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Role of Ionotropic Glutamate Receptors in Long-Term
Potentiation in Rat Hippocampal CA1 Oriens-Lacunosum
Moleculare Interneurons

Iris Oren,' Wiebke Nissen,? Dimitri M. Kullmann,' Peter Somogyi,’ and Karri P. Lamsa?
'nstitute of Neurology, University College London, London WCIN 3BG, United Kingdom, 2Department of Pharmacology, Oxford University, Oxford 0X1
3QT, United Kingdom, and *Medical Research Council Anatomical Neuropharmacology Unit, Oxford University, Oxford 0X1 3HT, United Kingdom

Some interneurons of the hippocampus exhibit NMDA receptor-independent long-term potentiation (LTP) that is induced by presyn-
aptic glutamate release when the postsynaptic membrane potential is hyperpolarized. This “anti-Hebbian” form of LTP is prevented by
postsynaptic depolarization or by blocking AMPA and kainate receptors. Although both AMPA and kainate receptors are expressed in
hippocampal interneurons, their relative roles in anti-Hebbian LTP are not known. Because interneuron diversity potentially conceals
simple rules underlying different forms of plasticity, we focus on glutamatergic synapses onto a subset of interneurons with dendrites in
stratum oriens and a main ascending axon that projects to stratum lacunosum moleculare, the oriens-lacunosum moleculare (0-LM)
cells. We show that anti-Hebbian LTP in O-LM interneurons has consistent induction and expression properties, and is prevented by
selective inhibition of AMPA receptors. The majority of the ionotropic glutamatergic synaptic current in these cells is mediated by
inwardly rectifying Ca’* -permeable AMPA receptors. Although GluR5-containing kainate receptors contribute to synaptic currents at
high stimulus frequency, they are not required for LTP induction. Glutamatergic synapses on 0-LM cells thus behave in a homogeneous

manner and exhibit LTP dependent on Ca”*-permeable AMPA receptors.
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Introduction

Hippocampal GABAergic interneurons show extensive diversity
as revealed by physiological and anatomical analyses (Klaus-
berger and Somogyi, 2008). Interneuron plasticity also exhibits a
high degree of diversity. Although long-term plasticity in hip-
pocampal pyramidal cells obeys relatively stereotypical rules, sev-
eral different forms of long-term potentiation (LTP) and long-
term depression (LTD) have been described in GABAergic
interneurons (Buzsdki and Eidelberg, 1982; Ouardouz and La-
caille, 1995; McMahon and Kauer, 1997; Cowan et al., 1998; Mac-
caferri et al., 1998; Laezza et al., 1999; Christie et al., 2000; Alle et
al., 2001; Perez et al., 2001; Laezza and Dingledine, 2004; Lei and
McBain, 2004; Lamsa et al., 2005, 2007a).

NMDA receptor (NMDAR)-independent LTP in hippocam-
pal interneurons has recently received considerable attention
(Perez et al.,, 2001; Lapointe et al., 2004; Lamsa et al., 2007a).
Induction of one such form of LTP is prevented by the AMPA and
kainate receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione (NBQX) (Lamsa et al., 2007a;
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Kullmann and Lamsa, 2008). Ca*"-permeable AMPA receptors
(CP-AMPARs) are common in many GABAergic interneurons
(Jonasetal., 1994; Geiger et al., 1995; Racca et al., 1996; Catania et
al., 1998; T6th and McBain, 1998; Topolnik et al., 2005; Lamsa et
al., 2007a). These receptor channels show a marked inward rec-
tification (Jonas et al., 1994; Bowie and Mayer, 1995; Kamboj et
al., 1995; Koh et al., 1995), which can explain the finding that LTP
at synapses on some interneurons in the CA1 area is most suc-
cessfully elicited by presynaptic activity when the postsynaptic
membrane potential is hyperpolarized (Lamsa et al., 2007a). The
phenomenon has been termed anti-Hebbian LTP to distinguish
it from Hebbian NMDA receptor-dependent LTP (Kullmann
and Lamsa, 2007). Although Ca*" influx via CP-AMPARs pro-
vides a simple explanation for anti-Hebbian LTP induction,
NBQX also blocks kainate receptors (Bureau et al., 1999; Cossart
et al., 2002; Goldin et al., 2007), which are abundant in hip-
pocampal interneurons (Cossart et al., 1998, 2002; Frerking et al.,
1998; Bureau et al., 1999; Paternain et al., 2000; Rogawski et al.,
2003; Yang et al., 2006; Goldin et al., 2007). Kainate receptors can
also exhibit marked inward rectification and calcium permeabil-
ity (Egebjerg and Heinemann, 1993; Kohler et al., 1993; Bowie
and Mayer, 1995).

