Next, stimuli with reducing intensities
were applied to dissect the contribution of interneurons with
CP-AMPARSs at various stimulation strengths (see Materials and
Methods). IPSCs were recorded in control conditions and after
wash-in of PhTx (10 uMm). PhTx significantly reduced the ampli-
tude of disynaptic IPSCs at each stimulation strength, but the
inhibitory effect of Ph'Tx was most pronounced in low-amplitude
IPSCs (Fig. 5A). When ~30% of the maximum IPSC was used,
PhTx suppressed the disynaptic IPSC to 26 * 3% of control (n =
5 slices, p < 0.005) (Fig. 5B), indicating a strong contribution
of interneurons with CP-AMPARs to the IPSC (Jonas et al.,
2004). In comparison, when the 100% IPSC was tested, PhTx
reduced the disynaptic IPSC to 74 £ 4% (p < 0.01). We
confirmed that PhTx had no direct effect on GABAergic IPSCs
(supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material).
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contribution of CP-AMPAR-containing in-
terneurons in disynaptic IPSC (supple-
mental Fig. 4, available at www.jneurosci.
org as supplemental material). After a
baseline, the disynaptic pathway from the
subicular site was stimulated with HFS,
whereas the untetanized pathway was
used as control (Fig. 6 A). Significant LTP
(potentiation of averaged IPSC amplitude
toatleast 125% of baseline) was generated
in five of eight slices, although potentia-
tion varied in amplitude. Baseline-
normalized average of IPSC amplitudes in
all eight slices showed potentiation in the
tetanized pathway to 139 *= 8% (p <
0.005, 25 min after the HFS), whereas the
average of the control pathway did not
change (89 = 7%) (Fig. 6B). Pathway
specificity of LTP was tested with un-
paired ¢ test ( p < 0.005) (Fig. 6C). Again,
the disynaptic nature of IPSCs was veri-
fied by blockade of the IPSC with NBQX
(10 pum) at the end of each experiment.
We repeated the same experiment in the
presence of PhTx (10 um) to block excita-
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Figure 4.

Long-term potentiation of disynaptic GABAergic
transmission involves interneurons with CP-AMPARs

Finally, we asked whether plasticity in the inputs to interneurons
with CP-AMPARs could change disynaptic inhibition projected
onto CA1 pyramidal cells. Given that LTP or LTD in interneu-
rons with CP-AMPARSs is induced without strong postsynaptic
depolarization and that repetitive afferent stimulation induces
robust plasticity in synapses recruiting these cells, we hypothe-
sized that the same afferent stimulation might be able to poten-
tiate or depress disynaptic GABAergic transmission. We recorded
IPSCs in whole-cell mode from CA1l pyramidal cell soma
clamped to the reversal of glutamatergic EPSCs as above and
stimulated at two different locations in str. oriens/alveus. One
electrode was positioned as above close to subiculum and another
electrode close to the CA2 area. GABA; and glutamate NMDARs
were blocked. Given that endocannabinoid receptor activation
can mediate depression in certain GABAergic synapses onto py-
ramidal cells (Féldy et al., 2007; Heifets et al., 2008) and because
this depression may also be induced by high-frequency electrical
stimulation (Chevaleyre and Castillo, 2003; Lamsa et al., 2005),
CB,Rs were blocked with AM-251 (5-10 um). Stimulation in-
tensity was set to ~30% of the maximum disynaptic IPSC
amplitude in the pathways as above to maximize relative

PV + interneurons are excited via CP-AMPARs and (B, R-expressing interneurons via calcium-impermeable AMPARs
in the CA1 area. 4, /-V relations of AMPAR-mediated EPSCs are interneuron type specific. PV+ basket cells and axo-axonic cells
have highly inward rectifying EPSCs, which is a hallmark of CP-AMPARs. In contrast, EPSCs in (B,R + basket cells show more linear
current—voltage relation. EPSCs were evoked by stimulation in str. oriens/alveus. Mean = SE of normalized /~V/ relationship in the
three perisomatic-targeting cell types illustrated in colors (green for axo-axonic, blue for PV + basket cells, and red for (B,R+
basket cells). Right, EPSCs at +60 and — 60 mV in three different cells (color coding indicates cell type as above). WhC, Whole-cell
mode. B, Histograms showing EPSCRIs in the five different interneuron types. Rlsin PV + interneuron types (AAC, PV+ BC, Bistr
PV+) are on average 0.11, whereas in (B,R-expressing interneurons (BC (B,R+ and non-BC (B,R+) Rls are on average 0.75.
Color coding of perisomatic-targeting interneuron types is as in A. €, CP-AMPAR blocker PhTx blocks excitatory input to PV +
interneuron types (filled symbols) but has a small effect on EPSCs in (B,R+ cells (n = 11, p = 0.05; open symbols). Data show
mean = SE, and a horizontal bar indicates timing of PhTx wash-in. PV + cells include three basket, three axo-axonic, and three
bistratified cells. (B,R+ cells are basket cells. Significance level indicates difference from baseline (***p << 0.005, paired t test).
D, Averaged EPSCs in one (B,R-expressing basket cell and in an axo-axonic cell during baseline and after wash-in of PhTx (20 min).

tion of interneurons with CP-AMPARs.
IPSC intensity was set up similarly to ~30%
in the pathways (supplemental Fig. 4, avail-
able at www.jneurosci.org as supplemen-
tal material), and HFS was delivered to the
disynaptic pathway from the subicular site
(Fig. 6 D). Interestingly, HFS did not elicit
lasting potentiation in any of the eight
slices studied (Fig. 6 E). Twenty minutes
after the tetanus, IPSC amplitudes were
82 = 5% in the tetanized pathway and
88 £ 7% in the untetanized control path-
ways (Fig. 6 F). Although this moderate
suppression of IPSC was significant ( p <
0.05) compared with baseline, it was not
pathway specific. We confirmed that HFS does not change the
amplitude of monosynaptic GABAergic IPSCs by reproducing
the experiment above but in the continuous presence of NBQX
(10 M) and stimulating closer to the recording site in str. oriens
(Fig. 6G). Together, the results demonstrate that LTP of disynap-
tic GABAergic transmission recorded in CAl pyramidal cell so-
mata involves interneurons with CP-AMPARs.

Discussion

Here we have shown that excitatory connections to hippocampal
interneurons express long-term plasticity in a cell type-
dependent manner (Kullmann and Lamsa, 2007; Klausberger
and Somogyi, 2008). Lasting plasticity in the GABAergic inter-
neurons correlates with the expression of certain neurochemical
markers and the axonal target domain of the interneurons. These
results highlight the importance of carefully identifying interneu-
rons in long-term plasticity studies. The two forms of plasticity
are likely to modulate the synaptic strength from pyramidal cells
tolocal GABAergic interneurons. Localization of LTP and LTD at
separate and defined GABAergic microcircuits emphasizes the
specified roles of distinct interneuron types in hippocampal func-
tion (Santhakumar and Soltesz, 2004; Freund and Katona, 2007;
Klausberger and Somogyi, 2008).
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ensemble activities as a function of sub-
cortical inputs (Freund and Katona,
2007). Activity-induced synaptic plas-
ticity and modulatory fine-tuning plas-
ticity appear to be located in separate
and complementary GABAergic micro-
circuits provided by PV+ and CB,R+
cells, respectively (Freund and Katona,
2007). However, we cannot fully ex-
clude a possibility that synapses onto
CB,R+ cells could undergo long-term
plasticity under certain conditions. For example, permissive
signal from an extrahippocampal locus might be needed to
allow plasticity in these cells (Isaac et al., 2009; Varga et al.,
2009). In addition, afferent pathways emerging from a distinct
population of glutamatergic hippocampal cells may behave
differently. This, however, would not change the fact that, in
general, the plasticity rules are very different in PV+ and
CB,R+ cells.

PV + cells show plasticity that is specific to the efferent target
domain, such that perisomatic-targeting GABAergic circuits are
potentiated and dendritic-targeting neurons are depressed. LTP
increases the excitatory drive onto perisomatic-targeting inhibi-
tory interneurons in a synapse-specific manner. The potentiated
excitatory afferent synapse at the GABAergic cell has an increased
contribution to its firing and consequently to the synchronization of
its target cell assembly during network oscillation. In addition, de-
pressed recruitment of dendritic-targeting bistratified cells would
promote temporal integration of excitatory input to pyramidal cells
from the CA3 area (Cossart et al., 2001). This in turn might increase
the ability of CA1 cells to resonate with CA3 pyramidal cells and
could lower the threshold for LTP in CA3—CA1 synapses (Gustafs-
son et al., 1987), supporting rearrangement of temporal relation-
ships within affected CAl populations (Dragoi et al, 2003).
However, because the inputs to different PV + cell types likely arrive
at distinct phases of oscillations in vivo (Klausberger and Somogyi,
2008), each interneuron type would possibly experience optimal
plasticity-inducing conditions at different times (Kullmann and
Lamsa, 2007).

Information processing requires the interactions within or
between cell assemblies to be flexible, but the inputs to PV + cells
have long been considered poorly modifiable. Synchronized cell
assembly formation during oscillations is dynamic and applies to
particular representations and contexts. It is therefore expected

blocker PhTx (10 wum) strongly inhibits disynaptic IPSCs recorded in the pyramidal cell soma. The effect of PhTx was studied at three
different IPSC amplitudes relative to the maximum (maximum, 75%, and 30% amplitudes) and was most pronounced at lower
amplitudes of disynaptic IPSCs, indicating strong contribution of interneurons with CP-AMPARs. A, Top, IPSC averages in one
experiment. Symbols indicate ctrl, +-PhTx, and +NBQX as below. Bottom, Histogram shows IPSC amplitudes at three different
stimulus intensities relative to the maximum disynaptic IPSC. IPSCs were evoked by extracellular stimulation in oriens/alveus close
tosubiculum. Schematic shows experimental design. Open bars show IPSCs (mean == SE) in control, and gray bars show IPSCs after
wash-in of PhTx (15 min) (¥p << 0.05,**p << 0.01, ***p < 0.005, paired t test). Disynaptic origin of IPSCs was confirmed at the end
by NBQX application (10 wum, filled bars). WhC, Whole-cell mode. B, Temporal properties of blocking disynaptic IPSCs by PhTx when
30% of maximum IPSC was used throughout experiment. Horizontal bars indicate timing of drug application as indicated. Top,
Consecutive IPSCs in one experiment during baseline and after exposure to the drugs.

that the synaptic strengths between pyramidal cells and interneu-
rons also change in behaviorally relevant timescales (Csicsvari et
al., 1998). The cell type-specific plasticity that we demonstrate
here and, in particular, the contrasting effect of the same induc-
tion pattern leading to LTP or LTD in perisomatic- or dendrite-
targeting PV + cells, respectively, is a good candidate mechanism
for maintaining the necessary flexibility in connection strengths
during the formation or dissolution of cell assemblies.

What might be potential cellular mechanisms for LTP and
LTD in PV+ cells? Plasticity was independent of NMDARs and
occurred at synapses with CP-AMPARs. Long-term plasticity in
many interneurons depends on CP-AMPARs (Mahanty and Sah,
1998; Laezza et al., 1999; Kullmann and Lamsa, 2007; Lamsa et al.,
2007; Oren et al., 2009). Both LTP and LTD in PV + interneuron
types were induced at membrane potentials below somatic firing
threshold, consistent with previous reports on CP-AMPAR-
mediated LTP and LTD (Laezza et al., 1999; Lamsa et al., 2007)
and AMPAR subunit expression patterns in interneurons (Jonas
et al., 1994; Geiger et al., 1995; Catania et al., 1998). In line with
this, potentiation of disynaptic GABAergic transmission re-
corded in pyramidal cells required interneurons with CP-
AMPARs, although this does not necessarily indicate an
inductive role for these receptors in the LTP (Asrar et al., 2009).
However, CP-AMPARs would provide temporally and spatially
highly restricted calcium influx in aspiny postsynaptic interneu-
ron dendrites (Goldberg and Yuste, 2005). Contributions of CP-
AMPARs and other mechanisms including metabotropic
glutamate receptors and voltage-gated calcium channels to LTP
and LTD (Laezza et al., 1999; Alle et al., 2001; Perez et al., 2001;
Lei and McBain, 2004; Lamsa et al., 2007; Galvan et al., 2008;
Sarihi et al., 2008) remain to be dissected in PV+ interneurons.
Properties may vary between distinct afferent pathways to the
same cell (T6th and McBain, 1998). Most glutamatergic inputs to
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Figure6. LTP of disynaptic GABAergic transmission in str. oriens is NMDAR independent, pathway specific, and requires

interneurons with CP-AMPARs. 4, HFS induces long-term potentiation in disynaptic IPSCs recorded in CA1 pyramidal cell
somata. Two disynaptic pathways were stimulated with electrodes positioned in str. oriens/alveus. Schematic shows
experimental design. IPSC amplitude was adjusted to ~30% of maximum. After a baseline, HFS was given to one of the
two pathways (filled symbols), the other pathway was not tetanized and was used as a control (open symbols). LTP was
observed for 25 min. Full blockade of IPSCs at the end by NBQX (wash-in indicated by horizontal bar) confirmed the
disynapticnature of the IPSCs. Data are from one cell, in the presence of pi-APV (100 pum) and CGP55845 (T waum). In addition,
cannabinoid receptors were blocked with AM-251 (10 um). WhC, Whole-cell mode. B, Similar recordings asin 4, averaged
from eight cells showing mean = SE of disynaptic IPSCamplitude. Top left, Bar histogram shows disynaptic IPSC strength
relative to maximum in the pathways during baseline (mean = SE). Top right, Averaged IPSCs at different time points in
one cellas indicated. ¢, Comparison of averages of baseline-normalized IPSCamplitudes in all experiments 20 min after the
HFS. Filled and open symbols indicate tetanized and control pathways as above (***p << 0.005, unpaired f test). D, LTP of
disynaptic GABAergic transmission fails in the presence of the CP-AMPAR blocker PhTx. Similar experimentas in A butin the
presence of PhTx (10 wwm). E, Disynaptic IPSCmean = SE eight experiments in the presence of PhTx asin D. Insets asin B.
F, Averages of baseline-normalized IPSCs in all experiments 20 min after the HFS. G, HFS does not change monosynaptic
GABAergic IPSC. Monosynaptic IPSCs measured in CAT pyramidal cell soma elicited by stimulation from str. oriens. IPSC
amplitudes were adjusted on average below 30% of maximum (inset bar histogram). HFS was applied to one pathway
(filled symbols) after a baseline period. Control pathway is shown by open symbols. HFS failed to induce lasting changes in
the monosynaptic IPSC. Plot shows mean = SE of baseline-normalized IPSC amplitude in six cells. IPSCs were blocked by
picrotoxin at the end. GABA, ionotropic glutamate, and (B, Rs were blocked with CGP55845 (1 pum), NBQX (10 pem), ot-APY
(100 pem), and AM-251 (10 um). Averaged IPSCs are shown from one experiment during baseline and after HFS (20 min).

J. Neurosci., January 27, 2010 - 30(4):1337-1347 - 1345

the three PV+ cell types reported here
probably originate from CA1 and CA3 py-
ramidal cells, but the relative weight of
these inputs is not known (Gulyas et al.,
1999).

Synapses with CP-AMPARs provide
the major pathway for long-term potenti-
ation of disynaptic inhibition in the CA1
str. oriens/alveus, although potentiation
level varied considerably between slices.
This might be attributable to several fac-
tors. First, parallel depression of IPSCs in
the dendritic domain of pyramidal cells
might partially mask potentiation of
IPSCs generated by perisomatic-targeting
cells, although it is unclear whether LTD
in bistratified cells results in reduced
GABAergic transmission to pyramidal cell
dendrites. However, because bistratified
cells selectively target pyramidal cell den-
drites, IPSCs from these interneuron
types are much smaller at the level of the
soma than IPSCs evoked by PV+ basket
cells and axo-axonic cells (Maccaferri et
al., 2000). In addition, number of bistrati-
fied cells is only one-quarter of all PV +
cells in the CAl stratum pyramidale
(Baude et al., 2007). This might explain
why in most experiments IPSC potentia-
tion was seen and why net depression of
IPSC was not systematically observed.
Second, stimulation of excitatory fibers in
some cases may not have recruited PV +
perisomatic-targeting cells or the excita-
tory input failed to induce plasticity in
these cells. If plasticity in PV+ cells fol-
lows the anti-Hebbian rule, strong depo-
larization during afferent stimulation
would compromise or prevent LTP in
some cells (Kullmann and Lamsa, 2007;
Lamsa et al., 2007). Although LTP in
oriens-lacunosum moleculare interneu-
rons (Perez et al., 2001; Lamsa et al.,
2007), which also express PV at low level
(Klausberger et al., 2003), may contribute
to the potentiation of disynaptic IPSC,
their selective innervation of pyramidal cell
distal dendritic domains elicits strongly at-
tenuated IPSCs at the level of pyramidal cell
soma (Maccaferri et al., 2000).

In conclusion, our findings reveal re-
markable cell type-specific plasticity
rules in the highly diverse hippocampal
GABAergic interneuron population. We
suggest that cell type-dependent plasticity
in interneurons may not be restricted to
the hippocampal CA1 area. Similar rules
might occur in other brain areas with
region- and afferent-specific variability.
Because the interneuron types studied in
this work are found in most cortical areas,
their plasticity may also have widespread
contributions to cortical networks outside
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the hippocampus (Buzsaki and Draguhn, 2004; Santhakumar
and Soltesz, 2004; Yazaki-Sugiyama et al., 2009).
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Abstract Long-term plasticity is well documented in
synapses between glutamatergic principal cells in the cor-
tex both in vitro and in vivo. Long-term potentiation (LTP)
and -depression (LTD) have also been reported in gluta-
matergic connections to hippocampal GABAergic
interneurons expressing parvalbumin (PV+) or nitric oxide
synthase (NOS+) in brain slices, but plasticity in these
cells has not been tested in vivo. We investigated synap-
tically-evoked suprathreshold excitation of identified hip-
pocampal neurons in the CAl area of urethane-
anaesthetized rats. Neurons were recorded extracellularly
with glass microelectrodes, and labelled with neurobiotin
for anatomical analyses. Single-shock electrical stimulation
of afferents from the contralateral CAl elicited postsy-
naptic action potentials with monosynaptic features show-
ing short delay (9.95 £ 0.41 ms) and small jitter in 13
neurons through the commissural pathway. Theta-burst
stimulation (TBS) generated LTP of the synaptically-
evoked spike probability in pyramidal cells, and in a bis-
tratified cell and two unidentified fast-spiking interneurons.
On the contrary, PV+ basket cells and NOS+ ivy cells
exhibited either LTD or LTP. An identified axo-axonic cell
failed to show long-term change in its response to
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stimulation. Discharge of the cells did not explain whether
LTP or LTD was generated. For the fast-spiking
interneurons, as a group, no correlation was found between
plasticity and local field potential oscillations (1-3 or
3-6 Hz components) recorded immediately prior to TBS.
The results demonstrate activity-induced long-term plas-
ticity in synaptic excitation of hippocampal PV+ and
NOS—+ interneurons in vivo. Physiological and pathologi-
cal activity patterns in vivo may generate similar plasticity
in these interneurons.