Dissecting the relative roles of AMPARs and kainate receptors
in anti-Hebbian LTP is potentially confounded by the extensive
interneuron diversity that exists in the hippocampus (Somogyi
and Klausberger, 2005). We have therefore focused on a single
interneuron type: oriens-lacunosum moleculare (O-LM) cells in
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the CA1 area (Lacaille et al., 1987; Blasco-Ibanez and Freund,
1995; Sik et al., 1995; Yanovsky et al., 1997; Ali and Thomson,
1998). We find that glutamatergic synapses made by axons in the
CA1 stratum (s.) oriens onto O-LM cells show anti-Hebbian LTP
with remarkably uniform properties. Although GIluR5-
containing kainate receptors contribute to EPSCs, they are not
necessary for LTP induction, which is fully prevented by blockade
of CP-AMPARSs. Restricting attention to an identified pathway
within the hippocampal inhibitory circuitry thus reveals a far
more uniform pattern of synaptic physiology, pharmacology,
and plasticity than seen in the population of interneurons as a
whole.

Materials and Methods

Hippocampal slices

Three- to four-week-old male Sprague Dawley rats were killed by cervical
dislocation and decapitated. The brain was rapidly removed and placed
inice-cold (0 to +4°C) sucrose cutting solution containing the following
(in mm): 75 sucrose, 87 NaCl, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 1.0 NaH,PO,,
25 NaHCO3, 25 glucose, pH 7.4, bubbled with 95% O,/5% CO,. Trans-
verse hippocampal slices (350 wm thickness) were cut using a vibrating
microtome (Leica VT 1000S; Leica Microsystems). Slices were kept sub-
merged at 32°C in the sucrose solution for 2025 min before being trans-
ferred to an interface chamber in which they were maintained in Earle’s
balanced salt solution (Invitrogen) with 3 mm Mg?* and 1 mm Ca?* at
room temperature (20-25°C) for at least 60 min before starting
experiments.

Hippocampal slices were placed in a recording chamber (Luigs & Neu-
mann) mounted on the stage of an upright microscope (Olympus
BX51WI), in which they were held under a nylon mesh grid and super-
fused at 3-5 ml min ~ ! with artificial CSF (ACSF) at 31-33°C. The ACSF
contained the following (in mm): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3
MgSO,, 1.25 NaH,PO,, 25 NaHCO;, 11 glucose, final pH 7.4 (equili-
brated with 95% O,/5% CO,). A cut was made between the CA3 and CA1l
subfields to prevent the spread of bursting activity. Slices were visualized
using a 20X immersion objective with 2—4X zoom and infrared differ-
ential interference contrast (DIC) optics.

Electrophysiology
Somatic perforated-patch recordings were made from neurons in CAlss.
oriens and alveus. Electrodes were made from borosilicate glass capillar-
ies [GC150F; Harvard Apparatus] pulled on a Sutter microelectrode
puller. Pipette resistance was typically 8—18 M() for perforated-patch
and 4-7 M) for whole-cell recordings. A Multiclamp 700B amplifier was
used for recording (Molecular Devices). Infrared DIC images of the cell
at different magnification (20, 40, and 80X ) were obtained with a CCD
camera (Till Photonics) during electrophysiological experiments. Gram-
icidin stock solution (100 mg ml ~'; Sigma-Aldrich) was prepared in
dimethyl sulfoxide daily. The pipette filling solution containing gramici-
din was prepared by diluting the stock solution 1:1000 in potassium
gluconate pipette solution. The pipette solution contained the following
(in mMm): 145 potassium gluconate, 8 NaCl, 20-25 KOH-HEPES, 0.2
EGTA, and 1-5 5-lidocaine N-ethyl bromide (QX-314 Br), pH 7.2; os-
molarity, 295 mOsm L ~'. The gramicidin-containing solution was son-
icated several times for short periods (3-5 s) every 20 min, and the
gramicidin-containing pipette solution was discarded after 1 h. The elec-
trode 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 M().
Bridge balance and pipette capacitance compensation were adjusted
throughout the recordings. The presence of QX-314 in the filling solu-
tion 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.

On 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
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was approached with a new pipette and repatched in whole-cell config-
uration. Infrared images obtained during the perforated-patch recording
and the whole-cell recordings were compared, in order to verify that the
same cell was repatched (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material).

The whole-cell filling solution contained the following (in mm): 135
CsCl, 10 KOH-HEPES, 10 BAPTA, 8 NaCl, 2 Mg-ATP, 0.3 GTP, and 5
QX-314 Br, pH 7.2, 290 mOsm. Spermine tetrahydrochloride (0.5 mm;
Tocris) was included in the filling solution to maintain polyamine-
mediated rectification of AMPA/kainate receptors during whole-cell re-
cording. In addition, Neurobiotin (0.3—0.5%j; Alomone Labs) or biocy-
tin (0.5%; Sigma-Aldrich) was included in the solution for post hoc
anatomical analysis of cells. Capacitance compensation was applied in
the cell-attached configuration before membrane rupture. Series resis-
tance was not compensated during voltage-clamp recordings, but regu-
larly monitored with small hyperpolarizing voltage steps (—5 mV). The
series resistance at the start of whole-cell voltage-clamp experiments was
19.3 = 1.1 MQ (n = 11) and changed by <5 M{) during the recordings.
Data were not corrected for junction potentials.

Stimulation and data acquisition. Monosynaptic EPSPs or EPSCs were
evoked by alternately stimulating in the s. oriens/alveus in area CAl at
0.067 Hz via two concentric bipolar electrodes (outer diameter, 125 pum;
FHC), connected to constant current isolated stimulators (DS3; Digi-
timer; 20—-200 wA; duration, 50 ws). The stimulators were controlled by
a custom data acquisition program (LabView; National Instruments) or
by pClamp 10 software (Molecular Devices). Evoked EPSPs were re-
corded 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 stim-
ulated at 100 Hz for 1 s, delivered twice with a 20 s interval. Simulta-
neously, the postsynaptic cell was voltage clamped (1200-2000 ms) at
—70to —90 mV or at 0 mV (somatic potential). The pulse duration was
longer than the stimulation train to keep the postsynaptic cell clamped
during possible polysynaptic activity after the train. In the 1 Hz pairing
protocol, the cell was stepped in voltage-clamp mode from —60 to 0 mV
(somatic potential) for 300 ms, and a single presynaptic stimulus was
delivered concomitant to the depolarizing step (Lamsa et al., 2005). Volt-
age steps to 0 mV were accompanied by repetitive firing of action cur-
rents (supplemental Fig. 2, available at www.jneurosci.org as supplemen-
tal material). No series resistance compensation was used in voltage
clamp. The voltage error resulting from perforated-patch series resis-
tance was estimated and added to the voltage step to depolarize the
somatic membrane potential to 0 mV. The series resistance was calcu-
lated from brief (100-200 ms) depolarizing steps with and without
bridge balance compensation. In whole-cell recordings, EPSC current—
voltage relationships were estimated over a postsynaptic membrane po-
tential range from —90 to +60 mV using 500 ms steps in voltage-clamp
mode.

Miniature EPSCs (mEPSCs) were recorded in 120 s sweeps, with the
seal test monitored in between sweeps. The first recordings were made 15
min after breaking through into the whole-cell configuration to allow for
stabilization of the cell input resistance (280 % 45 M(); n = 14). At least
6 min of recording were used for the analyses in each condition. To look
for mEPSC rectification 120-s-long recording periods were alternately
obtained at —60 mV and at +40 to +50 mV. When the cell was clamped
at depolarized potentials, the recording was started with a 5-20 s delay to
allow for relaxation of voltage-activated currents and a stable holding
current.

In all recordings, data were low-pass filtered (45 kHz) and acquired
at 10-20 kHz on a PC for off-line analysis. Data were analyzed using
LabView, pClamp 10, or in Igor Pro (Wavemetrics).