Keywords LTP - LTD - Parvalbumin - Ivy cell -
Interneuron - Oscillation

Introduction

Activity-induced long-term plasticity characterizes neu-
ronal communication widely in the brain providing cellular
level mechanisms for learning and memory (Morris 2013).
Various long-term plasticity forms have been characterized
in interactions between glutamatergic neurons in the cortex
in ex vivo slice preparation and in the intact brain in vivo.
These include activity-induced synaptic long-term poten-
tiation (LTP) and -depression (LTD), and changes in
postsynaptic neuron excitability (Collingridge et al. 2010;
Luscher et al. 2000; Lisman and Spruston 2005; Daoudal
and Debanne 2003). Studies in ex vivo slice preparation
have reported long-term plasticity also in glutamatergic
excitation of many cortical GABAergic interneurons
(Kullmann et al. 2012; Kullmann and Lamsa 2011;
Topolnik 2012; Laezza and Dingledine 2011; Bartos et al.
2011; Galvan et al. 2011; McBain 2008). Experiments in
hippocampal slices have demonstrated LTP in interneurons
in CAl that requires NMDA receptors (Lamsa et al.
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forms of long-term potentiation independent of NMDARs
(Perez et al. 2001; Le Duigou and Kullmann 2011; Pelkey
et al. 2008; Topolnik et al. 2006; Camire and Topolnik
2014; Lamsa et al. 2007b; Galvan et al. 2008; Nicholson
and Kullmann 2014; Hainmuller et al. 2014; Campanac
et al. 2013). In addition, excitatory synapses in CAl
interneurons exhibit long-term depression by endo-
cannabinoids (Peterfi et al. 2012; Edwards et al. 2012).
Although only few studies have investigated long-term
plasticity in interneurons in vivo, potentiation and depres-
sion akin to LTP and LTD between some CAl interneurons
and their afferent excitatory fibers have been reported after
high-frequency electrical stimulation or by learning-driven
hippocampal activity (Buzsaki and Eidelberg 1982b;
Dupret et al. 2013). However, the hippocampal CA1l area
contains a great diversity of GABAergic interneuron types
with specialized activity and connectivity (Somogyi and
Klausberger 2005). Whether the different types of identi-
fied interneurons show plasticity in vivo and how this
plasticity is regulated by brain states are unknown.
Importantly, ex vivo studies have shown that long-term
plasticity in CA1 interneurons is regulated by neuromod-
ulator mechanisms from extrahippocampal sources such as
cholinergic transmission (Le Duigou et al. 2015; Griguoli
et al. 2013). The activity of many of these ascending fibers
is brain state dependent (Vandecasteele et al. 2014) sug-
gesting that interneuron plasticity might also differ during
different brain states.

In the present study, we have investigated activity-in-
duced long-term plasticity in synaptically evoked firing of
identified CAl interneurons in vivo in rats under urethane
anesthesia in order to improve recording stability, and
compared plasticity results after TBS stimulation during
different oscillatory network states recorded as local field
potential.

Methods
Animals and surgical procedures

Experiments were carried out on adult male (weight
280-350 g) Sprague—Dawley rats (Charles River, UK)
according to the Animal Scientific Procedures Act, 1986
(UK) using a heating mattress (37.5 £ 0.5 °C) with an
external abdominal temperature measurement probe with
feedback to the heating pad. Anesthesia was induced with
isoflurane (4 % v/v in O,) and maintained by a single
intraperitoneal (i.p.) injection of urethane (1.25-1.3 mg/kg
in 0.9 % saline, i.p.). Ketamine (30 mg/kg i.p.) and xyla-
zine (3 mg/kg i.p.) were given at the start of the procedure
and in supplementary small doses during recording to

@ Springer

maintain anesthesia. Saline-based glucose solution (5 %
v/v glucose) was injected subcutaneously (2 ml/2 h) to
compensate for fluid loss during the experiment. A
rostrocaudal incision was performed to expose the skull,
and surgical windows were made above the right and left
dorsal hippocampal CAT1 areas with a dental drill. A wall of
dental cement was built to protect the openings and saline
was applied regularly to the exposed brain surface. For
accurate measurement of penetration depth, saline solution
was drained before inserting electrodes into the brain. The
windows were covered with warm paraffin wax once the
electrodes were lowered into the brain.

Electrophysiological recording, cell labeling, data
acquisition and electrical stimulation

Microelectrodes were pulled from borosilicate glass cap-
illaries (GC120F-10, Harvard Apparatus, UK) using a
vertical puller (PE-2, Narishige, Japan) and were filled with
1.5-3 % (w/v) neurobiotin (Vector Laboratories, UK) in
0.5 M NaCl. The recording electrodes were lowered into
the brain at 20 pm/s, and into the hippocampus at 5 pm/s
using a micro drive holder (EXFO-8200 IMMS, Canada)
and a computer-controlled 0.5 pm-stepping interface.
Stereotaxic co-ordinates for the recording electrodes were:
3.0 mm posterior to Bregma (£0.3 mm), 3.6 mm from
midline (+0.5 mm), and depth 2.2 mm (£0.3 mm). The
electrode resistance was 15-21 MQ.

Following extracellular recording, the electrode was
moved into juxtacellular position and the recorded cells
were modulated by applying a series of +10 to +50 nA
square pulses of 200 ms duration in 30 s episodes for
2-3 minutes continuously (Brown et al. 2009). We verified
that the action potential properties (extracellular spike
kinetics) of the modulated cell corresponded to the action
potential properties recorded during plasticity experiment.
This labeling procedure was followed by a period from 1 to
5 hours (Klausberger et al. 2005), which allowed for the
diffusion of neurobiotin inside the modulated cells.

Signal was amplified 1000x (10x, head-stage amplifier,
Axon Instruments, USA; 100x, NL-106, DigitimerTM,
UK) and band-pass filtered between 0.3 and 300 Hz for
local field potentials (LFP) and between 300 Hz and 5 kHz
for detection of single spikes. The LFP and single neuron
activity were acquired at 1 and 19.841 kHz, respectively
using Spike2 (version 7.0; Cambridge Electronic Design,
UK).

Concentric bipolar stimulating electrodes (125 pm tip
diameter, FHC Inc., USA) were stereotaxically placed in
the left hippocampal CA1 area 3.0-3.2 mm posterior and
3.0-4.0 mm lateral to Bregma and at 2.1-2.5 mm depth
from the cortical surface (Buzsaki and Eidelberg 1982b).
Single-shock stimulation (100 ps, 150-600 pA) was
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Digitimer, UK) to elicit spikes. The train of theta-burst
stimulation (TBS) consisted of 20 bursts (at 200 ms
intervals) of five stimuli at 100 Hz.

Data analysis and statistics

Data analyses were performed using Spike2 and MATLAB
(MathWorks). The spike shape, width and amplitude were
carefully monitored throughout the experiment and com-
pared between spontaneous and evoked spikes using
Principal Component Analysis (PCA) in Spike2. In the
LFP, periods of theta frequency (3—6 Hz) oscillation were
identified off-line using custom-made script in Spike2
(Tukker et al. 2007) as at least three consecutive windows
of 2 s each during which the ratio between the power in
3-6 and 2-3 Hz frequency bands was >4. The start and end
point of theta cycles defined by the script were confirmed
by visual inspection. Theta oscillatory cycle troughs were
identified and the theta phase of the single neuron action
potentials was established (Tukker et al. 2007). The
spontaneous firing was considered modulated by theta
oscillations when the phases of action potentials were non-
uniformly distributed along theta cycles (P < 0.05, Ray-
leigh’s method). Phase histograms with 18° bin size were
used to illustrate the average phase coupling to theta
cycles. The preferential mean angle of firing was calculated
using normalized vector addition (Klausberger et al. 2005).

To test for any changes in the LFP caused by TBS, we
have calculated the wavelet power spectrogram of the LFP
in 2 s time windows before and after TBS. The LFP signal
was wavelet transformed using complex Morlet function
(nondimensional central frequency of 6) evenly spaced
between 1.25 and 40 Hz on a log scale. From this, the
power spectrogram was calculated as the wavelet ampli-
tude squared. We have derived an LFP index by calculating
the average wavelet power in the frequency bands 1-3 Hz
(avgPowerl_3Hz) and 3-6 Hz (avgPower3_6Hz), respec-
tively, restricted to 1 s before and after TBS and using the
formula,

avgPower3_6Hz — avgPowerl_3Hz
avgPower3_6Hz + avgPowerl_3Hz’

where index values of 1 and —1 represent spectral power
components only in the frequency ranges 3—-6 or 1-3 Hz,
respectively; whereas 0, represents exactly the same aver-
age power in both frequency ranges. The average wavelet
power across a range of frequencies (e.g. 1-3 and 3-6 Hz)
was determined as the weighted sum of the wavelet power
spectrum over the respective frequencies.
Stimulus-evoked fEPSP and spikes were analyzed
using Spike2. fEPSP onset and time to peak values as
well as initial slope (from onset to 30 %) were

determined from 3 kHz off-line low-pass filtered raw
signals. Evoked spikes were detected from band-pass fil-
tered 300 Hz-5 kHz signals. In each cell, episodes of
consecutive (at least 120) “monosynaptic time windows”
(up to 15 ms) following stimulation were compared with
episodes of spontaneous activity in similar (15 ms) time
windows immediately before the stimulation to test
whether the number of spikes was different in the two
periods (Chi-square test) (Buzsaki and Eidelberg
1982a, b). During baseline conditions, i.e., before TBS,
the 13 of 72 cells reported here showed higher number of
cases with spikes in the “monosynaptic time window”
than in the equal time window preceding the stimulation
(Chi-square test). None of the seventy-two cells showed
significantly higher number of time windows with spikes
in the late period (post-stimulation 15-50 ms) compared
to periods preceding the stimulation (measured in
35-0 ms before stimulation) in at least 120 consecutive
windows. However, six cells fired with lower rates during
the 15-50 ms post-stimulation period (at least 120 for
each cell) than in 35-0 ms before stimulation (for each
cell P < 0.05, Chi-square test). Changes in evoked spike
probability (as failure or spike in 3-15 ms from stimu-
lation, at least 120 windows) before and after TBS (post-
TBS) in individual cells was analyzed using Chi-square
test. ANOVA and post hoc Bonferroni test for multiple
comparisons or t-test were used to analyze changes in
spike delay. Using t-test the evoked spike probability,
spike delay, or spike delay time 1/CV? values were
compared between baseline and post-TBS in groups of
cells. Spikes during TBS were summed between the 1st
stimulation and 50 ms after the Sth stimulation of each
burst. P-values <0.05 indicate significant difference in the
mean firing rates between post-TBS periods and baseline.

Spike probability and spike delay time values (including
the 1/CV?) were normalized using the baseline average for
presentation and analyses in Fig. 6 to show a relative
change.

Spontaneous firing levels were calculated during 1 s
episodes immediately preceding the stimulations through-
out the experiment. For presentation in figures and for
statistical analyses, values of spontaneous firing level
(number of spikes in 1 s windows) data were pooled giving
average number of spikes in 12 consecutive episodes of
1 s, every 5 s resulting in 1 min bin. Statistical comparison
of spontaneous firing level during baseline and post-TBS
periods was performed using ANOVA and Bonferroni test
for multiple comparisons and comprised at least ten con-
secutive 1 min bins for each condition.

Normal distributions of data were tested with Kol-
mogorov—Smirnov test. Data are shown as mean (+=SEM)
unless otherwise stated. For testing correlation and signif-
icance in scatter plots of data in Fig. 6 data have been fitted
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Pearson’s test.

Visualization of recorded neurons,
immunohistochemistry and electron microscopy

Animals were perfused with 0.1 M phosphate buffered
saline solution (PBS, pH 7.4, at 22-24 °C) followed by ice-
cold fixative solution; 4 % w/v paraformaldehyde (PFA)
with 15 % v/v saturated picric acid solution in 0.1 M
phosphate buffer (PB) with freshly added glutaraldehyde to
a final content of 0.05 % w/v. Brains were kept in fixative
(4 % PFA in 0.1 M PB) at 4 °C for 24 hours, then stored in
0.1 M PB with 0.05 % sodium azide preservative at 4 °C.
Vibratome (VT1000S Leica Microsystems, UK) was used
for cutting coronal brain sections (60-70 pm thickness).
Sections were washed in PB three times for 10 minutes at
24.0 °C, then incubated overnight in streptavidin-conju-
gated AlexaFluor488 in 0.1 M Tris-buffered saline (TBS,
pH 7.4) with 0.3 % TritonX-100 (Sigma-Aldrich Inc.,
USA) on a shaker at 4 °C. Sections were mounted using
Vectashield (Vector Laboratories Inc, USA) under cover
slips and were examined using epifluorescence microscopy
(Axiolmager Z1, Carl Zeiss, UK). Some sections used for
electron microscopy were cryoprotected in 20 % sucrose
dissolved in PB and permeabilized using a ‘freeze—thaw’
procedure instead of Triton-X treatment.

For immunohistological reactions, free-floating sections
were washed three times in TBS (15 minutes) at 24 °C, and
then incubated in 20 % horse or goat serum in TBS for
blocking non-specific antibody attachment. The sections
were incubated in primary antibodies diluted in 1 % horse
or goat serum in TBS over two nights at 4 °C. After
washes, the same sections were incubated in relevant flu-
orochrome-conjugated secondary antibodies in 1 % of
blocking serum in TBS for overnight at 4 °C, or 2—4 hours
at 24.0 °C. Sections were washed in TBS (20 minutes)
three times, and mounted on glass slides. The characteri-
zations of antibodies (host, dilution, source) to cannabinoid
receptor CB1 (goat, 1:1000, Frontier Institute Co. Ltd.,
Hokkaido, Japan, http://www.frontier-institute.com), neu-
ronal nitric oxide synthase (mouse, 1:2000, Sigma, USA),
neuropeptide Y (NPY, rabbit, 1:5000, ImmunoStar, Inc.,
USA, http://www.immunostar.com), parvalbumin (rabbit,
1:1000, Swant, Switzerland, http://www.swant.com), pro-
CCK (rabbit, 1:500, Frontier Institute Co. Ltd., Japan),
special AT-rich sequence-binding protein-1 (SATBI, goat,
1:1000, Santa Cruz Biotechnology Inc., USA, http://www.
scbt.com.) have been reported earlier (Viney et al. 2013;
Unal et al. 2015). Fluorophore-labeled secondary antibod-
ies are described in Unal et al. (2015). Labelling of neurons
using neurobiotin and immunoreactions were evaluated
using both epifluorescence (Ferraguti et al. 2005) and laser
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scanning confocal microscopy (Somogyi et al., 2012).
Immunoreaction was considered to be negative when flu-
orescence was not detected in relevant neurobiotin-labelled
cell, but immunopositivity was detected in the same area in
unlabeled cells.

Following fluorescence microscopic analysis, neurobi-
otin was revealed by horseradish peroxidase reaction, the
sections were treated with osmium tetroxide for increasing
contrast, dehydrated and mounted on slides in epoxy resin
for light microscopic identification of the axonal and den-
dritic patterns (Viney et al. 2013). Some cells were par-
tially reconstructed from serial sections using a drawing
tube and a PL Apo 63x/1.4 numerical aperture (n.a.) oil
immersion objective. The axon terminals of two neurons
were evaluated by electron microscopy as described earlier
to aid their identification by revealing some of the post-
synaptic elements (Viney et al. 2013).

Confocal microscopy

Parameters and methods used for confocal microscopic
image acquisition were as reported earlier (Viney et al.
2013), except that in some cases multiple channels were
captured in the same track, if they were suitably distant
from each other in wavelength. Briefly, multi-channel flu-
orescence images were acquired using ZEN 2008 software
v5.0 on a Zeiss LSM 710 laser scanning confocal micro-
scope (Zeiss Microscopy GmbH, Germany), equipped with
DIC M27 Plan-Apochromat 40x/1.3 n.a., DIC M27 Plan-
Apochromat 63x/1.4 n.a. and alpha Plan-Apochromat
100%/1.46 n.a. oil immersion objectives. Channel specifi-
cations were (laser/excitation wavelength, beam splitter,
emission spectral filter) for detection of Alexa405,
405-430 solid state 405 nm with attenuation filter NDO04,
MBS-405, 409-499 nm; for Alexa488, argon 488 nm,
MBS-488, 493-542 nm; for Cy3, HeNe 543 nm, MBS-
458/543, 552-639 nm; For Cy5, HeNe 633 nm, MBS
488/543/633, 637-757 nm. Pinhole sizes were chosen by
selecting 1 Airy Unit for the channel of the shortest
wavelength, and matching the resulting optical section
height across the other channels. For illustrations, all
manipulations to brightness and contrast, and median fil-
tering (if applied), were carried out on whole images, not
selectively.

Results

Short delay synaptic excitation in CA1 area
from the contralateral hippocampus

Electrical stimulation was applied from the contralateral
(left) hippocampal CAl area aiming to antidromically
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in the right hemisphere and antidromically stimulate left
hippocampal CA3 pyramidal cells and their commissural
fibers to the right hippocampal CA1 (Buzsaki and Eidel-
berg 1982a, b). We first confirmed that single-shock
stimulation was able to elicit field EPSP (fEPSP) in the
right hippocampal CA1l with a short phase-locked delay
(6.23 £+ 0.43 ms to the fEPSP onset, n = 13) and short
time to peak (from onset 2.52 + 0.63 ms, n = 13) (Buz-
saki and Eidelberg 1982b; Bliss and Lomo 1973) (Fig. la).

Action potentials of individual CAl area neurons were
measured extracellularly (Fig. 1a). In 13 out of 72 spon-
taneously active cells recorded in the CAl area, phase-

a Low-pass filtered
pA at 3 kHz
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Fig. 1 Electrical stimulation from contralateral hippocampus elicits
fEPSP and postsynaptic action potential with phase-locked short
delay in CAl. a Extracellularly recorded traces from one experiment
with fEPSP and postsynaptic cell spikes evoked by different stimulus
intensities from contralateral CAl area. Increasing the stimulation
intensity (left pA) augmented fEPSP amplitude (signals low-pass
filtered at 3 kHz) and action potential (spikes, band-pass filtered
between 0.3 and 5 kHz) probability without a significant effect on the
spike delay indicating monosynaptic transmission. b Amplitude of
fEPSPs (open symbols mean £ SD) and spike probability (solid
symbols) of a pyramidal cell (PL260313) evoked with different
stimulus intensities. Intensity was finally set to elicit spikes with
approximate half-maximal probability

locked action potential to single-shock stimulation (interval
5s) was elicited with a short delay (9.95 £+ 0.41 ms,
n = 13, see methods for criteria) that corresponds to
monosynaptic excitatory pathway (Buzsaki and Eidelberg
1982a, b). The probability of the phase-locked spike was
modulated by stimulation strength with minor alterations in
spike latency (Fig. 1b). Stimulus intensity was then
adjusted to elicit the spike with an approximate half-
maximal probability. In 59 out of the 72 cells, single-shock
stimulation failed to elicit spikes (see “Methods”). Anti-
dromic action potentials due to stimulation were not
observed in the cells reported here (Buzsaki and Eidelberg
1982b).

Long-term potentiation of synaptic excitation
in identified CA1 pyramidal cells

Three postsynaptic pyramidal cells were identified by their
spontaneous electrical activity and spike waveform, and
two of them were confirmed by visualization (Pyapali et al.
1998). The pyramidal cells fired spontaneously at low rate
with the highest probability close to the LFP theta cycle
trough. They showed characteristic slow spike kinetics
(Table 1) and two of three cells showed occasional com-
plex spikes (Fig. 2a—c) (Harris et al. 2001).

Pyramidal cells generated spikes to afferent stimulation
with 11.44 + 0.71 ms delay (n = 3) at approximate half-
maximal spike probability, which in two experiments was
associated with fEPSPs. After recording baseline (at least
10 min), high-frequency theta burst stimulation (TBS, 5 pul-
ses at 100 Hz, repeated 20 times at 200 ms interval) was
delivered in the left CA1, whereupon the single-pulse stimu-
lation was resumed (Fig. 2d). The TBS increased the stimu-
lus-evoked spike probability for at least 45 min in all three
pyramidal cells (n = 3, for each cell P < 0.005, Chi-square
test) while the average spike delay to the stimulation remained
unchanged (n = 3, ¢ test) making it unlikely that the potenti-
ation was conveyed polysynaptically via a recurrent circuit
(Buzsaki and Eidelberg 1982b; Maccaferri and McBain
1996). While the spike probability potentiated from
0.38 &+ 0.07 during baseline to 0.93 & 0.04 in 15-45 min
during post-TBS (n = 3, P < 0.005, ¢ test) the mean spike
delay time remained unchanged (z test) in the three cells (post-
TBS 11.29 + 0.79 ms). The coefficient of variance (CV) of
the delay time decreased in two of the three cells, but 1/CV? of
the three cells was not significantly changed after LTP
(15-45 min) (n = 3, t test). Baseline-normalized 1/CV? for
the three cells after LTP (1545 min) was 2.41 £ 1.18. Inthe
two experiments with fEPSP, the spike probability increase
was accompanied by LTP in fEPSP initial slope to 127 and
124 % from baseline, respectively (at 15-45 min post-TBS,
for each recording P < 0.01, ¢ test). Spontaneous firing level
remained unchanged between the baseline and the period
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Spontaneous spiking properties

Cell code

Firing rate during LFP  Mean angle phase (£cSD) to LFP  Depth of modulation (r) during the theta

Spike durations (ms)

and n of cycles (mean £+ SEM)

theta (Hz) theta cycle (°)
PL120811 2.94 84 + 64
PL240113 3.29 34 4+ 49
PL260313 2.96 358 £+ 40

0.38, n =34 1.98 & 0.04
0.64, n = 852 1.90 &= 0.04
0.76, n = 833 1.41 + 0.04

The three pyramidal cells showed low spontaneous firing rate during theta oscillations in the LFP. The cells fired with highest probability close to
LFP theta cycle troughs (180° peak of cycle, ¢SD means circular standard deviation). Extracellularly recorded action potential showed slow

kinetics (close to 1.5 ms or longer)

following TBS in two cells and was reduced after TBS in one
pyramidal cell (P < 0.01, ¢ test) (Fig. 2e, f; Table 2). In two
out of three experiments 1-3 Hz oscillations occurred in the
local field potential (LFP) at the time of TBS application
(measured over 1 s prior to TBS), whereas in one experiment
the LFP was dominated by 3—6 Hz oscillatory activity (see
Table 7 for summary of all 13 cells in this study). Data on the
stimulus-evoked spikes and level of spontaneous firing in the
plasticity experiments are summarized in Table 2.

Plasticity of synaptic excitation in fast-spiking PV +
interneuron types

Fast-spiking interneurons defined by spike duration
(1.02 £ 0.05 ms, n =7 cells) (Fig. 3a). On average
exhibited higher spontaneous discharge levels than pyra-
midal cells (Table 3) (Klausberger et al. 2003). Autocor-
relogram of spontaneous firing exhibited no peaks at
intervals up to 50 ms indicating a lack of complex spikes in
the cells. Anatomical analysis revealed three of the fast-
spiking cells as basket cells (Fig. 3), one axo-axonic cell
(AAC) and one bistratified cell (Fig. 4) (Klausberger et al.
2003; Klausberger and Somogyi 2008). All five recovered
cells were immunopositive for PV. In line with previous
findings, the AAC was immunonegative for the transcrip-
tion factor SATB1 (Viney et al. 2013) (Table 3). The axon
of the AAC was weakly labelled by neurobiotin and
appeared in both the pyramidal cell layer and in stratum
oriens. We tested some boutons by electron microscopy
and they were aligned with axonal initial segments (Fig. 4).
The preferred firing phase of one basket cell (Table 3) was
on the early descending slope of the LFP theta cycle close
to where axo-axonic cells may also fire (Klausberger et al.
2003). Therefore, we tested some of the axon terminals for
postsynaptic targets by electron microscopy and found that
they innervated cell bodies and dendrites (not shown)
consistent with this neuron being a basket cell. The bis-
tratified cell showed characteristic axon distribution in
strata radiatum, pyramidale and oriens (Halasy et al.
1996). Its dendrites did not extend into stratum lacunosum-
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Fig. 2 Long-term potentiation of synaptic excitation in identified »
CAl pyramidal cells. a Occasional complex spikes characterized
spontaneous CAl pyramidal cell firing. Top spontaneous single spike
(green) and complex spike (black) superimposed from the same cell.
Vertical lines define onset and the end of single spike showing slow
(>1.5 ms) spike duration. Bottom autocorrelogram of spontaneous
spiking. A peak at approximately 10 ms reflects the spike interval of
complex spikes. b Pyramidal cells fired spontaneously with highest
probability around the trough of LFP theta cycles. Top band-pass
filtered LFP (3-6 Hz) and a spontaneous pyramidal cell spike (band-
pass filtered at 0.3-5 kHz) during theta oscillations. Bottom spike
timing histogram showing firing preference of the pyramidal cells
around the theta cycle trough (n = 3, cells shown in different colors).
¢ Recorded pyramidal cell partially visualized from one 60 pum thick
section. Scale 20 pm. d Synaptically evoked spike probability and
delay (latency) to single-shock stimulation in one pyramidal cell
during baseline and after theta-burst stimulation of the contralateral
hippocampus (TBS, horizontal dotted line). Stimuli failing to evoke
spike are shown with blue dots (abscissa). Spontaneous firing of the
cell is shown in Hz as bar histogram on the left (I min bin). e, f Long-
term potentiation (LTP) in the synaptically-evoked spike probability
in three identified pyramidal cells after the TBS. el-e3 Top
superimposed traces showing synaptically-evoked spikes with occa-
sional failures in the three cells during baseline (BL) and after the
TBS (post-TBS). Scales 1, 0.2, and 0.5 mV, respectively; 5 ms.
Bottom histograms show increased spike probability (Pr) (Chi square
test), but unaltered spike latency post-TBS (7 test). The potentiation is
significant in each cell (P < 0.005). f1-f3 Spike probability in the
three cells at different time points (red symbols scaling left,
significance compared to baseline, Chi square test). Black symbols
show spontaneous firing (scaling right). Spontaneous firing level was
significantly reduced long-term from baseline only in f1 at the last
two time points (ANOVA with Bonferroni test)

moleculare. The cell was immunopositive for NPY
(Klausberger et al. 2004). Two fast-spiking cells were not
recovered following the labeling attempt, but both cells had
preferred spontaneous firing close to the LFP theta cycle
trough indicating possible dendrite-targeting PV+ cells
(Klausberger et al. 2003, 2004). Spiking features of the
cells including their spontaneous firing during LFP theta
periods in baseline are detailed in Table 3.

In baseline conditions, afferent stimulation with esti-
mated half-maximal intensity elicited spikes with
0.59 £ 0.14 probability and 9.71 £ 0.62 ms latency
(n = 7) (Table 4). Unlike in the pyramidal cell recordings,
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detectable fEPSP was generated in only one of the seven  two basket cells exhibited long-lasting depression of the
recordings with the stimulus intensity criteria used (Buz-  evoked spike probability from 0.52 to 0.35 (P < 0.005) and
saki and Eidelberg 1982b). Following TBS, at >15 min, from 0.32 t0 0.19 (P < 0.01). One basket cell showed LTP-
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Synaptically evoked spike properties and spontancous firing rate during plasticity experiment

Cell code  Probability to the afferent stimulation Latency to the afferent stimulation (ms)

(mean £+ SEM)

Overall spontaneous firing of the cell
during the experiment (Hz)

Baseline Post-TBS Post-TBS Baseline Post-TBS Post-TBS Baseline Post-TBS Post-TBS
(0—15 min) (15-45 min) (0-15 min) (1545 min) (0—15 min) 15-45 min)
PL120811 041 1.00%#% 11.79 £ 0.11  10.17 £ 0.06 11.06 &+ 0.03 1.11 1.78 0.32%*
PL240113 048 0.64%* 10.01 £0.16 9.64 £0.26 10.05£0.23 3.78 3.15 3.12
PL260313 0.26 0.51%#% 0.96%#* 1235 £ 048 1351 £ 029 1278 + 0.23 243 2.12 2.36

Average probability (Chi square test) and latency of synaptically evoked postsynaptic spikes (ANOVA with Bonferroni test) in the experiments
during baseline and at two different periods following TBS (post-TBS). The overall spontaneous firing frequency in the baseline and at early
(0-15 min) and late (1545 min) post-TBS time windows are shown at right

* P <0.05, # P <001, ¥* P <0.005

Table 3 Summary of spontaneous firing properties and spike kinetics of fast-spiking interneurons

Spontaneous spiking properties Immunohistochemistry
Cell code, Firing rate during Mean angle phase (£cSD) Depth of modulation  Spike duration
cell type LFP theta (Hz) to LFP theta cycle (°) (r) during the theta (ms)

and n of cycles (mean + SEM)
PL210213, BC 21.6 239 + 71 0.24, n = 1804 1.07 £+ 0.01 PV+
PL230313, BC 14.9 305 £ 75 0.14, n = 4947 0.88 + 0.03 PV+, CBIR—
PL190912, BC 20.1 303 + 64 0.38, n = 1842 111 £+ 0.02 PV+
PL311012, AAC 354 213 £ 65 0.36, n = 825 0.96 £ 0.02 PV+, SATB1—
PL200711, Bistratified 2.25 358 £ 48 0.64, n = 243 1.08 = 0.03 PV+, NPY+
PL020213, Unidentified 14.0 311 £ 67 03l,n="7114 0.83 £ 0.06 N/A
PL030412, Unidentified 13.2 337+ 75 0.13, n = 18579 1.17 £ 0.03 N/A

Spontaneous firing rates of the recorded fast-spiking interneurons during LFP theta oscillations and their average firing phase during LFP theta
cycles (¢SD indicates circular standard deviation). The axo-axonic cell showed firing preference close to the peak of theta cycles followed by
basket cells firing along the descending slope. A bistratified cell and the two unrecovered fast-spiking cells fired close to the trough. All cells
showed fast spike kinetics (spike duration below or close to 1 ms). Immunohistochemical reactions

+, positive; —, negative; N/A, not applicable

like potentiation (P < 0.05) (Chi square test) (Fig. 3c—e)
(Peterfi et al. 2012). In the case of the basket cell with LTP,
during the one second prior to TBS, the LFP was domi-
nated by slow oscillations (1-3 Hz) in contrast to the two
basket cell recordings with LTD, which were dominated by
3-6 Hz oscillations in the LFP. The axo-axonic cell did not
show significant long-lasting change in the probability or
delay of evoked spikes (Chi square test) although its
spontaneous firing level was reduced long term (>15 min
post-TBS, see Table 4) (Nissen et al. 2010) and the LFP
during the one second immediately prior to TBS was
dominated by 3-6 Hz oscillations. In contrast, the identi-
fied bistratified cell and the two unidentified fast-spiking
cells showed LTP of the stimulus-evoked spike probability
after TBS (Fig. 4c-h; Table 4). In the cells with LTP,
spontaneous firing level changed long term (post-TBS

>15 min) only in one unidentified cell (PL020213)
showing a moderate decrease (see Table 4). The TBS was
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applied at a time dominated by 3-6 Hz oscillations in the
LFP for one unidentified fast-spiking cell with LTP
(PL020213), and by slow oscillations (1-3 Hz) in the other
two experiments resulting in LTP (PL030412, PL200711).
LFP oscillation analysis results for all cells in this study are
summarized in Table 7.

The changes in spike probability in the fast-spiking cells
were not associated with significant long-term alterations
in the average spike delay or the spike delay variance. In
the four cells with significant LTP (see Table 4) average
spike  probability increased from 0.66 £ 0.03 to
0.85 £ 0.03 (1545 min post-TBS, n = 4, P < 0.01, Chi
square test) with no change in the average spike delay
(9.93 + 0.51 vs. 9.49 £ 0.30 ms, ¢ test). In parallel coef-
ficient of variance (CV) of the delay time decreased from
baseline in three of the four cells (from 0.13 to 0.08; from
0.08 to 0.05; from 0.28 to 0.16), but remained unaltered in
one neuron (0.20 vs. 0.21). However, 1/CV? of the four
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from baseline (n = 4, t test). Baseline-normalized 1/CV? of
the cells was 2.29 £+ 0.47 (n = 4). Likewise, the spike
average delay for the two basket cells with LTD was
unaltered between the baseline and the depression (see
Table 4). Spontaneous firing level during the recording,
and the results of immunohistochemical reactions are
shown in Table 3. Details on the evoked spike probability
and delay are seen in Table 4.

Plasticity of synaptic excitation in NOS+ ivy cells

Identified ivy cells (Fuentealba et al. 2008) showed slow
spike kinetics (1.60 £ 0.09 ms, n = 3) close to that found
in pyramidal cells (Fig. 5a). Anatomical analysis of the
recorded cells uncovered characteristic dense axons in
stratum radiatum and immunopositivity for neuronal nitric
oxide synthase (NOS) (Fuentealba et al. 2008; Szabo et al.
2012; Somogyi et al. 2012; Armstrong et al. 2012)
(Fig. 5b). The cell bodies were at different laminar loca-
tions: PL170412 was in strafum radiatum (Fig. 5b),
PL310812 in stratum radiatum one third from the border
with  stratum  lacunosum-moleculare  (Fig. 5f), and
PL160413 was located in s. pyramidale. The dendritic trees
were also variable. The ivy cells fired with highest prob-
ability after or close to the LFP theta cycle trough
(Table 5). Their average spontaneous firing rate during
theta frequency (3—6 Hz) oscillations was similar to that of
pyramidal cells (Table 5).

During baseline conditions, single shock stimulation
evoked a spike with 0.39 £ 0.07 probability and
9.63 & 0.91 ms delay to the stimulation (rn = 3) without
detectable fEPSP in any of the recordings. Two ivy cells
showed long-lasting depression of spike probability at
>15 min following TBS (for each cell P < 0.005, Chi
square test). One ivy cell exhibited long-lasting potentia-
tion of spike probability from 0.24 during baseline to 0.52
post-TBS (P < 0.005, Chi square test) (Fig. 5c—e). None of
the three cells showed significant change in average spike
delay (r test) (see Table 6). Interestingly, both ivy cells
with LTD also showed increase in spike delay time coef-
ficient of variance (CV) from baseline after TBS (>15 min)
(from 0.11 to 0.29 and 0.10 to 0.21), whereas the cell with
potentiation showed no alteration (0.23 vs. 0.25).

The spontaneous firing level of all three cells increased
long-term (>15 min post-TBS) from baseline (P < 0.05
and P < 0.005, ANOVA with Bonferroni test) (Table 6).
All three recordings from ivy cells showed theta-like
(3—6 Hz) activity in the LFP during the period one second
prior to TBS (see Table 7). Moreover, the LFP power
spectrogram for the ivy cell PL170412 also showed an
additional clear peak in the slow frequency range (1-3 Hz)
(data not shown). In this neuron TBS led to LTP in contrast

to the other two cells. Moreover, there was a quarter of
oscillatory cycle difference in the preferential theta phase
of firing of this neuron compared to the other two cells (see
Table 5).