Drugs. The GABA receptor blockers picrotoxin (100 um) and (25)-3-
[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl] (phenyl-
methyl)phosphinic acid (CGP55845) (1 um) were routinely added to the
extracellular solution in all experiments. Where indicated, the NMDA
receptor antagonist DL-2-amino-5-phosphonovaleric acid (pL-APV)
(100 um) was also included. Other drugs were applied via superfusion
(3-5 ml/min). Tetrodotoxin (TTX) (1 um) was present during mEPSC
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Figure1. Long-term potentiationin 0-LM interneurons is induced at negative postsynaptic membrane potential. 4, Recording
in perforated-patch mode showing that glutamatergic synapses onto an 0-LM cell do not exhibit NMDA receptor-dependent
Hebbian LTP. The plot shows initials slopes of EPSPs in response to extracellular stimulation of two glutamatergic pathways (solid
and open symbols) targeting the 0-LM cell. After a baseline, 1 Hz stimulation (120 pulses) was delivered in one pathway (solid
symbols) while postsynaptic membrane potential was simultaneously depolarized to 0 mV. This did not change EPSP slope.
Twenty consecutive traces of EPSPs in both pathways before (5 min) and after (25 min) the pairing are shown above each plot.
Pairing protocol is illustrated in an inset, and the timing is indicated by an arrow. B, Mean == SEM of baseline-normalized EPSP in
three 0-LMs cells studied in perforated patch as in A. The two pathways are superimposed; solid and open symbols indicate the
paired and control pathways as in A. Schematic shows the experimental design and positioning of extracellular stimulation
electrodes. €, Robust LTP isinduced in glutamatergic synapses onto 0-LM cells if high-frequency afferent stimulation occurs when
the cellmembrane potential is clamped at negative potentials. Recording is in perforated patch; the plot shows EPSP initial slopes
in response to stimulation of two glutamatergic pathways (solid and open symbols) targeting an 0-LM cell. After baseline, HFS
(100 Hz; timing indicated by an arrow) was delivered in one pathway (solid symbols) while membrane potential was voltage
clamped to —70 mV during the train. This anti-Hebbian pairing induced a robust pathway-specific LTP of the EPSP. The open
symbols indicate EPSPs in the control pathway. EPSPs in both pathways before (5 min) and after (35 min) the HFS are shown
above. The scaling is as in A. Stimulation protocol is illustrated in the inset. APV indicates continuous presence of NMDAR blocker
0L-APV (100 wem). D, Mean = SEM of baseline-normalized EPSP in 16 0-LMs cells studied in perforated patch asin €, postsynaptic
membrane potential clamped to —70 to —90 mV during HFS. P indicates significance between the two pathways (unpaired ¢
test). E, Pairing 100 Hz afferent stimulation with depolarization to 0 mV in perforated patch fails to elicit LTP in 0-LM cells. The solid
and open symbols represent tetanized and control pathways. Pairing protocol is illustrated in inset; arrow shows timing. APV
indicates that NMDARs are blocked by 100 rum oi-APV. Consecutive EPSPs in the two pathways during baseline (5 min) and after
the pairing (35 min) are shown above. The scaling is as in A. F, Mean == SEM of EPSP slope in two pathways tested in eight 0-LM
cellsin perforated patch and plotted asin Band D. G, Fluorescence micrographs showing immunoreactivity for mGluRT e (middle;
red) and somatostatin (middle; blue) in the soma of a recorded and biocytin (left; green) labeled 0-LM cell (arrow) showniin E. An
mGluR1a-immunopositive and biocytin-labeled distal dendrite is shown on the right (green, red). Note immunoreactivity in cells
that were not recorded (arrowhead). Scale bars: left, middle panels, 20 m; right panels, 10 em.
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recordings. Chemicals were purchased from
Sigma-Aldrich, and drugs were purchased from
Tocris Cookson or Ascent Scientific.

Data analysis and statistics

In the analysis of LTP experiments, the initial
slope of the EPSPs (3-5 ms from onset) was
measured to restrict analysis to monosynaptic
excitatory inputs. The initial slope time window
and EPSP onset were determined from the av-
erage of all baseline EPSPs. For coefficient of
variation (CV) analysis, EPSP initial slope val-
ues were taken from 5 min recording periods in
the tetanized and control pathways. The mean
and SD values (20 data points each) were used
to estimate CV 2 for periods before (—5-0
min) and 15-20 min after the high-frequency
stimulation. The noise variance (Var,;,.) was
measured from 3 to 5 ms time window preced-
ing the stimulation and subtracted from the
EPSP slope variance (Vargpgp) before calcula-
tion of CV 2, using the following formula:
mean EPSP?/(Vargpgp — Var,;..), where mean
EPSP is the mean EPSP slope (Min et al., 1998).

In whole-cell current—voltage (I-V') record-
ings, the EPSC rectification index was obtained
by dividing the amplitude of the EPSC recorded
at +60 mV by that measured at —60 mV. To
analyze the AMPAR- and kainate receptor-
mediated components of stimulus-evoked syn-
aptic transmission, the peak EPSC amplitude in
control conditions was quantified as the differ-
ence between a 10 ms baseline before stimula-
tion and the mean value in a 1-3 ms window
around the peak of the average monosynaptic
response. The slope and decay time constants
were evaluated for individual events. The EPSC
decay time constant was evaluated by fitting a
monoexponential function. To estimate the
charge transfer of evoked EPSCs, the rising
slope and decay time constant were evaluated
for the single pulse-evoked EPSC (control) and
the EPSC after the fifth pulse in [1-(4-
aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2,3-benzodiazepine (GYKI53655)]. These
experimentally derived kinetic variables were
used to simulate EPSC waveforms made up ofa
linear rise and monoexponential decay. Wave-
forms were scaled by the amplitude of the EPSC
after the single or fifth pulse in control and
GYKI conditions, respectively. Charge transfer
was estimated by integrating these waveforms
and the ratio of the two integrals evaluated.
Hence, this ratio compared the summated,
GYKI-insensitive EPSC to a single pulse-
evoked EPSC in control conditions, and would
thus be an overestimation and an upper limit of
the contribution of the GYKI-insensitive
component.