Analysis of spike delay time in all cells with LTP
or LTD

In each identified cell population, the pyramidal cells, the
fast-spiking interneurons and the ivy cells, individual
neurons showing LTP or LTD comprise a small sample
making statistical analyses of the spike delay properties
unreliable or untestable. Therefore, we analyzed the spike
probability and delay properties pooling all cells showing
either LTP or LTD. In the cells showing LTP, spike
probability was potentiated from 0.50 &£ 0.06 to
0.84 £ 0.05 at 15-45 min post-TBS (n =8, P < 0.01,
t test). Although the average spike delay, measured in the
same time windows remained unchanged (10.64 £ 0.43 vs.
10.24 &+ 0.41 ms), the spike delay time coefficient of
variance showed a significant reduction from baseline
(compared as 1/CV?, n = 8, P < 0.05, t test) with baseline-
normalized 1/CV? of 1.96 + 0.35 (n = 8). In cells show-
ing LTD, spike probability decreased from 0.44 £ 0.04 in
baseline to 0.21 & 0.06 at 15-45 min post-TBS, n = 4,
P < 0.05, t test), but no significant change was detected in
either the average delay (8.43 &+ 0.54 vs. 8.70 £ 0.86 ms,
n=4, t test) or the 1/CV? (baseline-normalized
0.65 + 0.28) (n = 4, ¢ test).

Comparison of postsynaptic cell firing and network
oscillation activity with the plasticity in fast-spiking
cells

We studied whether differences in firing rates of the fast-
spiking interneurons, or any potential change in underlying
LFP activity due to TBS could explain differences
observed in the plasticity results. For the analyses, synap-
tically-evoked spike probability following TBS (post-TBS
>15 min) was normalized by baseline in each cell. We
found that although the correlation coefficient might indi-
cate a linear relationship between the spontaneous firing
level of fast-spiking interneurons and the baseline-nor-
malized plasticity of spike probability (+* = 0.36, n = 7,
Pearson’s test), correlation of the variables was not sig-
nificant (P = 0.15) and cells showing either LTD or LTP
had similar spontaneous firing rates (Fig. 6a). In addition,
the firing level of fast-spiking cells during the TBS did not
correlate with the plasticity generated (=005 n=7,
Pearson’s test). However, mean firing >200 Hz during
TBS in one PV+ basket cell was accompanied by LTP,
contrary to LTD induction in the other two PV+ basket
cells with firing rates <100 Hz during TBS (Fig. 6b). Yet,
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similar firing levels of <100 Hz during TBS observed for
the other fast-spiking cells elicited LTP (Fig. 6b). Inter-
estingly, when we compared baseline-normalized plasticity
with LFP power ratio of two spectral components (1-3 and
3-6 Hz) measured in 1 s immediately prior to the TBS (see
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“Methods”), we found that LTD in the two basket cells and
in the two ivy cells was evoked from a predominant
3-6 Hz LFP oscillatory network state without clear 1-3 Hz
component (Table 7). On the contrary, LTP was evoked in
the basket cell when 1-3 Hz oscillatory component
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cells. a Spontaneous firing and spike properties of a PV+ basket cell.
al Top sample traces showing fast-kinetic action potentials of a
basket cell (PL190912). The vertical lines define spike duration.
Bottom autocorrelation of spontaneous firing lacks a clear peak. a2
Spontaneous firing during theta frequency (3—6 Hz) oscillations. Top
traces show LFP theta oscillations (band-pass filtered 3—-6 Hz) and
basket cell spikes (band-pass filtered at 0.3-5 kHz). Bottom histogram
shows firing preference (18° bins) along the descending slope
(mean % cSD) of the LFP theta cycle (black line sine wave). b Partial
reconstruction of the dendrites (red from four 70 um-thick sections)
and axon (black from two sections) of a recorded basket cell.
Confocal microscopic images show parvalbumin immunopositivity
(red) in neurobiotin-labeled (NB, green) dendrite (left, scale 10 pm)
and boutons (right, thin arrows, scale 5 pm). The boutons were
immunonegative for CB1 receptor (white, CBIR) evident from
neurobiotin-free boutons nearby (thick arrows). ¢ LTD in an
identified basket cell. ¢l Raster plot shows synaptically-evoked
spikes (black dots) and stimuli with spike failures (blue dots).
Spontaneous firing shown on /left (1 min bins). ¢2 Synaptically-
evoked spikes during baseline and 15-30 min after TBS. Top
superimposed traces showing spikes at baseline and post-TBS (scales
0.2 mV, 5 ms). Bottom histograms of spike probability (Pr, %) and
delay (latency). Spike probability decreased after TBS (P < 0.01, Chi
square test). d Corresponding data from another basket cell showing
long-term potentiation of Pr after TBS (P < 0.005, Chi square test).
Scales 0.2 mV, 5 ms. e Synaptic spike probability in three identified
basket cells. el-e3 Tested for plasticity and showing either LTD-like
decreased Pr or LTP-like increased Pr. Post-TBS time points are
compared to baseline (Chi square test). Spontaneous firing level was
significantly reduced long-term (>15 min post-TBS) from baseline in
cell PL190912 (ANOVA with Bonferroni test)

dominated the LFP 1 s before TBS, and the hippocampus
showed both 1-3 and 3-6 Hz LFP oscillatory activity in
the 1 s before TBS for the ivy cell (PL170412) with LTP.
However, in the two unidentified fast-spiking cells LTP
was observed with either 1-3 or 3—6 Hz predominant LFP
component, and TBS to the axo-axonic cell that showed no
lasting plasticity had predominant 3-6 Hz LFP oscillation
before the TBS. Therefore, as a group, the fast-spiking cells
did not show correlation between plasticity and LFP
oscillatory patterns (+° = 0.11, n =7, Pearson’s test)
immediately before the TBS (Fig. 6¢). Due to the small
number of identified cells of the same type, we cannot
exclude that the different outcome in individual basket and
ivy cells were a result of the difference in oscillatory net-
work states, as reflected in the LFP, at the time of initiating
the TBS.

With the exception of the PV+ basket cell recording
PL230313, TBS only slightly changed the LFP power ratio
of the two spectral components (1-3 and 3-6 Hz) in | s
following TBS as compared to 1 s prior TBS (Table 7).
The results suggest that, on average, the firing levels of the
interneurons or the potential change in network excitability
evoked by TBS in the experiments were unlikely causes of
the potentiation or the depression generated by TBS.

Discussion

Our experiments demonstrate that extracellullar recording
with juxtacellular labeling for neuron identification allows
a stable and non-invasive approach for measurements of
changes in synaptic excitation in hippocampal neurons
in vivo. We have shown activity-induced long-term plas-
ticity of evoked spike probability in identified hippocampal
interneuron types in the CAl area. In line with previous
reports from ex vivo slice preparations we demonstrated
that PV+4+ basket cells can generate either LTP or LTD
following high frequency afferent stimulation (Nissen et al.
2010; Peterfi et al. 2012; Le Roux et al. 2013; Campanac
et al. 2013; Camire and Topolnik 2014). However, we
found that NOS+- ivy cells in the CAl area can show either
potentiation akin to LTP or LTD-like depression in vivo,
which differs from an earlier report using slices, in which
only LTP has been reported (Szabo et al. 2012). Interest-
ingly, a dendrite-targeting bistratified cell and one putative
but unidentified dendrite-targeting fast-spiking cell showed
LTP in vivo. Both LTP and LTD have been reported in
dendrite-targeting CAl PV+ interneurons (Nissen et al.
2010; Oren et al. 2009; Perez et al. 2001). The occasional
failure of some PV-+ cells to show long-term synaptic
plasticity, as seen here in one AAC, has been reported in
slices (Nissen et al. 2010). All the three pyramidal cells
showed robust LTP as has been demonstrated both in vitro
and in vivo. Our results show that distinct CA1 interneuron
types exhibit long-term plasticity in vivo and PV+ basket
and NOS+ ivy cells can show either LTP or LTD.

A possible explanation to the variable plasticity results
in basket cells and ivy cells may be a different activation of
receptors and molecular pathways by electrical stimulation.
Although CA1l interneurons mostly show NMDAR-inde-
pendent potentiation and depression of synaptic excitation
(Nissen et al. 2010; Campanac et al. 2013; Szabo et al.
2012; Peterfi et al. 2012), PV+ basket cells also exhibit
NMDAR-dependent LTP in some of their excitatory
afferents (Le Roux et al. 2013). Ketamine, which was used
here as a supplementary anesthetic inhibits NMDARs
(Harrison and Simmonds 1985), and may have differen-
tially inhibited NMDAR-mediated plasticity in some of the
experiments. Hence, different contribution of NMDAR-
mediated LTP (Le Roux et al. 2013) might explain some of
the variability in the plasticity results observed in the PV+
basket cells in our study.

A second possible explanation of variability is differ-
ences in neuromodulator release in the experiments and
their effect on interneuron plasticity. Endocannabinoids are
powerful modulators of long-term plasticity in gluta-
matergic synapses onto PV4 neurons in the CAI area.
Experiments in slices have demonstrated that LTD rather

@ Springer



1820 Brain Struct Funct (2017) 222:1809-1827
dc 1581 18 Bistratified
— 1% : . = b . : c istratifie
1 Bistratified PL200711 Bistratified 1 Spont. Synaptic
90 i
. X
&
0.02 _ %
- PL200711 € i
< S.T £ b
a) -
0 (ms) 50 ‘ J £ ¢
a, LFp (fltered 3-6 Hz) >~ \ «Y3: [ .- 2
gt ot e A =
(s p™ PRIz < b
04 e~ SA ,4”) \ A==} 3 20 _.[B_S_..{_
plkes Oms VAN 100 ym -
S.0 % — 0-
. (H )20 ( ;
74 ms
d 100 PL200711 [5
02 BL post-TBS
-
358 + 48° - 8 M M
B g F T
% o L & 50qPr= - -
» ° 3 |57% 78%
T T T T o
180 BL 15 30 45 60 e
Theta cycle Time (min) "0 51020 0 510 20
f  Axo-axonic PL311012 Latency (ms)
e, L
1 - -
ca PL020213 [2° ‘ﬂw
0.2mV]
0.08 ™
L
0
-50 0 (ms)

f, LFP (filtered 3-6 Hz)

Time (min) /\/\/\/\/\ 02
_I mV
e2 Spikes 200 ms
100 1 PL0O30412 [20 h
100 1 - 50

PL311012

0.8 213 + 65
20
28
50— T T —L0 a°
BL 15 30 45 0 501+ T T — 0
Time (min) 0 180 360 BL 15 30 45
Theta cycle Time (min)

than LTP is induced in these cells when endocannabinoids
are released by high-frequency stimulation (Peterfi et al.
2012; Le Roux et al. 2013; Nissen et al. 2010; Campanac
et al. 2013). Importantly, activation of endocannabinoid
system results in LTD not only in PV+ interneurons, but
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also in many non-fast spiking GABAergic neurons (Ed-
wards et al. 2012). It is possible that whether LTP or LTD
is generated in NOS+ ivy cells also depends on con-
comitant endocannabinoid release or is due to the effects of
other neuromodulators. This could also explain some
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fied cell and two unidentified fast-spiking interneurons. a Spontaneous
firing of a bistratifed cell (PL200711). al Top fast-kinetic action
potentials of the cell. Bortom autocorrelation lacks a distinct peak
within 50 ms. a2 Spontaneous firing of the cell during theta frequency
(3—6 Hz) oscillations. Top band-pass filtered LFP (3-6 Hz) and
bistratified cell spikes (band-pass filtered at 0.3-5 kHz). Bottom spike
occurrence histogram shows firing preference (mean £ ¢SD) at the
trough of LFP theta cycle (18° bins; black line sine wave). b The
bistratified cell soma and proximal dendrites are immunopositive for
PV (Cy3) and NPY (Cy5) as shown by confocal microscopy (fop).
Scale 20 um. Bottom reconstructed soma and dendrites (red), and
axon (black) of the cell in one 70 pm-thick section. Note distribution
of the axon in strata radiatum (s.r.) and oriens (s.0.). e Synaptically
evoked spike probability in the bistratified cell showed persistent
potentiation after TBS. el Raster plot of synaptically-evoked spikes
(black dots) before and following TBS (dotted horizontal line) in the
cell. Spike failures to stimuli are shown in blue. Spontaneous firing of
the cell shown on the /efr (1 min bins). e2 Superimposed LFP traces
with spikes and histograms show probability (Pr) and delay (latency)
in baseline and 45-60 min after the TBS. Scales 0.2 mV, 5 ms.
d Average synaptically-evoked spike probability in the cell at
different time points (Chi square test). Spontaneous firing level was
altered from baseline at 45 min and 60 min post-TBS time (P < 0.05,
ANOVA with Bonferroni test). e Two fast-spiking unidentified
interneurons show persistent potentiation of Pr after TBS (Chi square
test). el LTP in PL020213 was associated with decreased sponta-
neous spiking at late post-TBS times (45-60 min, P < 0.05, ANOVA
with Bonferroni test). €2 The LTP in PL0O30412 was associated with
transiently increased spontaneous firing level at 15 min post-TBS
time (P < 0.05, ANOVA, with Bonferroni test). f-h Lack of lasting
plasticity of synaptically-evoked spike probability in an identified
axo-axonic cell. f Spontaneous firing and spike properties of the axo-
axonic cell. f1 Top traces show fast-kinetics of the action potential.
Bottom autocorrelation of spontaneous firing lacks a distinct peak
within 50 ms. 2 Spontaneous firing shows phase preference close to
LFP theta cycle peak. Top band-pass filtered LFP (3—6 Hz) and axo-
axonic cell spikes (band-pass filtered at 0.3-5 kHz). Bottom his-
togram shows the firing phase preference (mean + cSD) during LFP
theta (18° bins, black line sine wave). g Molecular analysis and
synaptic targets identify the axo-axonic cell. Left the neurobiotin-
filled soma (NB, Alexa488, white arrow) is immunopositive for PV
(Cy5) and immunonegative for the transcription factor SATB1 (Cy3:
asterisk, nucleus of another PV+ cell). Scale 20 pm. Right electron
micrograph of an axon initial segment (AIS) recognized by the
membrane undercoating (arrowheads). It is innervated (arrows) by a
neurobiotin-labelled bouton (/efr) of the axo-axonic cell visualized by
electron opaque peroxidase reaction end-product. Scale 0.5 pm.
h Synaptically-evoked average Pr of the axo-axonic cell in baseline
and after TBS (red). Spontaneous firing (black) transiently suppressed
from baseline only at 30 min post-TBS period (P < 0.005, ANOVA
with Bonferroni test)

discrepancies reported in long-term plasticity between
ex vivo and in vivo conditions in these interneuron types;
intact brain circuits in vivo might provide stronger endo-
cannabinoid release and cannabinoid receptor activation
than the conditions in brain slices. Likewise, antidromic
activation of fibers innervating hippocampus from
extrahippocampal loci could contribute to the plasticity.
Activation of acetylcholine receptors has been demon-
strated to promote NMDAR-independent LTP in CA1 area
interneurons through both nicotinic and muscarinic

receptors (Le Duigou et al. 2015; Griguoli et al. 2013).
However, the impact of many other neuromodulatory sig-
naling pathways on interneuron long-term plasticity is
unknown. Activation of serotonergic, noradrenergic or
dopaminergic fibers antidromically in the hippocampus
either by electrical stimulation or occurring naturally in
behaving animal have strong acute effects on GABAergic
interneuron function (Bohm et al. 2015; Rosen et al. 2015;
Maccaferri 2011). Dopaminergic fiber activity facilitates
LTP in CAl pyramidal cells and promotes hippocampal
spatial memory persistence (Li et al. 2003; McNamara
et al. 2014), but any impact on hippocampal interneuron
plasticity remains to be tested.

Thirdly, we also analyzed the potential influence of
rhythmic network states at the time of TBS application on
plasticity in the interneurons. In general, the presence or
absence of 1-3 and 3-6 Hz frequency oscillatory compo-
nents in the LFP, did not explain whether LTP or LTD was
generated in fast-spiking interneurons as a group. However,
because of low number of cells the results on LFP oscil-
latory patterns and the direction of plasticity needs further
investigation. We also observed that, on average neither the
spontaneous firing rate of the neurons, nor their discharge
during TBS correlated with LTP or LTD. We cannot
exclude the possibility that in some cases altered
excitability during the course of the experiment had an
impact on the synaptically-evoked spike probability. For
instance, ivy cell PL170412 with LTP showed a prominent
increase in spontaneous firing after the TBS which might
reflect changes in its excitability. However, in most cells
the spontaneous firing level changes were small or mod-
erate and in many cells were of opposite direction than the
evoked spike probability.

Finally, it is important to consider if the stimulus-
evoked spikes and their plasticity were mediated via a
monosynaptic excitatory pathway to the recorded neurons
or possibly by polysynaptic activity triggered in the
antidromically stimulated CA3 area. We confirmed that
stimulation from the contralateral left CAl area elicited a
phase-locked short-delay field EPSP in the CAl of the right
hemisphere (Bliss and Lomo 1973; Buzsaki and Eidelberg
1982b) in all experiments included in this study. In addi-
tion, the phase-locked action potentials in the recorded
cells to the contralateral stimulation were generated with
short delay and small jitter that correspond to signaling
through a monosynaptic excitatory pathway (Buzsaki and
Eidelberg 1982a, b). Neither the L'TP-like spike probability
potentiation nor the depression were associated with sig-
nificant changes in the average spike delay in the reported
cells (Maccaferri and McBain 1996; Buzsaki and Eidelberg
1982b), but in cells with LTP, the synaptically evoked
spike delay wvariance decreased in parallel with the
increased spike probability (Pouille and Scanziani 2001;
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Synaptically evoked spike properties and spontaneous firing rate during plasticity experiments

Cell code Probability to the afferent stimulation Latency to the afferent stimulation (ms) Overall spontaneous firing of the
and type (mean = SEM) cell during the experiment (Hz)
Base- Post-TBS Post-TBS Baseline Post-TBS Post-TBS Base-line Post-TBS  Post-TBS
line (0-15 min) (>15 min) (0—15 min) (>15 min) (0-15 min) (>15 min)
PL210213, BC 0.73 0.907%** 0.86* 9.05 £0.07 922+0.05 879=£0.09 18.0 11.5%% 15.2
PL230313, BC 0.52 0.39% Qi35%** 9.11 £046 934 +033 8.14£038 159 14.3 15.1
PL190912, BC 0.32 0.19%%* 0.19%%* 7.04 £ 082 7.00£0.70 736 £0.58 19.8 13.9%* 12.9%%
PL311012, AAC 0.69 0.70 12.04 £ 028 11.12+0.29 11.78 £035 21.1 21.9 14.7%*
PL200711, Bistr. 0.61 0.69% 11.40 £ 0.16 10.49 = 0.12 10.08 £0.15 0.6 0.6 0.5
PL020213, Unid 0.60 0.87xxx 938 £024 945+025 9.19+025 128 11.3 9.4%
PL030412, Unid 0.69 0:93 % Q.93 %% 994 £ 046 995035 989 %0.12 127 14.7% 12.7

Average probability (Chi square test) and latency (ANOVA with Bonferroni test) of the synaptically evoked spikes are compared during baseline
and following TBS (post-TBS). Columns at right show the overall spontaneous firing frequency in the baseline and at early (0O-15 min) and late

(from 15 min until the end of recording) post-TBS time windows including theta and non-theta periods

* P <005, #* P <001, ¥ P <0.005

Lamsa et al. 2005). Although we were unable to directly
demonstrate monosynaptic generation of the spikes, which
would have required intracellular recordings, the above
lines of evidence indicate stimulus-evoked monosynaptic
spike generation in these cells.

Although synaptic long-term plasticity provides a valid
explanation to the potentiation and depression of the
evoked spike probability reported here, other mechanisms
may also be involved. High-frequency local stimulation
can increase intrinsic excitability of some interneurons
(Ross and Soltesz 2001; Campanac et al. 2013). In parallel
with synaptic LTP, postsynaptic cell input resistance can
increase through decreased K+ channel-mediated con-
ductance in PV+ cells (Campanac et al. 2013). Similar
increase in input resistance has been reported in dentate
gyrus interneurons following local high-frequency stimu-
lation (Ross and Soltesz 2001). Hence, potentiation of the
synaptic excitation could be explained at least partly by
changes in the postsynaptic cell intrinsic excitability and
EPSP-spike coupling. In addition, compensation of
synaptic LTD by increased intrinsic excitability may
explain the lack of plasticity in the axo-axonic cell
observed here. However, it is noteworthy that in hip-
pocampal slice experiments the electrical stimulation is
usually applied close to the recording site, and it is unclear
to what extent stimulation in the close proximity con-
tributes to the non-synaptic plasticity mechanisms. In our
in vivo experiments the stimulation was applied far from
the postsynaptic recording site in the contralateral hip-
pocampus. However, we cannot exclude that in addition to
synaptic plasticity non-synaptic mechanisms (Campanac
et al. 2013) contributed to the spike probability changes
reported here.
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Fig. 5 Persistent potentiation or depression of synaptic excitation inp
NOS+ivy cells. a Spontaneous firing of an ivy cell (PL170412). al Top
superimposed spontaneous (black) and synaptically-evoked (green)
spikes in the cell (spike waveform >1.5 ms). Bottom autocorrelogram
of spontaneous firing. a2 Spiking during LFP theta frequency (3-6 Hz)
oscillations. Top band-pass filtered LFP (3—6 Hz) and ivy cell spikes
(band-pass filtered at 0.3-5 kHz). Bottom spike histogram (18° bins)
shows slight firing preference at the LFP trough (black line sine wave).
b Partial reconstruction of the dendrites (red) and axon (black both from
four 70 um-thick sections) of the ivy cell with cell body in stratum
radiatum (s.r.). White matter is to the right. Damage to the soma by the
labelling resulted in a spillage of neurobiotin, but all the dendrites
converged to one site (circle, star). The axon was most dense in s.r, but
collaterals were present in all layers. Confocal microscopic images
show NOS immunopostive (purple) neurobiotin-labeled (NB, green)
dendrites. Scale 10 pm. e—d Ivy cells with LTD-like depression or LTP-
like potentiation of action potential probability. ¢ Persistent depression
of spike probability by TBS (horizontal line) with no significant change
in spike latency. ¢l Stimulation cycles with failures to evoke spike are
shown by blue dots. Horizontal bars on left indicate spontaneous firing
of the cell (1 min bins). ¢2 Synaptically-evoked spikes in baseline and
following TBS (30 min). Scales 0.2 mV, 3 ms. Top superimposed
traces. Bottom histograms of spike probability (Pr) and delay (latency).
Pr decreased from baseline (P < 0.005, Chi square test). d Another ivy
cell showing persistent potentiation. d1 Synaptically-evoked spike
probability and delay (black) with failures (blue), and spontaneous
firing on the left. d2 Top traces in baseline and post-TBS. Scales
0.5 mV, 10 ms. Bottom histograms of the evoked spike occurrence.
Probability (Pr) increased after TBS (P < 0.01, Chi square test).
e Synaptic spike probability (red) at different times in three recorded
and identified NOS+ ivy cells (el-e3). Average spontaneous firing in
parallel shown in black. Changes in Pr are compared to baseline (Chi
square test). Spontaneous firing level was significantly changed long
term from baseline in PL170412 (at 30 and 45 min P < 0.005, ANOVA
with Bonferroni test). f Reconstruction of the ivy cell PL310812 with
soma in stratum radiatum that showed LTD of spike probability (see
e2). Dendrites (red) are shown from three 70 pm thick sections, cut
dendrites indicated with black bars, and asterisk shows the origin of the
axon (black). Inset the neurobiotin (NB, green) labelled soma is
immunopositive for NOS (purple); a microglial cell attached at lower
right took up neurobiotin. Scale 10 pm
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Spatial learning and memory storage in the hippocampus
are associated with dynamic and persistent changes in
communication between excitatory pyramidal place cells
and their postsynaptic inhibitory interneurons in the CAl
area (Dupret et al. 2013). In a novel environment the

establishment of new place cells is associated with long-
lasting changes in their activation of fast-spiking CAl
interneurons. As a consequence, place cells can either
increase or decrease their spike coupling to as yet unknown
types of interneurons (Dupret et al. 2013). One interpretation
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dC_l 5&)18_3.&p0maneous firing properties and spike kinetics of ivy cells

Spontaneous spiking properties Immunohistochemistry

Cell code, cell Firing rate during ~ Mean angle phase (+cSD)  Depth of modulation  Spike duration (ms)
type LFP theta (Hz) to LFP theta cycle (°) (r) during the theta (mean + SEM)
and n of cycles

PL170412, Ivy 4.0 352 £ 69 0.28, n = 388 1.49 &+ 0.02 NOS-+

PL310812, Ivy 1.5 34 + 66 0.33, n = 346 1.88 £ 0.02 NOS+, proCCK—

PL160413, Ivy 4.5 99 £ 58 0.48, n = 2332 1.54 £ 0.04 NOS+, PV—,
proCCK—

Firing phase preference during LFP theta cycles was calculated from spontaneous activity during theta epochs (¢SD means circular standard
deviation). All three cells had low spontaneous firing rates. The mean firing phase of two ivy cells was on the early ascending slope of theta
cycles and the third ivy cell coupled its spikes to the theta cycle troughs. Action potentials showed slow kinetics (>1.5 ms duration).
Immunohistochemical reactions; + positive, — negative

Table 6 Summary of firing of ivy cells

Synaptically evoked spike properties and spontaneous firing rate during plasticity experiments

Cell code Probability to the afferent Latency to the afferent stimulation (ms) (mean == SEM) Overall spontaneous firing of the
and type stimulation cell during the experiment (Hz)
Base- Post-TBS Post-TBS  Baseline Post-TBS Post-TBS Base- Post-TBS Post-TBS
line (0~15 min) (>15 min) (0-~15 min) (>15 min) line (0-15 min) (>15 min)
PL170412, Ivy 0.24  0.47%%* 11.30 + 0.47 11.29 + 0.28 10.12 £ 0.47 3.8 59 15.0%:**
PL310812, Ivy 0.48 943 + 0.22 9.84 + 1.63 11.23 + 1.50* 2.2 3.3 3.6%
PL160413, Ivy 0.44  0.16%** 8.16 £ 0.13 8.77 £ 0.53 8.05 £+ 0.31 4.1 ) 5.5%

Table shows comparisons of the average probability (Chi square test) and latency (ANOVA with Bonferroni test) of the synaptically evoked
postsynaptic spikes during baseline and following high-frequency theta-burst stimulation (post-TBS). Columns at right show the overall
spontaneous firing frequency in the baseline and at early (0-15 min) and late (from 15 min until the end of recording) post-TBS time

* P < 0.05, ##* P < 0.005

Table 7 Summary of LFP

index pre-TBS (1 s) and post- Cell ID Cell type Cell code Pre-TBS Post-TBS Outcome

TBS (1's) and long-term PL120811 PC PL120811 —0.1 ~0.5 LTP

plasticity changes of the

recorded neurons PL240113 PC PL240113 0.1 ~03 LTP
PL260313 PC PL260313 —0.5 ~07 LTP
PL210213 BC PL210213 —02 ~0.5 LTP
PL230313 BC PL230313 02 ~0.1 LTD
PL190912 BC PL190912 03 03 LTD
PL311012 AAC PL311012 0.4 02 No change
PL200711 Bistratified PL200711 ~0.9 —0.6 LTP
PL020213 Unidentified PL020213 0.8 0.8 LTP
PLO30412 Unidentified PLO30412 —0.6 ~0.8 LTP
PL170412 Ivy PL170412 0.4 0.5 LTP
PL310812 Ivy PL310812 0.4 0.4 LTD
PL160413 Ivy PL160413 0.7 0.3 LTD

Wavelet power spectrogram of the LFP was calculated in time windows before and after TBS. Index values
of 1 and —1 would represent spectral power components only in the frequency ranges of 3-6 or 1-3 Hz,
respectively; 0, represents exactly same average power in both frequency ranges. The average wavelet
power across a range of frequencies was determined as the weighted sum of the wavelet power spectrum
over the respective frequencies. In the group of fast-spiking cells, TBS only changed the LFP power ratio in
one cell (PV+ basket cell recording PL230313)
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Fig. 6 The effect of postsynaptic cell firing and hippocampal
network oscillatory states on plasticity in fast-spiking interneurons.
Individual cells are annotated and cell types shown in different colors
as indicated. a Spontaneous firing level of the recorded fast-spiking
interneurons and baseline-normalized plasticity (>15 min post-TBS)
failed to show significant correlation (n = 7, Pearson’s test). The
correlation coefficient suggests linear relationship between the
variables (+* = 0.36, n = 7, Pearson’s test), but correlation is not
significant (P > 0.05). b The firing level of the cells during afferent
TBS, on average, did not explain whether LTP or LTD was generated
in the fast-spiking interneurons. However, note differences in the
direction of plasticity for PV+ basket cells with mean rate >200 Hz
vs. mean rate <l00 Hz. Left the plot shows averaged baseline-
normalized spike probability (Pr) post-TBS and the number of spikes

for these results is that learning-associated neuronal activity
generates long-term plasticity between the excitatory place
cells and their postsynaptic interneurons in the CAl area, as
demonstrated here in vivo. If so, use-dependent LTP and
LTD could contribute to learning processes in the hip-
pocampus (Kullmann and Lamsa 2007), and might also be
driven by synchronous high-frequency discharges in patho-
logical conditions (Jefferys 2014). In line with results
obtained in vitro (Kullmann and Lamsa 2011), the form of
plasticity may depend on the identity of the interneurons and
their synaptic properties. Both PV4- basket cells and NOS+
ivy cells were able to generate potentiation and depression,
whereas other cells showed LTP in these conditions (Kull-
mann and Lamsa 2011).

0.5mV
20 ms

generated during TBS (r2 = 0.05). No correlation was found between
the factors (n = 7, Pearson’s test). Right sample traces (one theta
burst of 5 pulses at 100 Hz) in the two LTD-exhibiting PV+ basket
cells with very different TBS-associated firing. Red dots mark evoked
action potentials. ¢ Relationship of the LFP index for pre-TBS, based
on wavelet power spectrogram (1 s before TBS), and long-term
plasticity of evoked spike probability (Pr) in the fast-spiking
interneurons. Index values of | and —1 represent spectral power
components only in the frequency ranges of 3-6 or 1-3 Hz,
respectively; 0, represents equal average power in both frequency
ranges. As a group, the fast-spiking cells did not show correlation
between pre-TBS LFP oscillatory components and the direction of
plasticity (n = 7, Pearson’s test) (r2 = 0.19)
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Abstract

In the human neocortex, single excitatory pyramidal cells can elicit very large glutamatergic
EPSPs (VLESs) in inhibitory GABAergic interneurons capable of triggering their firing with
short (3-5 ms) delay. Similar strong excitatory connections between two individual neurons
have not been found in nonhuman cortices, suggesting that these synapses are specific to
human interneurons. The VLEs are crucial for generating neocortical complex events,
observed as single pyramidal cell spike-evoked discharge of cell assemblies in the frontal
and temporal cortices. However, long-term plasticity of the VLE connections and how the
plasticity modulates neocortical complex events has not been studied. Using triple and dual
whole-cell recordings from synaptically connected human neocortical layers 2—-3 neurons,
we show that VLEs in fast-spiking GABAergic interneurons exhibit robust activity-induced
long-term depression (LTD). The LTD by single pyramidal cell 40 Hz spike bursts is specific
to connections with VLESs, requires group | metabotropic glutamate receptors, and has a
presynaptic mechanism. The LTD of VLE connections alters suprathreshold activation of
interneurons in the complex events suppressing the discharge of fast-spiking GABAergic
cells. The VLEs triggering the complex events may contribute to cognitive processes in the
human neocortex, and their long-term plasticity can alter the discharging cortical cell
assemblies by learning.

Author Summary

Many microscale features in the human neocortex—a part of the brain involved in higher
functions such as sensory perception, generation of motor commands, spatial reasoning,
and language—are closely similar to those reported in experimental animals commonly
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used in neuroscience, like mice. However, the human neocortical neurons also exhibit spe-
cializations only reported in our species. One such feature is the capacity of excitatory
principal cells to elicit firing in local inhibitory interneurons with a single action potential
via very strong excitatory synapses. It has been suggested that this feature has specifically
evolved to enhance coordinated firing of neuronal ensembles in higher brain functions.
However, it is unknown how these circuits are modified by learning. Therefore, we investi-
gated how these very strong excitatory synapses are changed, and if their impact on the fir-
ing of local inhibitory neurons is altered by repetitive action potentials mimicking
learning-related activity. By recording in human neocortical slices, we report that the
strong excitatory synapses on interneurons exhibit robust activity-dependent long-term
plasticity. The plasticity also regulates the discharge of local interneurons driven by these
synapses. Although these specialized synapses have only been reported in the human neo-
cortex, their plasticity mechanism is evolutionarily conserved. We suggest that the strong
synapses with robust plasticity have evolved to enhance complex brain functions and
learning.

Introduction

Evolution has shaped the human neocortex producing microcircuit features that are specific to
our species [1]. Neuronal density, ultrastructural features, and functional properties of neurons
[2-4] reflect specific adaptations in the human neocortex to perform complex and fast signal
processing [5-13]. A remarkable feature in the human neocortex is that single pyramidal cell
(PC) action potentials (APs) are able to generate di- and polysynaptic GABAergic interneuron
discharge known as complex events [10,11]. The events emerge from the activity of a small sub-
set of excitatory connections forming very large glutamatergic excitatory postsynaptic poten-
tials (VLEs), specifically to GABAergic interneurons in supragranular layers of the frontal, the
temporal, and the prefrontal cortices [10,11]. Similar strong excitatory connections between
individual neocortical neurons have not been found in nonhuman brains. Therefore, it has
been proposed that the VLEs and the complex events participate in cortical information encod-
ing in high order cognitive processes [10]. However, this would predict that these events are
dynamically modulated by learning [14,15]. Yet, it is unknown whether the VLEs show use-
dependent long-term plasticity, and if their specific modulation indeed affects the complex
events. We hypothesize that the immense strength of VLEs is generated and regulated by com-
mon activity-driven synaptic long-term plasticity processes, and that they may occur in various
different inhibitory interneuron types [16,17]. Alternatively, these connections could be hard-
wired selectively in a specific, yet unknown, subset of postsynaptic GABAergic interneurons
without prominent lasting plasticity in the adult neocortex [18,19].

We asked whether VLEs show activity-induced long-term plasticity, and if their selective
modulation had impact on the local complex events. By performing triple and dual whole-cell
recordings of synaptically connected identified neurons, we found that VLEs exhibit metabo-
tropic glutamate receptor (mGluR)-dependent long-term depression (LTD) that converts them
to common weak excitatory postsynaptic potential (EPSP) connections. In addition, this alters
the neocortical complex events suppressing the cell assemblies activated by the PC. Thus, the
VLEs occur in various interneuron types, and their occurrence is regulated by the synapse’s
activity history. To the best of our knowledge, this is the first study reporting synaptic plasticity
in human neocortical interneurons.