Mini-analysis was done in Igor Pro, version
6.01, using a modified version of the minifit
procedure (Hwang and Copenhagen, 1999).
The procedure detects events based on the first
and second derivatives and a user-specified am-
plitude detection threshold. See supplemental
Figures 3 and 4, and supplemental Table 1
(available at www.jneurosci.org as supplemen-
tal material).

Data are shown as mean * SEM. Data were
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baseline-normalized within each pathway, us-
ing a 10 min baseline, and analyzed with Stu- 3
dent’s paired ¢ test. Within each cell, the change
in slope in the paired pathway was compared
with that of the control pathway with an un-
paired ¢ test.

>

Anatomical analysis
Neurons were filled with Neurobiotin (Vector
Labs) or biocytin (Sigma-Aldrich) during

EPSP control pathway

whole-cell recordings (at least 30 min). Slices

were fixed overnight at 4°C in a solution con- P
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taining 4% paraformaldehyde, 0.05% glutaral-
dehyde, and ~0.2% picric acid in 0.1 M sodium
phosphate buffer (PB) (BDH). During fixation,
slices were kept between two cellulose nitrate
membrane filter papers (Whatman) to mini-
mize deformation. The next day, slices were 3
washed thoroughly in 0.1 M phosphate buffer
and stored in PB plus 0.05% sodium azide
(BDH) at 4°C. For resectioning, slices were em-
bedded and fixed in 20% gelatin and resec-
tioned at 70 wm thickness using a vibrating mi-
crotome (Leica VT1000S; Leica Microsystems).
The sections were washed once in 0.1 M PB, and
several times in 50 mwm Tris-buffered saline
(TBS) (Sigma-Aldrich) with 0.3% Triton

O
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X-100, and then incubated for at least 5 h with
Alexa Fluor 488-labeled streptavidin (Invitro- 0
gen; diluted 1:1000) in TBS with 0.3% Triton
X-100. Sections were mounted in Vectashield
(Vector Laboratories) under coverslips and ex-
amined with a fluorescent microscope. Images
were captured using a CCD camera (C4747-95;
Hamamatsu Photonics) with an appropriate
filter set (Ferraguti etal., 2005) (see supplemen-
tal Methods, available at www.jneurosci.org as
supplemental material) and analyzed using the
Openlab 4.0.4 image analysis software package
(Improvision).

O-LM cells were identified on the basis of the
main axon ascending from s. oriens, with an
axonal arborization mostly in s. lacunosum
moleculare (n = 83), or metabotropic gluta-
mate receptor subtype la (mGluR1a) immu-
noreactivity in the somatodendritic plasma membrane and characteristic
somatostatin immunoreactivity in the soma (Baude et al., 1993; Blasco-
Ibafiez and Freund, 1995; Maccaferri and McBain, 1995; Sik et al., 1995;
Ali and Thomson, 1998). Some cells provided additional minor innerva-
tions to other layers. O-LM cells had a horizontal dendritic arborization
bearing many filopodial spines and appendages in s. oriens and the alveus
(McBain et al., 1994). For immunofluorescence experiments, sections
were processed as described previously (Jinno et al., 2007) (see supple-
mental Methods, available at www.jneurosci.org as supplemental mate-
rial). On completion of immunoreactions, sections were processed for
visualization of Neurobiotin as described previously (Losonczy et al.,
2002). For illustration, selected cells were reconstructed from several 70
um sections using a drawing tube.

Figure 2.

Results

Consistent anti-Hebbian LTP properties in hippocampal CA1
O-LM cells

We patched horizontal cells in s. oriens of the CAl area under
infrared DIC microscopy. In plasticity studies, cells were first
recorded in the perforated-patch mode and then repatched in
whole-cell voltage clamp using a new pipette. This repatching
method allowed us to study synaptic plasticity with minimal dis-
turbance of the cytosol, with subsequent whole-cell access to test

EPSP tetanized pathway

1 2 3 0 1 2 3
Mean (norm.)

Expression of anti-Hebbian LTP in 0-LM cells shows systematic pathway specificity and consistent changes in the
EPSP coefficient of variance. A, EPSP slopes in 0-LM cells tested for anti-Hebbian LTP induction. Average of baseline-normalized
EPSP slopes in tetanized and control pathway plotted against each other in all 16 cells studied and shown in Figure 1D. The data
points represent averages of EPSPs at 15—20 min after the high-frequency afferent stimulation. Three cells closest to the line of
identity (dashed) showed no LTP. LTP in the tetanized pathway in the remaining 13 cells shows pathway specificity. B, CV ~2 of
EPSP initial slopes plotted against the mean in the pathways. Values are from EPSPs at 15—-20 min after the high-frequency
stimulation, and normalized by their own baseline. The location of data points shows that EPSPs with LTP in the tetanized
pathway (solid symbols) are accompanied by a systematic increase in CV 2, whereas EPSPs that did not potentiate are not. The
control pathway is illustrated by open symbols. €, EPSP slopes with no LTP in 0-LM cells in which high-frequency afferent
stimulation was paired with depolarization. Average of baseline-normalized EPSP slopes is plotted as in A. The data include all
eight cells shown in Figure 1£. D, CV 2 plotted against the mean in the two pathways as in B. In the absence of LTP, there is no
difference in the distribution of the data points representing the pathways.