PLOS Biology | DOI:10.1371/journal pbio.2000237 November 9, 2016
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Results
VLEs Occur in GABAergic Interneurons

By performing triple and dual whole-cell recordings from identified L2-3 human neocortical
neurons, we found that some fast-spiking GABAergic interneurons (FSINs) receive glutama-
tergic input from individual afferent PCs showing VLEs (Fig 1 A and 1B). Simultaneous record-
ing from three neurons demonstrated that a fast-spiking GABAergic cell can receive VLEs
(average amplitude 9.60 + 0.20 mV, showing no failures) from one L2-3 PC and small ampli-
tude glutamatergic EPSPs (average 3.29 + 0.12 mV, showing no failures) similar to EPSPs
between PCs from another PC [10]. Recordings from 21 synaptically connected PC-FSIN pairs
revealed vast differences in the single AP-evoked EPSP amplitudes between the pairs (Fig 1B,
S1 Table, S1 Data). In FSINs, the EPSP averages showed a range from 0.62 mV to 16.49 mV,
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Fig 1. A subset of human neocortical PCs innervate FSINs with VLEs. (A) Triple whole-cell recording demonstrating the rich
glutamatergic connectivity in the human neocortex layers 2—3 (L2-3). Two PCs (PC1 red and PC2 green) in L2-3 synaptically excite the
same FSIN (blue). (A1) Partial reconstruction of the cells with color-coding presented in the schematic inset. Scale 25 ym. Confocal images
illustrate positive immunoreactions of the neurobiotin (nb, Cy3)-filled interneuron axon boutons for vgat (Cy5, arrows in merged image) and
pv (Alexa488, arrow). Scales 5 um. (A2—-3) Sample traces show presynaptic spikes (superimposed) and postsynaptic currents in the
synaptic connections (cells voltage clamped at -60 mV). PC1 generates large monosynaptic EPSC in the interneuron (A2), whereas PC2
evokes small EPSC in the same cell (A3). In addition, PC2 is synaptically connected to PC1. The EPSCs from the PCs show fast kinetics in
the interneuron, whereas EPSC in the PC—PC connection is slow. (A4) The two glutamatergic inputs to the FSIN show very different
amplitude EPSPs and distinct paired-pulse ratios in current clamp (at Em — 69 mV). (B) Histograms show the distribution of average EPSP
amplitude (1 mV bin, failures excluded) in 16 identified L2—-3 PC—PC pairs (B1) and in 22 PC-FSIN pairs (B2). (B3) The very large and the
small amplitude EPSCs from PCs to FSINs show similarly fast time-to-peak time. Values are average EPSCs (of at least five) from
individual pairs. The underlying data are shown in S1 Data.

doi:10.1371/jourral.pbio.2000237.9001
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with nonparametric distribution (failures excluded, evoked with 10 s interval at Em —68.5 + 1.4
mV, n = 21, Shapiro-Wilk test). Despite the amplitude difference, the excitatory postsynaptic
currents (EPSCs) in FSINs similarly exhibited fast time-to-peak kinetics (0.59 + 0.04 ms,

n =18) (Fig 1B, S1 Data), indicating that the amplitude variability is unlikely to derive from dif-
ferent electrotonic filtering of the glutamatergic synaptic inputs. Likewise, distribution of the
average EPSP amplitudes in PCs to non—fast-spiking interneuron (non-FSIN) pairs showed
nonparametric distribution with a range from 0.7 mV to 6.9 mV (failures excluded, at Em
-70.3 £ 1.5 mV, n =9, Shapiro-Wilk test) (S1 Table). Thus, VLEs are not occurring solely in
FSINs, but are exhibited in various types of GABAergic neurons including fast- and non-fast-
spiking cells. On the contrary, PC-PC connections showed parametric distribution of average
EPSPs with small amplitude (2.01 + 0.02 mV at Em —69.4 £ 1.8 mV, failures excluded, Sha-
piro-Wilk test, n = 16) (Fig 1B, S1 Table, S1 Data). The interneuron EPSPs were defined as
VLEs when their average (failures excluded) was larger than mean + 2 x standard deviation
(SD) of the EPSPs in PC-PC connections (4.21 mV, failures excluded) in baseline conditions
(mean + SD =2.01 + 1.10 mV, n = 480 in 16 cells). The postsynaptic interneurons in the triple
and paired recordings were immunohistochemically confirmed positive for vesicular GABA
transporter (vgat+) (# = 31). Cells that in addition were immunopositive for parvalbumin (pv
+) showed rapid axon currents (spike inward current width [SW] of 0.43 + 0.02 ms, n = 11)
characteristic of the FSINs [10,11]. The pv+ cells, together with vgat+ interneurons showing
similar fast spike kinetics (SW 0.49 + 0.02 ms, n = 11), but with nonconclusive or untested pv
reaction, were considered FSINs (n = 22). Ten FSINs were further identified as putative basket
cells by their axon morphology [10]. The non-fast-spiking vgat+ interneurons and the PCs
had significantly longer spike kinetics with SW of 0.96 + 0.04 ms (# = 9) and 1.18 + 0.06 ms

(n = 16), respectively (p < 0.01 between all groups, ANOVA with Tukey’s posthoc test) [13].
The non-FSINs with intact soma were immunohistochemically tested for somatostatin (sst) for
further identification of the cells [20]. Detailed results on the EPSPs excluding and including
failures, the EPSCs, and the immunohistochemical reaction analyses with cell type identifica-
tion are shown in S1 Table. In all potential connections tested between neurons (n = 1,056), we
found (including connections lost during baseline) a monosynaptic response in 11.0% of cases.
Success rate for identified PC-FSIN pairs was 4.0%, PC-non-FSINs connections: 1.9%, PC-PC
pairs: 1.1%, and FSIN-PC connections: 3.8%, showing similar or slightly lower connectivity
rates than reported in the rodent neocortex L2-3 [21-23].

VLEs in FSINs Are Subject to Group | mGluR-Dependent LTD

We asked whether glutamatergic connections to interneurons showed long-term plasticity akin
to that reported in the rodent cortex [24,25]. To test this, we performed experiments applying
high frequency bursts of APs (5 APs at 40 Hz, x 40 with 0.5 s interval) in the presynaptic PC
after a baseline of EPSPs (at least 5 min, but less than 10 min, analyzed including failures)
[26,27]. Postsynaptic FSINs (SW 0.40 + 0.02 ms) were held in resting membrane potential in
current clamp (-67.6 £ 2.2 mV, n =9) (Fig 2). First, we tested VLEs (average in baseline

5.85 + 0.59 mV, did not show failures, n = 5) in control conditions and found that the afferent
PC bursts firing generated an LTD of the EPSPs (amplitude to 0.52 + 0.02 of baseline at 20-25
min after 40 Hz bursts, n = 5 cells, p < 0.01, Wilcoxon test) (Fig 2A, S1 Fig, S2 Data, S7 Data).
The LTD was associated with a reduced paired-pulse EPSP ratio (1*/2™ EPSP amplitude with
50 ms interval) to 0.74 + 0.06 of baseline (p < 0.05, Mann-Whitney test, baseline mean

1.41 + 0.22) and a decrease in the EPSP amplitude CV~* (1/squared coefficient of variation)
value (to 0.44 + 0.12% from baseline, p < 0.05, Mann-Whitney test) (S3 Data), indicating pre-
synaptic site of depression [28]. The results on the paired-pulse ratio (PPR) and altered EPSP
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Fig 2. Single fiber connectionsto FSINs with large EPSP show group | mGluR-dependent LTD. (A) Paired recordings from
synaptically connected layer 2—-3 PCs and FSINs with large amplitude EPSCs/EPSPs show LTD. The LTD is generated by the presynaptic
PC firing 40 Hz bursts (5 pulses, 40 times), while the postsynaptic cell is at Em. (A1) Partial reconstruction of one recorded PC (red, axon
orange)—FSIN (blue, axon light blue) pair with large EPSCs/EPSPs. Scale 50 um. L2-3 indicates layer 2—-3. Schematic shows experimental
design and color-coding for the cells and traces. Confocal micrographs illustrate vgat+ and pv+ axon bouton of the FSIN filled with
neurobiotin (nb, scale 2 ym). A PC spike and averaged EPSC (5 at —-60 mV) in the cell pair below. Scales 1 nA and 100 pA/5 ms. (A2)
Single AP-evoked EPSP amplitude (interval 10 s) in the same experiment at baseline and following the PC 40 Hz burst firing (arrow at 0
time point). The afferent single fiber burst firing induced LTD (at 20-25 min p < 0.001, paired t-test). The EPSPs (blue, average of 5 at Em —
62 mV) and presynaptic cell spikes (red) at different time points and one 40 Hz burst illustrated on top. The FSIN is at Em during the
recording. (A3) Mean * standard error of the mean (s.e.m.) in five PC-FSIN pairs with large EPSP (5.85 + 0.59 mV at baseline, showing no
failures) show prominent LTD (30 s bin, baseline-normalized, n = 5 pairs, p < 0.01, Wilcoxon test). (A4) The LTD requires group | mGluRs. A
PC—FSIN pair with large EPSP in the presence of group | mGIuR blockers LY367385 (100 uM) and 2-Methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP, 25 uM) (applied 5 min before the bursts indicated by arrow). The EPSPs (blue, at Em -67 mV) and presynaptic cell
spikes (red) shown on top. The FSIN is at Em during recording. (A5) Mean + s.e.m. of similar PC—FSIN pairs with large EPSPs (8.42 + 2.83
mV in baseline, showing no failures) in four experiments (30 s bin, baseline-normalized). The underlying data are shown in S2 Data. (B)
EPSP analyses indicate presynaptic LTD. (B1) LTD (n = 5) is associated with an increased ratio of the EPSP amplitude SD/meaniillustrated
here as decreased baseline-normalized CV~2 (mean + s.e.m. black asterisk, p < 0.05, Mann-Whitney test). Red asterisk compared with the
non-LTD experiments (n = 4) (p < 0.05, Mann-Whitney test). (B2) Likewise, the EPSP amplitude PPR (15! versus 2"¥ EPSP) is reducedin
the LTD experiments (black asterisk, p < 0.05, Mann-Whitney test), but not in the presence of group | mGluR blockers. Red asterisk
indicates significance between the groups (p < 0.05, Mann-Whitney test). Baseline-normalized time window is 20-25 min after afferent
bursts. The data are available in S3 Data. (B3) Sample traces from one experiment above showing the PC firing (paired-pulse 50 ms)-

evoked EPSPs in the FSIN during baseline and in LTD.
doi:10.1371/journal.pbio.2000237.9002
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amplitude variation by LTD are summarized in histograms in Fig 2B. Likewise, corresponding
experiments in occasional PC-non-FSIN pairs with VLEs (n = 2, averages in the baseline
including failures 5.81 mV and 6.89 mV, failure rates 0% and 13%, respectively) showed that
single fiber burst firing can also generate LTD in some non-FSINs (S2 Fig).

We next tested whether LTD in VLEs requires group I mGluRs as various forms of long-
term plasticity in glutamatergic synapses to FSINs depend on these receptors in the rodent cor-
tex [24,29-32]. We studied four PC-FSIN pairs with VLEs (average in baseline 8.42 + 2.83 mV
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at Em —-69.5 + 2.1 mV, did not show failures, n = 4) as above, but in the presence of LY367385
(100 uM) and 2-Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP, 25 uM). Thus, LTD
was blocked in the VLE connections (Fig 2A) with no significant change in the amplitude
(1.03 £ 0.04 of baseline at 20-25 min, n = 4 cells, Wilcoxon test), PPR (1.21 + 0.11 of baseline,
baseline mean 1.07 + 0.17) or 1/CV? (1.63 + 0.39 of baseline) (Mann-Whitney test) (Fig 2B, S2
and S3 Data). To conclude, PC-FSIN connections with large EPSPs show activity-driven LTD,
which requires group I mGluRs.

LTD by Single PC Bursting Is Specific to VLEs

In contrast to VLEs, the PC-FSIN pairs with small EPSPs (average in baseline with failures
1.89 £ 0.43 mV at Em —69.2 + 3.5 mV, failure rate 11.2 + 9.5%, SW 0.48 + 0.04 ms, n = 5) failed
to show lasting plasticity following the 40 Hz bursts (amplitude 1.07 + 0.06 of baseline at 20-25
min) (Fig 3A, S1 Fig, S4 Data). Likewise, no lasting plasticity was seen in any (paired t-test) of
the three vgat+ non-FSINs (SW 0.91 + 0.07, n = 3) with small amplitude EPSP (2.08 + 0.58
mV, n = 3) in similar experiments. Given that LTD in the VLEs was accompanied by stronger
postsynaptic depolarization during the presynaptic spike bursts, we studied whether small
amplitude EPSP connections would show plasticity if the postsynaptic FSIN was depolarized
during the PC bursts. We reproduced experiments above with a separate set of PC-FSIN (SW
0.47 £ 0.03 ms, n = 5) pairs with small amplitude EPSP (average with failures 1.44 + 0.22 mV,
failure rate 11.0 + 3.3%, n = 5), and paired presynaptic PC spike bursts with postsynaptic cell
depolarization (20-30 mV, 250 ms steps from Em, see Methods for details) beyond the firing
threshold (Fig 3A). This protocol also failed to generate long-lasting change in EPSPs in the
PC-FSIN pairs (0.94 + 0.04 of baseline at 20-25 min, n = 5, Wilcoxon test) (Fig 3A, S4 Data).
Interestingly, a small but significant LTD was observed with this configuration in two

(0.71 £ 0.10 and 0.83 + 0.05 at 20-25 min compared to baseline, p < 0.05 for both cells, paired
t-test) of three individual PC-non-FSIN (vgat+) pairs tested. Finally, we studied the synaptic
connections between L2-3 PCs applying presynaptic 40 Hz bursts while the postsynaptic cell
was at resting membrane potential. The PC-PC pairs were connected with small amplitude
EPSPs (average with failures 1.40 + 0.30 mV at Em —65.9 + 5.4 mV, failure rate 4.2 + 3.2%,

n = 4), and the 40 Hz bursts failed to generate lasting plasticity in the EPSP (1.01 + 0.05 of base-
line at 20-25 min, n = 4 cells, Wilcoxon test) (Fig 3B, S4 Data), possibly because LTP and LTD
in human PCs require strong postsynaptic depolarization for either activation of glutamate
NMDA receptors or L-type voltage-gated calcium channels [7]. Input resistance in the plastic-
ity recordings showed small increase to 1.09 + 0.01 (baseline-normalized) at 20-25 min from
baseline (n = 26, p < 0.01, t-test) [33]. The results show that following just a single PC burst fir-
ing, LTD specifically occurs in large EPSPs between PCs and interneurons, and not in other
investigated synaptic connections.

Co-activation of Many Weak Glutamatergic Synapses Evokes
mGluR-Dependent LTD in Fast-Spiking Interneurons

Because studies in rodents have reported LTD in glutamatergic synapses to cortical interneu-
rons either by chemical or strong synaptic activation of group I mGluRs, we studied whether
FSINs with weak excitatory inputs showed the LTD when multiple glutamatergic fibers were
simultaneously activated (Fig 3C) [27,29,34]. Evoking compound EPSCs from many small glu-
tamatergic inputs with extracellular electrical stimulation (see Methods), we applied 40 Hz
bursts to the glutamatergic pathway as above after baseline (at least 5 min, but less than 10
min). Focusing the EPSC analysis in the FSINs on the monosynaptic component of the current
(see Fig 3C) [35,36] we found that the 40 Hz burst stimulation resulted in LTD (EPSC

PLOS Biology | DOI:10.1371/journal pbio.2000237 November 9, 2016 6/21
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Fig 3. LTD fails in weak single-fiber PC-FSIN connections, but is generated by coactivity of multiple
glutamatergic fibers. (A) LTD fails in PC—FSIN pairs with small EPSP. (A1) Schematic shows experimental design.
A presynaptic PC spike (red) with postsynaptic EPSCs (blue, average of 5 at .60 mV) in one recording and confocal
micrographs of the FSIN axon (nb, neurobiotin) with pv+ boutons (scale 5 um, arrows point colabeling in merged
image). (A2) One PC-FSIN pair with the EPSPs in baseline and after the afferent cell 40 Hz bursts (arrow). Averaged
EPSPs (5) at Em -72 mV on top at different time points and a 40 Hz burst. Postsynaptic cell is at Em (current clamp)

PLOS Biology | DOI:10.1371/journal pbio.2000237 November 9, 2016 7/21



@'PLOS | BIOLOGY

LTD in Human Interneurons Suppresses Cell Assemblies

dc_1581 18

during the recording and the bursts. (A3) Mean + s.e.m. (30 s bin, baseline-normalized) of similar experimentin five
PC-FSIN pairs with small amplitude EPSPs (1.89 + 0.43 mV in baseline with failures). (A4) Failure of the LTD in weak
PC-FSIN connections is not due to insufficient postsynaptic depolarization. Plot shows EPSP in one PC—FSIN pair
before and following the presynaptic bursts, now paired with FSIN depolarization beyond the firing threshold (see
Methods). Averages of EPSPs (5 at Em —66 mV) and a 40 Hz burst with simultaneous depolarization (30 mV, 250
ms) in voltage clamp shown on top. (A5) Mean + s.e.m. of five similar experiments with small EPSP (1.44 £ 0.22 mV
in baseline with failures) PC—FSIN pairs (baseline-normalized, 30 s bin). The underlying data are shown in S4 Data.
(B) Connections between PCs exhibit small amplitude EPSPs with no long-term plasticity when PC1 bursts, while
PC2 s at resting membrane potential. (B1) EPSP amplitude in one experiment before and after the 40 Hz presynaptic
cell bursts (arrow, postsynaptic cell at Em —78 mV). Averaged EPSPs (five at Em) shown on top with a 40 Hz burst,
and a schematic showing the experimental design. (B2) Mean * s.e.m. of baseline-normalized EPSPs (1.40 + 0.30
mV in baseline with failures) in four PC—PC pairs as in B7 (30 s bin) (S4 Data). (C) Activation of multiple afferent
pathways to FSINs using extracellular stimulation reveals group | mGluR-dependent LTD in weak PC-FSIN
synapses (S5 Data). (C1) One experiment with monosynaptic EPSC in FSIN (voltage clamped at -60 mV) at
baseline and following the 40 Hz bursts applied to the stimulation pathway (arrow at 0 time point). Inset traces
(averages of 5) show evoked EPSCs in baseline and in LTD. The monosynaptic component is indicated by dotted
vertical line. Schematic shows experimental design. (C2) Mean + s.e.m. of seven baseline-normalized experiments
as in C1 showing the LTD in control conditions (open symbols, p < 0.001, paired t-test) and blockade of the LTD in
experiments with LY367385 (100 uM) and MPEP (25 pM) (solid symbols, n = 7, paired t-test). (C3) Generation of
group | mGluR-dependent LTD by 40 Hz stimulation is conserved in mammalian neocortex occurring also in rat
FSINs. Multiple fiber extracellular stimulation with LTD in rat L2—-3 somatosensory cortex FSINs. Open symbols show
experiments in control conditions (n =5, p < 0.01) and solid symbols in the presence of LY367385 (100 uM) and
MPEP (25 uM) (n = 5) (Wilcoxon test). Blockers for glutamate N-methyl-D-aspartatereceptors (NMDARs) (DL-
2-Amino-5-phosphonopentanoic acid; DL-APV, 100 uM) and GABAARs (PiTX, 100 uM) were presentin C71-C3.
(C4-C5) Likewise, LTD of the EPSCs in both species is associated with an increased amplitude SD versus the mean.
Data shows decreased CV~2 (baseline-normalized at 20 min after 40 Hz) in LTD in control conditions, but not when
LTD is blocked in the presence of group | mGIuR blockers (p < 0.05 between groups, Mann-Whitney test).

doi:10.1371/journal.pbio.2000237.9003

0.72 + 0.02 from baseline at 20 min, n = 7 cells, p < 0.001, t-test). Blockers for glutamate N-
methyl-D-aspartatereceptor (NMDARs) (DL-2-Amino-5-phosphonopentanoic acid
[DL-APV], 100 uM) and GABA sRs (PiTX, 100 uM) were present in the experiments. The
EPSC amplitude LTD was accompanied by decreased CV ™ (baseline-normalized to

0.72 £ 0.16%, n = 7, t-test). This LTD was blocked in experiments with group I mGluR antago-
nists LY367385 (100 pM) and MPEP (25 uM) (n =7, p < 0.05, t-test) (Fig 3C, S5 Data). The
FSINSs in these extracellular stimulation experiments showed narrow SW 0.62 + 0.04 ms,

n = 14. Accordingly, we reproduced these experiments with rat glutamatergic fibers to FSINs
in L2-3 (SW 0.64 + 0.06 ms, #n = 10) and confirmed LTD (EPSC 0.64 + 0.04 from baseline at
>15min, n =5, p < 0.01, Wilcoxon test) and its blockade with the group I mGIuR antagonists
(EPSC from baseline 0.95 + 0.5, n = 5, Wilcoxon test) (Fig 3C, S5 Data). The EPSC amplitude
in LTD showed reduced CV* (baseline-normalized to 0.41 + 0.09%, n = 5, Mann-Whitney
test), but not when LTD was blocked with the mGluR antagonists (1.04 + 0.24% of baseline at
>15 min) (p < 0.05 between the groups at >15 min, Mann-Whitney test) (Fig 3C, S5 Data).
We tested three of the recorded rat FSINs for pv immunoreaction and found them all positive.
Thus, in both human and rat cortex, weak glutamatergic connections to L2-3 FSINs exhibit
group I mGluR-dependent LTD if multiple glutamatergic inputs are activated simultaneously.

LTD of VLEs Is Sufficient to Modify Network Activity

Given that interneuron-PC connections with VLEs have been proposed to be essential in gen-
eration of the neocortical complex events, we studied whether the LTD in these connections
would selectively modify network activity. First, we confirmed that single PC AP-evoked VLEs
in the FSIN as well as in the non-FSIN elicited firing of these interneurons from the resting
membrane potential [11]. We found that VLE-evoked postsynaptic spikes in a FSIN (Em —69
mV) typically followed with a short 3-5 ms delay (Fig 4A) [10], whereas in a non-FSIN, (Em
—-69 mV) the spikes showed long delay with large jitter (S2 Fig). Similarly, whole-cell
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Fig 4. The LTD depresses discharge of FSINs in complex events. (A) Large EPSPs and APs in FSIN (blue) with short 3 to 5 ms delay
elicited by single PC spike (red, peak indicated by vertical line). The figure shows four consecutive cycles with 10 s interval in one vgat+ and
pv+ FSIN at Em (-69 mV) (note short AP duration, the positive peaks are indicated in the abscissa). Schematic shows experimental setting.
(B) Single PC spike triggers disynaptic GABAergic currents in the layers 2—3. Dual whole-cell PC recordings (voltage-clamp) show that
single PC1 APs trigger dIPSCs in PC2 with high probability and shortdelay. Schematic shows experimental design. (B1) Traces show
consecutive events (4) in one experiment. The dIPSC onsets are marked in abscissa. (B2) Histograms (ordinates normalized and show
from 0 to 1) illustrate delay distribution of the first dIPSC onset in four experiments (each 6—9 min, indicated as pairs 1—4) in control
conditions. Most evoked dIPSCs are phase-locked to the presynaptic PC spike with <10 ms delay with obvious moderate variability of the
mode of delay between experiments (S6 Data). (C) The dIPSCs are generated by glutamatergic excitation. Sample traces show five
consecutive dIPSCs between PC1 and PC2 in baseline conditions and the blockade with AMPAR blocker GYKI53655 (25 uM) (see S4 Fig).
(D-E) The single AP-evoked dIPSCs between PCs are stable over a long period (S6 Data). (D) Raster plot illustrates timing of dIPSC onset
(in PC2) evoked by an AP in the presynaptic PC (PC1) in one 30 min experiment. Consecutive (6) presynaptic spikes and dIPSCs at
different time points shown on top. (E) Three experiments (pairs 1, 2, and 3) as in D (pair 1), illustrated with histograms showing the dIPSC
onset delay in different time windows (0—5 min, 10—15 min, and 20-25 min). The dIPSC probability and delay are stable for at least 30 min
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(Chi-square test). (F-G) dIPSCs show LTD after presynaptic PC 40 Hz burst firing (S6 Data). (F) 40 Hz spike bursts in the presynaptic PC
(similarto the LTD experiments in Fig 2) induce LTD of the dIPSCs. Raster plot shows dIPSCs in one paired PC recording. After baseline,
the 40 Hz spike bursts in PC1 (at 0 time point, dotted horizontal line) induce permanent depression of the dIPSC occurrence. Traces
illustrate the presynaptic cell spike and the dIPSCs (6) at baseline and the absence of dIPSCs after 20 min. (G) Three similar experiments
(pairs 1,2, and 3) as in F (pair 1), showing the LTD of dIPSCs after the 40 Hz presynaptic bursts (BL -5 to 0 min) (p < 0.01, Chi-square test).
(H-1) The LTD of dIPSCs is blocked with group | mGluR antagonists (S6 Data). (H) Similar experimentas in F, but in the presence of
LY367385 (100 uM) and MPEP (25 uM). Traces on top show the pre- and disynaptic currents at baseline and 20 min after the 40 Hz bursts.
(I) Three experiments as in H (pair 1) illustrated with dIPSC onset delay histograms at the baseline (-5 to 0 min) and at two time windows
after the 40 Hz presynaptic bursts.

doi:10.1371/jourral.pbio.2000237.9004

recordings between identified PCs revealed disynaptic GABA ,R-mediated inhibitory currents
(dIPSCs) in complex events elicited by a single AP (interval 10 s) (Fig 4B) [10,11]. The dIPSCs
occurred with short delay (6.23 + 0.72 ms, n = 16 pairs) and high probability (0.70 + 0.05,
n = 16 pairs in baseline conditions) (S6 Data). The dIPSCs showed longer and more variable
delay to the presynaptic spike than monosynaptic GABA sR-mediated inhibitory currents
(monIPSCs) from FSINs (0.96 + 0.10 ms, n =9, p < 0.001, t-test) (SW 0.48 £ 0.03 ms, n =9)
(S3 Fig, S9 Data). In addition, dIPSCs were blocked by the glutamate AMPAR blocker
GYKI53655 (25 uM) (1 = 3, p < 0.001, Chi-square test) (Fig 4C, S4 Fig, S6 Data). The evoked
dIPSC amplitudes (averages excluding failures in all plasticity recordings 32.1 + 3.7 pA, n = 12)
were similar to monIPSCs (35.2 + 5.6 pA, n =9, t-test) (S5 Fig, S10 Data), indicating that these
early complex event inhibitory currents (IPSCs) were generated by a single FSIN. The dIPSCs
and the monIPSCs were recorded at —55 mV. The dIPSCs were detected in 3.0% of all potential
connections tested (n = 1,056).

To determine whether plasticity modified this network, we performed long recordings from
PC pairs showing that the probability and delay of the dIPSCs were stable for at least 30 min
(n = 3) in normal conditions (Fig 4D, 4E and S6 Data). However, if the 40 Hz burst firing was
delivered in the presynaptic PC (similar to the VLE LTD experiments in Fig 2), the dIPSC
occurrence (total in 25 ms from PC spike) rapidly and permanently attenuated after a baseline
showing strong LTD (from 0.71 + 0.04 in baseline to 0.14 + 0.09 at 15-20 min, n = 3, p < 0.05,
Chi-square test) (Fig 4F, 4G and S6 Data). Interleaved experiments in the presence of group I
mGluR antagonists LY367385 (100 uM) and MPEP (25 uM) showed that LTD of dIPSCs was
blocked in the presence of the group I mGluR antagonists (0.81 + 0.10 in baseline and
0.88 +£ 0.12 at 15-20 min, #n = 3, Chi-square test) (Fig 4H, 4] and S6 Data). In conclusion, the
results demonstrate that a single PC burst firing at 40 Hz elicits robust LTD in VLE connec-
tions to FSINs and causes suppression of phase-locked early dIPSCs between PCs. These two
LTDs both require group I mGluRs. Thus, the results show that plasticity of VLEs in FSINs
changes the activation pattern of the neurons discharging in supragranular layers during com-
plex events.

Discussion

Almost a decade ago, Molnar et al. [10] first reported that a subset of excitatory PC synapses in
the human neocortex form VLEs in local GABAergic interneurons in supragranular layers.
These strong connections specifically from PCs to inhibitory interneurons have since been
reported in the frontal, prefrontal, parietal, and temporal cortices, where the VLEs often are
suprathreshold, driving assemblies of inhibitory interneurons to fire after a single PC spike
[11,37]. Similar strong connections between two individual neocortical neurons have not been
found in nonhuman species [37-39]. Analyses of large datasets from rodent visual and somato-
sensory cortices have revealed that neurons in local networks are not randomly connected, but
specific local connectivity patterns exist between neuron types, and the strongest excitatory
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synapses control local network activity [40-42]. This suggests that there is a skeleton of strong
connections in the network that dominates the activity [40]. Therefore, it has been proposed
that the VLE connections in the human might be important in generating neocortical cell
assemblies and be involved in higher cognitive functions [11]. However, until now it had
remained unknown how neuronal plasticity regulates these connections and whether their
selective modulation indeed alters discharge of neuronal assemblies in the human neocortical
network activity.

Our result that the VLEs occur specifically in human interneurons, and not in between PCs,
is consistent with previous studies [10,11]. In addition, we demonstrate that VLEs are gener-
ated in different interneuron subpopulations, including fast-spiking (such as basket cells) and
non-fast-spiking supragranular vgat+ neurons. Furthermore, single GABAergic interneurons
receive both VLEs and more common small EPSP connections from layer 2-3 PCs. Indeed,
anatomically identified L2-3 basket cells show huge variability in strength of PC inputs. It is
likely, although we do not directly demonstrate it here, that a single presynaptic L2-3 PC cell
evokes VLEs and small EPSPs in different L2-3 postsynaptic interneurons showing synapse
specificity. A comprehensive recent study in rodent demonstrated that certain connectivity
patterns between neurons are repeated in the neocortex across different regions [39]. The
strong VLE connection, occurring between PCs and L2-3 inhibitory interneurons in various
neocortical regions is one such feature, and probably specific to the human neocortical
microcircuits.

We show that strength of VLE connections is controlled by their activity history. A common
form of mGluR-dependent LTD characterized in the extracellular stimulation experiments of
glutamatergic synapses in the rodent cortex [24] converts the VLEs to small amplitude EPSPs.
This LTD suppresses VLE synapses through a presynaptic mechanism most likely controlling
the vesicular transmitter release as indicated by the changes in the EPSP amplitude PPR and
the coefficient of variation in the depressed synapses [37]. The LTD of VLEs in FSINs, many of
which are also pv+, involves the group I mGluRs. In the rodent cortex, group I mGluRs have
been shown to play a central role in long-term plasticity processes including presynaptic LTD
and LTP [24,29-31,34,43-46]. Our results from the group I mGluR-dependent LTD in FSINs
in the human and the rodent neocortex indicate that this is an evolutionarily conserved plastic-
ity mechanism for controlling the fast-spiking interneuron activity in the mammalian brain.

Interestingly, we report that in a non-fast-spiking cell, LTD was not blocked by the group I
mGIluR antagonists (see S2 Fig). In addition, we found significant LTD in two of three PC-
non-FSIN connections with small EPSP when the postsynaptic cell was depolarized during PC
bursts. These suggest that there may be various LTD forms in human cortical interneuron syn-
apses [24,25], and that non-FSINs may exhibit different LTD mechanism than the FSINs, pos-
sibly depending on postsynaptic depolarization. Indeed, many synapse-specific properties
including long-term plasticity have been reported in glutamatergic fibers in the rodent cortex
[21,32,47-50]. Correspondingly, synapses originating from the same PC in the human neocor-
tex may exhibit distinct long-term plasticity, depending upon the postsynaptic target cell; and
different activity patterns may be required for plasticity in the synapses [24,50]. In this study,
we have used elevated extracellular calcium (3 mM) to increase the stability of disynaptic
IPSCs in baseline conditions. However, compared to recordings with 2 mM extracellular cal-
cium, this modification is unlikely to strongly affect the high-frequency firing-evoked synaptic
release and the long-term plasticity in FSIN synapses: the probability of synaptic release in
VLEs in FSINSs is already very high at 2 mM Ca**, and only slightly modulated by further
increase of calcium [37]. Yet, as demonstrated in the recent study by Molnar et al. [37], the
VLE release probability can markedly decrease when extracellular calcium is reduced from 3
mM to 1.5 mM, which is considered lower range of the cerebrospinal fluid total calcium level
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in physiological conditions [51]. Therefore, it is also possible that in calcium concentrations
close to 1.5 mM, the PC firing pattern used in this study may not be sufficient for such a robust
LTD as reported here in the FSINs. Importantly, some non-FSINs show VLEs with low presyn-
aptic release probability even in 3 mM calcium, as indicated by the large EPSP amplitude coef-
ficient of variation. In these synapses, extracellular calcium modulations may have even
stronger effects on the short- and long-term plasticities than in the FSIN.

Strikingly, in the human neocortex, the activity of a single PC is sufficient to trigger
mGluR-dependent LTD in the VLE connections, but not in weak glutamatergic pathways.
The level of the postsynaptic depolarization does not explain the failure of LTD in small EPSP
connections to fast-spiking cells, and a potential explanation is that there is insufficient activa-
tion of the postsynaptic group I mGluRs [34,43]. The connections with VLEs are likely to
release more glutamate and activate the critical mGluRs [52-54]. The hypothesis on strong
glutamate release is supported by our finding that the small EPSP connections were unable to
generate LTD by single fiber activity, but they showed the mGluR-dependent plasticity when
multiple fibers were activated simultaneously with local extracellular stimulation [55]. Indeed,
a recent study revealed that human neocortical PC-FSIN synapses with VLEs have more
transmitter vesicle release sites, although the glutamate release quantal size is similar com-
pared to synapses in rat neocortex [37]. This indicates multivesicular release in synapses with
VLEs, and it is interesting to speculate that the conversion to common small EPSPs via the
presynaptic LTD might reflect their transformation from a multivesicular release site to a sin-
gle vesicle-releasing synapse.

Although a link between very large excitatory synapses and human cortical complex
events has been suggested earlier [10,11], a relation between their selective modulation and
complex events had not been directly demonstrated until this study. The LTD triggered by a
single PC firing in the current conditions is specific to connections with VLEs and therefore
provides a useful tool to test the relation between VLEs and neocortical network activity.
Results here show that the VLE connections indeed trigger the complex events, and the LTD
changes their temporal structure. The activation of individual fast-spiking interneurons was
commonly observed in dual PC recording as disynaptic GABAergic currents with timing cor-
responding to the APs in fast spiking interneurons [11]. LTD of the VLE in FSINs and the
suppression of dIPSCs in complex events were both induced by single PC burst firing, and
they both required group I mGluRs. Some non-FSINSs also exhibit VLEs and can show LTD,
although these cells were unlikely to contribute to the GABAergic disynaptic currents investi-
gated here: the dIPSCs occurred with short delay and high precision, whereas the non-FSINs
show long and variable delay in their response to fire APs (see S2 Fig). However, the results
of non-FSINs are based on small sample sizes, and should therefore be interpreted with
caution.

In conclusion, the human neocortex is unique in many aspects, since its microcircuits show
differences at the molecular, ultrastructural, and physiological levels compared to other mam-
malian species [1,3,56]. The capacity of the human neocortex to perform extraordinary and
highly complex tasks may at least partly result from these microcircuit level specializations. We
propose that VLEs with robust activity-induced plasticity and their contribution to neocortical
cell assemblies may be crucial for higher cognitive functions and abstract mental abilities of the
human brain. In addition, evidence in animal models suggests the involvement of group I
mGluR-mediated plasticity in neocortical learning processes, and perturbation of the mGluR-
dependent plasticity has been reported with mental decline [43]. Therefore, the human-specific
microcircuit features may also be substrates for pathological processes resulting in cognitive
decline and other neurological and neuropsychiatric dysfunctions that we as a species are vul-
nerable to [57-61].
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Materials and Methods
Ethics Statement

All procedures were performed according to the Declaration of Helsinki with the approval of
the University of Szeged Ethical Committee and Regional Human Investigation Review Board
(ref. 75/2014).