synaptic currents in voltage clamp and fill cells with biocytin for
post hoc anatomical identification (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). Of 212 cells re-
corded and subsequently processed histologically, 83 cells were
identified as O-LM interneurons (supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material). The data
reported here focus exclusively on the 83 identified cells.

We first asked whether Hebbian NMDA receptor-dependent
LTP could be evoked in identified O-LM cells. NMDAR-
dependent LTP can be induced in a subpopulation of unidenti-
fied nonpyramidal cells in the CA1 area, mainly in s. radiatum by
pairing low-frequency (1-2 Hz) stimulation of presynaptic affer-
ents with postsynaptic depolarization. A small population of in-
terneurons in s. pyramidale and s. oriens also show NMDAR-
dependent LTP (Wang and Kelly, 2001; Lamsa et al., 2005,
2007a), and we therefore asked whether O-LM cells could belong
to this group. EPSPs were elicited with two extracellular stimula-
tion electrodes positioned in s. oriens. GABA , and GABAj recep-
tors were blocked with picrotoxin (100 uM) and CGP55845 (1
M), respectively. Analyses were focused on the EPSP initial slope
to avoid contamination of the monosynaptic response by
polysynaptic activity (Maccaferri and McBain, 1996; Lamsa et al.,
2005; Glickfeld and Scanziani, 2006). After recording a stable
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Figure 3. Fast glutamatergic input to 0-LM interneurons is mediated mainly via CP-
AMPARs, but kainate receptors are activated during high-frequency stimulation. 4, Whole-cell
voltage-clamp recordings of 0-LM cells, after LTP protocol in perforated patch, reveal strongly
inward rectifying EPSCs in both tetanized and control pathway (data taken 20— 60 min from
HFS). Top, EPSCs traces (average of 5) in one cell evoked at different holding potentials. Bottom,
Normalized /-V relationship of the EPSCs reveals no differences in the rectification in synapses
with LTP (solid symbols) and in control pathway (open symbols). / values were normalized by
EPSC mean at —60 mV in each cell. Data are from 10 0-LM cells that showed LTP with good
access resistance. B, Histogram shows distribution of rectification indices in the synapses with
LTP (solid) and no LTP (open) in all repatched cells in this study. Rl indicates EPSC rectification
index. In addition to the 10 cells shown in 4, the data include two 0-LM cells in which LTP was
notinduced and six cells tested for different drugs later in this study. C, Separate study in 0-LM
cells in whole-cell voltage clamp shows that EPSCs evoked by single shock stimulation were
blocked by GYKI53655, a selective antagonist for AMPA receptors. Additional application of 50
um NBQX did not further inhibit the residual inward current. Right, An averaged trace of five
EPSCs in one 0-LM cell before and after application of GYKI53655. D, High-frequency stimula-
tion of the synapses (5 pulses at 100 Hz) in the presence of GYKI53655 (50 wum) elicited EPSCs
sensitive to selective kainate receptor antagonist. The plot shows amplitude of the train-evoked
response (amplitude of fifth pulse of the train) in six 0-LM cells. The GYKI-insensitive EPSC was
strongly inhibited by UBP-302 (25 wm), a selective antagonist for GluR5-containing kainate
receptors. Subsequent application of NBQX (50 wum) did not significantly suppress inward cur-
rent amplitude any further. Right, Traces (averages of 5-7) from one 0-LM cell showing GYKI-
insensitive EPSCs elicited by the train, inhibition by UBP-302, and the effect of subsequent
application of NBQX (50 um). The dotted line shows EPSC amplitude for the fifth pulse.

baseline in current-clamp mode, the amplifier was switched to
voltage-clamp mode and stimulation of one pathway at 1 Hz (120
pulses) was paired with brief (300 ms) depolarization of the
O-LM cell to 0 mV (somatic potential corrected for series resis-
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tance errors) (see Materials and Methods). Stimulation of the
other pathway was interrupted during pairing to be used as a
control. EPSPs were followed in both pathways for 20 min after
the pairing. The pairing caused no change in EPSP slope in any of
the identified O-LM cells studied (Fig. 1A, B). Unlike pyramidal
cells and several interneurons in s. radiatum (Lamsa et al., 2005,
2007a), O-LM interneurons did not exhibit NMDA receptor-
dependent LTP.