Electrophysiology and Analysis

Human neocortical slices were derived from material that had to be removed to gain access to
the surgical treatment of deep-brain tumors from the left and right frontal, temporal, and pari-
etal regions with written informed consent of the patients prior to surgery. The patients were
10-85 y of age (mean + SD =50 + 4 y), including 17 males and 14 females. The tissue obtained
from underage patients was provided with agreement from a parent or guardian. The resected
samples were cut from the frontal and temporal lobes of left or right hemisphere. Anesthesia
was induced with intravenous midazolam and fentanyl (0.03 mg/kg, 1-2 1g/kg, respectively). A
bolus dose of propofol (1-2 mg/kg) was administered intravenously. The patients received 0.5
mg/kg rocuronium to facilitate endotracheal intubation. After 2 min, the trachea was intubated
and the patient was ventilated with O,/N,O mixture (a ratio of 1:2). Anesthesia was maintained
with sevoflurane at monitored anesthesia care volume of 1.2-1.5. After surgical removal, the
resected tissue blocks were immediately immersed in ice-cold standard solution containing (in
mM): 130 NaCl, 3.5 KCl, 1 NaH,POy, 24 NaHCO3, 1 CaCl,, 3 MgSO,, 10 D(+)-glucose, and
saturated with 95% O, and 5% CO,. Slices were cut perpendicular to cortical layers at a thick-
ness of 350 pm with a microtome (Microm HM 650 V) and were incubated at room tempera-
ture (20-24°C) for 1 h in the same solution. Rat neocortical slices were prepared as described
before [62]. Male Wistar rats were anaesthetized using halothane, and following decapitation
(320 um thick), coronal slices were prepared from the somatosensory cortex. The solution used
during electrophysiology experiments was identical to the slicing solution, except it contained
3 mM CaCl; and 1.5 mM MgSO,. Recordings were performed in a submerged chamber (per-
fused 8 ml/min) at approximately 36-37°C. Cells were patched using water-immersion 20x
objective with additional zoom (up to 4x) and infrared differential interference contrast video
microscopy. Micropipettes (5-8 MOhm) were filled with intracellular solution for whole-cell
patch-clamp recording (in mM): 126 K-gluconate, 8 KCI, 4 ATP-Mg, 0.3 Na,-GTP, 10
HEPES, 10 phosphocreatine (pH 7.20; 300 mOsm) with 0.3% (w/v) biocytin. Current and volt-
age clamp recordings were performed with Mutliclamp 2B amplifier (Axon Instruments), low-
pass filtered at 6 kHz (Bessel filter). Series resistance (Rs) and pipette capacitance were com-
pensated in current clamp mode and pipette capacitance in voltage clamp mode. Cell capaci-
tance compensation was not applied. Rs was monitored and recorded continuously during the
experiments. The recording in voltage clamp mode was discarded if the Rs was higher than 25
QM or changed more than 20%.

In paired cell recordings, APs were generated in the presynaptic cell with brief (2-3 ms)
suprathreshold depolarizing (60-70 mV) paired pulses (50 ms interval) in voltage clamp deliv-
ered every 10 s from —60 mV. Postsynaptic cells were at resting membrane potential in current
clamp mode. In some cells with VLEs, the postsynaptic cell was hyperpolarized (up to —10
mV) with constant current to prevent the VLE from triggeringan AP. The 40 Hz firing proto-
col was similarly applied in voltage clamp mode with series of 2-3 ms depolarizing pulses (5
pulses at 40 Hz, delivered every 0.5 sec 40 times), while the postsynaptic cell was held in current
clamp resting membrane potential. In some experiments (Fig 3A, 4-5), the postsynaptic cell
was depolarized in voltage clamp during presynaptic 40 Hz firing with a continuous step
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(20-30 mV, 250 ms). This elicited on average 2.2 postsynaptic spikes for 1** presynaptic spike
(in following 25 ms, n = 200 in 5 cells) of the 40 Hz train, and on average 0.80 postsynaptic
spike probability for the 2"-5™ PC AP.

Extracellular stimulation was applied with a concentric bipolar electrode (125 um tip diame-
ter, FHC Inc., US) positioned on L2-3. Paired pulse stimuli (50 ps, with 50 ms interval, inten-
sity range from 20 to 300 pA) were delivered every 15 s with current isolator stimulator (Model
DS3, Digitimer, UK). Compound EPSCs in Fig 3 were confirmed by observingless than 100
pA increases in the evoked EPSC amplitude when gradually increasing stimulation intensity.

Data Analysis and Statistics

Data were acquired with Clampex software (Axon Instruments, US) at 20 kHz. EPSC/P, IPSC,
action current duration, and the cell input resistance were analyzed off-line with p-Clamp soft-
ware (Axon Instruments, US) and Spike2 (version 7.0, Cambridge Electronic Design, UK). Liq-
uid junction potential was not corrected. EPSC amplitude and kinetics analysis in voltage
clamp mode (time-to-peak from onset) was omitted when access resistance was higher than 25
MQ. SW was calculated from the onset of inward action current till recovery to baseline hold-
ing level. Data for SW's were collected in the beginning of experiments when synaptic connec-
tions from all cells were briefly tested in voltage clamp mode. All data are presented as

mean * s.e.m. and when showing baseline-normalized EPSPs of many cells, the values were cal-
culated from binned (30 s bin) data. In rare cases when cell-spiked and accurate EPSP ampli-
tude data was not available, bin includes two instead of three data points. For statistical
analysis, ANOVA with posthoc Tukey’s test and ¢-test were used for data with normal distribu-
tion (Shapiro-Wilk test) and sample sizes larger than n = 6. Chi-square test was used for cate-
gorical variables (occurrence of dIPSC in 25 ms time window from PC spike). Otherwise,
Mann-Whitney U-test (unpaired) and Wilcoxon Signed Rank Test (paired) were used. EPSP
amplitude in individual plasticity experiments was tested with paired t-test comparing data
points in 5 min baseline and an equal time window at 20-25 min following the presynaptic
bursts, unless stated otherwise (in some shorter experiments in the last 5 min of the recording).
Correlation was determined with Pearson’s r-test. Differences were accepted as significant if

p < 0.05. Failures were included in the EPSP mean values (in binned data) in plasticity
analysis.

Drugs

DL-APV, GYKI53655, LY367385, MPEP, and picrotoxin (PiTX) were applied via bath and
purchased from Sigma Aldrich (Hungary).

Cell Visualization and Image Reconstruction

After electrophysiological recording, slices were immediately fixed in a fixative containing 4%
paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer (PB; pH = 7.4) at 4°C for at
least 12 h, then stored in 0.1 M PB with 0.05% sodium azide as a preservative at 4°C. Slices
were embedded in 10% gelatin and further sectioned into slices of 50 pm thickness in cold PB
using a vibratome V'T1000S (Leica Microsystems, UK). After sectioning, the slices were rinsed
in 0.1 M PB (3 x 10 min) and cryoprotected: first step in 10% (30 min), and later in 20% sucrose
(1 h) dissolved in PB and then permeabilized using a freeze and thaw procedure. Finally, they
were incubated in fluorophore (Cy3)-conjugated streptavidin (1:400, Jackson ImmunoRe-
search Lab.Inc. US) in 0.1 M Tris-buffered saline (TBS, pH 7.4) for 2.5 h (at 22-24°C). After
washing with 0.1 M PB (3 x 10 min), the sections were covered in Vectashield mounting
medium (Vector Laboratories Inc, US), put under cover slips, and examined under
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epifluorescence microscope (Leica DM 5000 B, UK). Sections selected for immunohistochem-
istry and cell reconstruction were dismounted and processed as explained below.

Some sections for cell structure illustrations were further incubated in a solution of conju-
gated avidin-biotin horseradish peroxidase (ABC; 1:300; Vector Labs, UK) in Tris-buffered
saline (TBS, pH = 7.4) at 4°C overnight. The enzyme reaction was revealed by the glucose oxi-
dase-DAB-nickel method using 3’3-diaminobenzidine tetrahydrochloride (0.05%) as chromo-
gen and 0.01% H,O, as oxidant. Sections were postfixed with 1% OsO, in 0.1M PB. After
several washes in distilled water, sections were stained in 1% uranyl acetate and dehydrated in
ascending series of ethanol. Sections were infiltrated with epoxy resin (Durcupan) overnight
and embedded on glass slices. Three-dimensional light microscopic reconstructions from sec-
tions were carried out using the Neurolucida system with 100 x objective (Olympus BX51,
Olympus UPlanFI, Hungary). Images were collapsed in z-axis for illustration. Cells in Fig 1
were reconstructed from confocal microscope z-stack images of streptavidin fluorophore signal
using Image-] software as described previously [32]. Vgat immunoreaction analysis was used
in parallel to confirm the interneuron axon.

Immunohistochemistry

For immunohistological reactions, free-floating sections were washed 3 times in TBS-TX 0.3%
(15 min) at 22-24°C, then moved in 20% blocking solution with horse serum in TBS-TX 0.3%.
The sections were incubated in primary antibodies diluted in 1% serum in TBS-TX 0.3% over
three nights at 4°C, then put in relevant fluorochrome-conjugated secondary antibodies in 1%
of blocking serum in TBS-TX 0.3% overnight at 4°C. Sections were washed at first step in
TBS-TX 0.3% (3 x 20 min) and later in 0.1 M PB (3 x 20 min) and mounted on glass slides with
Vectashield mounting medium (Vector Lab.Inc., UK). The characterizations of antibodies: pv
(goat anti-pv, 1:500, Swant, Switzerland, www.swant.com), sst (rat anti-sst, 1:50, Merck Milli-
pore, Germany, www.merckmillipore.com) and vgat (rabbit anti-vgat, 1:500, Synaptic Systems,
Germany, www.sysy.com). Fluorophore-labelled secondary antibodies were: DyLight 488
(Donkey anti goat, 1:400, Jackson ImmunoResearch Lab. Inc., www.jacksonimmuno.com, US),
Alexa488 (Donkey anti rat, 1:400, Jackson ImmunoResearch Lab. Inc.) and Cy5 (Donkey anti
rabbit, 1:500, Jackson ImmunoResearch Lab. Inc.). Labelling of neurons by neurobiotin and
immunoreactions were evaluated using first epifluorescence (Leica DM 5000 B, UK) and then
laser scanning confocal microscopy (Olympus FV1000, Hungary). Inmunoreaction was con-
sidered to be negative when fluorescence was not detected in relevant neurobiotin-labelled cell,
but immunopositivity was detected in the same area in unlabelled cells. Inmunoreactions were
studied in axon boutons (vgat and pv) and soma and dendrites (pv, sst).

Supporting Information

S1 Fig. LTD is generated in PC-FSIN pairs with VLEs. The data include all FSINs stimulated
with 40 Hz in control conditions at resting membrane potential of the postsynaptic cell
(n=10). The LTD fails in pairs with small EPSP. Plot shows the average baseline EPSP ampli-
tude (failures excluded) versus the baseline-normalized EPSP amplitude(failures included)
after (20-25 min) the 40 Hz presynaptic bursts (ordinate). Cells with significant LTD (studied
with paired f-test in each experiment) are illustrated with open symbols (n = 5). Cells not
showing LTD are shown with solid symbols (n = 5). Linear regression demonstrates a relation
(r’ = 0.75) and Pearson’s test shows strong correlation (P < 0.001) between the baseline EPSP
amplitude and the level of LTD. The amplitudes of the LTD cells and the non-LTD cells are sig-
nificantly different in baseline (P < 0.01, Mann-Whitney test) (57 Data).

(TIF)
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S2 Fig. Single fiber connections from pyramidal cells to non-fast-spiking vgat+ interneu-
rons (nonFSIN) with large amplitude EPSP can show LTD. (A) (A1) Partial reconstruction
of a synaptically connected pyramidal cell (soma and dendrites red, axon orange)-non-fast
spiking interneuron (blue, axon light blue) pair visualized with streptavidin-DAB and recon-
structed from one 60 pm -thick section. Schematic shows experimental design. L1 = layer 1,
L2-3 = layers 2-3, separated by grey line. Scale 50 pm. (A2) Single EPSPs from the PC trigger
action potentials in the postsynaptic interneuron in resting membrane potential (Em -69 mV).
Compared to the fast-spiking cell, the interneuron fires with long and variable delay to the PC
spike (see Fig 4A). The action potential positive peaks are marked in the abscissa. Note also the
slow spike waveform. (A3) PC spike (red) and large amplitude EPSC (blue, average of 5) in the
same connection in voltage-clamp (at -60 mV). Scales 1 nA and 200 pA / 5 ms. (A4) Confocal
micrographs show neurobiotin (nb, top) -filled axon of the postsynaptic cell with positive
immunoreaction for vgat in boutons (middle). Arrows in merged images (bottom) show co-
labelled boutons (scale 5 um). (B) (B1) EPSP amplitude in the same synaptic pair (110615_1)
before and after pyramidal cell 40 Hz bursts (arrow at 0-time point). EPSP amplitude depres-
sion at 20-25 min (P < 0.001, paired t-test) is preceded by a transient enhancement of the
EPSP. Postsynaptic EPSPs (blue, average of 5 at Em -68 mV) and presynaptic spikes (red)
shown on top at time points indicated. One presynaptic 40 Hz burst illustrated. (B2) Similar
experiment with another postsynaptic non-fast spiking interneuron with large EPSP, but now
in the presence of mGluR blockers LY367385 (100 uM) and MPEP (25 uM). Unlike in FSINs
(see Fig 2A and 2B), the EPSP amplitude shows significant depression (at 20-25 min,

P < 0,001, paired -test) in the presence of the drugs (S8 Data).

(TIF)

83 Fig. Monosynaptic IPSCs from FSIN to PC have submillisecond delay to the presynaptic
spike. Onsets of the monosynaptic IPSCs from FSINs to pyramidal cells exhibit submillisecond
(average 0.96 = 0.10 ms, n = 9,mean * s.e.m) delay to the presynaptic cell spike. This is signifi-
cantly shorter than the onset delay of dIPSCs (6.23 £ 0.72 ms, n = 16 pairs, P < 0.001, t-test).
Schematic on top illustrates experimental design. Traces on top are from one cell pair (blue,
FSIN spike) showing 5 superimposed consecutive monosynaptic IPSCs (red) in the postsynap-
tic pyramidal cell. Plot below shows mean + s.e.m. of the monosynaptic IPSC (n = 20 in each
cell) onset delay in the FSIN—PC cell pairs (experiment codes indicated in the ordinate) (S9
Data).

(TIF)

$4 Fig. The dIPSCs evoked by single PC spike are blocked with ionotropic glutamate
AMPA receptor antagonist GYKI53655. (A) Raster plot of single PC spike -evoked dIPSC
onset delay in one experiment. AMPAR blocker GYKI53655 (25 uM) was applied at 0 -time
point (dotted horizontal line). Traces above show consecutive dIPSCs (blue) in the postsynap-
tic pyramidal cell during the baseline and in the presence of GYKI (5 min). Schematic inset
shows experimental design with pre- (PC1) and postsynaptic pyramidal cell (PC2) for the
dIPSCs. (B) dIPSC onset delay histograms in three experiments (shown as pairs 1, 2 and 3)
showing probability and delay of the first dIPSC evoked by PC spike. After baseline, the dIPSCs
are blocked by GYKI. The pair 1 is the same experiment as shown in the raster plot (56 Data).
(TIF)

S5 Fig. Amplitude of the dIPSCs is similar to the amplitude of monosynaptic IPSCs from
FSINs to PCs (t -test). The plot shows in left the average amplitudes of monosynaptic IPSCs
(monIPSCs) elicited in 9 FSIN-PC pairs (failures excluded) as reported in the results. Average
amplitudes of the disynaptic IPSCs (dIPSCs, failures excluded) shown in right. This suggests
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the earliest complex event IPSCs with 6.23 + 0.72 ms delay are generated by single fast-spiking
interneurons. Plot shows mean * s.e.m. of the amplitudes in baseline conditions (510 Data).
(TIF)

S1 Table. Results on EPSP/EPSC analyses and immunohistochemical reactions of the three
postsynaptic cell populations: fast-spiking interneurons (FSINs), non-fast-spiking inter-
neurons (nonFSINs) and pyramidal cells (PCs). The table comprises EPSP data in baseline
conditions for 31 postsynaptic vgat+ cells studied for long-term plasticity and 16 PCs in the
triple- and paired recordings. Experiment code identifies the postsynaptic cell recorded. Ten
fast-spiking putative basket cells were anatomically identified. EPSP average amplitude is
shown without synaptic failures and including the failures. Experiments are listed in a
descending order starting from cells with the largest average EPSPs. EPSP failure rate is a per-
centage of failures of the EPSP to the presynaptic spike. EPSP rise time (from 20% to 80% of
maximum) was measured from averaged EPSPs. Paired-pulse ratio (PPR) is defined as 1%
EPSP / 2" EPSP amplitude. EPSCs represent an average of 5 responses recorded in first 2 min-
ute period in the voltage-clamp after break-in to the whole cell mode from the giga-seal.
Because the EPSCs were recorded immediately after break-in (when whole-cell properties are
typically not yet stabilized), the measured values may represent underestimate of the current.
Note that in 3 FSINs and in one PC, EPSCs were not measured. Immunohistochemical reac-
tions for vesicular GABA transporter (vgat), parvalbumin (pv) and somatostatin (sst) are indi-
cated by (+) for positive and (-) for negative. The vgat was analyzed in axon terminals, pv in
axon terminals, soma or dendrites, and sst in soma and dendrites. Putative basket cells in the
FSINs were identified by their axon forming collaterals around L2-3 neuron somatae. No axo-
axonic cell types were identified. Pyramidal cells showed characteristic densely spiny dendrites
with filopodial, stubby and mushroom-shaped spines, and main axon projecting towards
infragranular layers. In the PCs table “a” and “b” indicate distinct postsynaptic cells in a mutu-
ally connected PC couple.

(DOCX)

S1 Data. Data for Fig 1B1-1B3.
(XLSX)

$2 Data. Data for Fig 2A2-2A5.
(XLSX)

$3 Data. Data for Fig 2B1 and 2B2.
(XLSX)

$4 Data. Data for Fig 3A2-3A5, 3B1 and 3B2.
(XLSX)

§5 Data. Data for Fig 3C2-3C5.
(XLSX)

$6 Data. Data for Fig 4B2, 4D-4I and $4 Fig.
(XLSX)

$7 Data. Data for S1 Fig.
(XLSX)

S8 Data. Data for S2B1 and S2B2 Fig.
(XLSX)
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S9 Data. Data for S3 Fig.
(XLSX)

$10 Data. Data for S5 Fig.
(XLSX)
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