Many interneurons in the CAl area show NMDAR-
independent LTP, which is induced by high-frequency stimula-
tion (HFS) of glutamatergic afferents (Perez et al., 2001; Lamsa et
al., 2007a). Hence, in the next set of experiments, afferents were
stimulated at a high frequency. NMDARs were systematically
blocked with pL-APV (100 uMm) in these and all subsequent ex-
periments to prevent contamination of EPSPs by passive propa-
gation of LTP occurring on pyramidal cells (Maccaferri and
McBain, 1996). After a stable baseline, 100 Hz stimulation (1 s;
delivered twice with a 20 s interval) was delivered to one pathway
while the postsynaptic cell was voltage clamped negative to the
resting membrane potential (somatic potential, —70 to —90
mV). EPSPs were recorded for at least 20 min after the HFS,
repatched, and identified as above. HFS paired with hyperpolar-
ization resulted in LTP that lasted for the duration of the exper-
iment (at least 20 min after the HFS) in 13 of 16 O-LM cells tested.
We set the criteria for LTP as a pathway-specific and significant
(p < 0.05, t test) increase in EPSP slope to at least 125% of
baseline. In the remaining three cells, the potentiation either did
not meet the criterion for LTP or was not restricted to the teta-
nized pathway. The averaged baseline-normalized EPSP initial
slope in the tetanized pathway, including all 16 O-LM cells, was
152 = 6%, whereas the EPSP in the control pathway was 96 * 7%
(15-20 min after HFS) (Fig. 1C,D). In five of the cells, LTP was
followed at least for 30 min. EPSP potentiation remained stable
and was 149 * 15% at 15-20 min and 165 = 13% at 25-30 min
after HES (p = 0.74).

In another sample of O-LM cells, we paired HFS with postsyn-
aptic depolarization to 0 mV (somatic potential). This failed to
generate LTP (n = 8) (Fig. 1 E, F). Fifteen to 20 min after the HFS,
the baseline normalized EPSP slopes in the two pathways were
109 = 7 and 103 * 6%, respectively. Identified O-LM cells (Fig.
1G) thus exhibit robust anti-Hebbian LTP.

In some interneurons of s. oriens, LTP has previously been
reported to have a presynaptic locus of expression (Lapointe et
al., 2004; Lamsa et al., 2007a; Le Vasseur et al., 2008). We asked
whether this holds for anti-Hebbian LTP in identified O-LM cells
by analyzing the CV of the EPSP initial slopes in the two pathways
in the abovementioned experiments. LTP was associated with an
increase in CV ~? relative to the mean. The increase was positively
correlated with the degree of potentiation of the EPSP in the
tetanized pathway (Fig. 2A, B). A larger increase in CV ~* relative
to the mean is consistent with an increase in transmitter release
probability as a potentiation mechanism in the synapses (rather
than an increased number of postsynaptic AMPA/kainate recep-
tors or unsilencing of synapses) (Edwards et al., 1990; Clements
and Silver, 2000). CV ~* did not change in the control pathway.
Neither the tetanized nor the control pathway showed a change in
CV ~? after pairing with depolarization (Fig. 2C,D).

Fast glutamatergic excitation of O-LM interneurons at
negative membrane potential is mediated via CP-AMPA and
kainate receptors

Repatching the cells in whole-cell mode allowed us to study EP-
SCs underlying the EPSPs in O-LM cells. In 12 of 16 cells tested
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Table 1. EPSC kinetics in control (single shock) and in 50 pm GYKI53655 (fifth shock)

Oren et al. ® Properties of Anti-Hebbian LTP in 0-LM Interneurons

Amplitude Slope (pA/

(pA) 10-90% Rise time (ms) ms) Decay time constant (ms) Area (n()
Control 79.7 = 6.7 08 *+0.1 584 *+ 4.6 4102 385.8 £ 63.9
GYKI53655 65*1.0 17203 1803 8910 70.1 £ 13.0

Means = SEM are presented for four cells in which monosynaptic EPSCs could be distinguished. EPSCamplitude was measured from baseline preceding the first/fifth shock in control and GYKI53655, respectively. Data were used to estimate

charge transfer.

for anti-Hebbian LTP and repatched, whole-cell access resistance
was suitable for voltage-clamp recordings and I-V analysis. EP-
SCs were systematically highly inward rectifying in all O-LM cells
exhibiting anti-Hebbian LTP (Fig. 3A). In addition, the rectifica-
tion index (RI) (detected 20—60 min after the HFS) did not differ
significantly between potentiated (0.14 * 0.07) and control path-
ways (0.04 £ 0.05; p = 0.15; n = 10 cells; ¢ test). In two of the
three cells that failed to reach the LTP criterion, the EPSC I-V
relationship was successfully measured: EPSCs were similarly in-
ward rectifying in both pathways (RI mean, 0.13 and 0.10, respec-
tively). EPSC rectification indices taken from 25 O-LM cells in
this study showed that there is little variation among the cells
(Fig. 3B). We thus conclude that O-LM cells consistently exhibit
highly rectifying EPSCs, characteristic of Ca®"-permeable
AMPA receptors (Angulo et al., 1997). The influx of Ca*" via
such receptors may explain anti-Hebbian LTP induction. The
similarity of RI between LTP and control pathways implies that
LTP is not accompanied by a change in the proportion of recti-
fying receptors at the potentiated synapses.

Because the rectification analysis focused on the peak of the
EPSCs, which is dominated by fast AMPA receptors, it says little
about whether kainate receptors are involved in the Ca*" influx
during anti-Hebbian pairing. We therefore estimated the contri-
bution of kainate receptors to glutamatergic synapses onto iden-
tified O-LM interneurons. We recorded from horizontal cells in
the whole-cell voltage-clamp configuration, and examined the
effect of selective blockade of AMPA receptors with GYKI53655
(50 uM). The amplitude of single stimulus-evoked EPSCs (57 = 7
pA) was strongly attenuated by GYKI53655 in every O-LM cell
studied, leaving only 7 = 1% residual amplitude (n = 11) (Fig.
3C). To examine the kinetics and pharmacological properties of
the residual EPSC, we delivered trains of stimuli at 100 Hz (five
pulses) in the continued presence of GYKI53655. This revealed
an EPSC that exhibited substantial summation: the ratio of the
peak currents after the fifth and first stimuli was 4.2 = 0.5 (n = 4
cells). The summated GYKI-insensitive EPSCs were character-
ized by slower kinetics than those of the GYKI-sensitive currents
(p<<0.05;n=4) (Table 1). The decay time constants of EPSCs in
control conditions and in the presence of GYKI were 4.1 = 0.2
and 8.9 * 1.0 ms, respectively. The estimated charge transfer car-
ried by the summated, residual EPSC induced by the fifth pulse was
only 19 * 3% of the charge transfer for a single EPSC in control
conditions (see Materials and Methods). The train-evoked,
GYKI53655-resistant EPSCs were strongly inhibited by the GluR5
subunit-selective kainate receptor antagonist (S)-1-(2-amino-2-
carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-dione ~ (UBP-
302) (25 um) (Fig. 3D). Insix cells tested, the amplitude after the fifth
pulse (12 = 3 pA) was inhibited to 44 = 5% by UBP-302. Additional
application of a high concentration of NBQX (50 uM), which blocks
both AMPA and kainate receptors, did not significantly reduce the
inward current any further (p = 0.15). We therefore conclude, first,
that kainate receptors make only a relatively small contribution to
EPSCs in rat O-LM cells and, second, that they are principally
GluR5-containing.

We applied a second approach to look at the contribution of
AMPA and kainate receptors to synaptic transmission in O-LM
cells. The relative contributions of AMPA and kainate receptors
should be reflected in the kinetics and pharmacological proper-
ties of mEPSCs recorded in the presence of TTX (1 um) (GABA
and glutamate NMDARs were blocked as above). Cells were ini-
tially held at —60 mV. This revealed a population of spontaneous
inward currents with fast rise time and variable decay time con-
stants (n = 14 cells) (Fig. 4A; supplemental Fig. 5, available at
www.jneurosci.org as supplemental material).

Given the wide distribution of mEPSC kinetics in the cells, we
asked whether fast- and slow-decaying events show different sen-
sitivities to membrane potential by clamping the cell at depolar-
ized potentials (+40 to +50 mV). The frequency of detected
events decreased to 9 = 3% of the frequency at —60 mV (p <
0.05; n = 4; paired ¢ test) (Fig. 4 B). This was accompanied by a
nonsignificant reduction in the mean amplitude of detected
events ( p = 0.13). The decrease in frequency and amplitude of
detected events is consistent with the hypothesis that most events
fall below detection threshold on depolarization, most simply
explained by rectification of the receptors mediating the EPSCs.
Indeed, the maximal event amplitude decreased from 50.8 * 1.5
pA at —60 mV (n = 4) to 11.2 = 1.2 pA at +40 to +50 mV.
mEPSCs at positive voltages were detected too infrequently to
obtain reliable estimates of the distribution of decay time
constants.

Overall, the analysis of mEPSCs is in line with the outcome of
stimulus-evoked EPSCs, and indicates that highly rectifying glu-
tamate receptors mediate the majority of EPSCs in O-LM cells.
We next studied the effect of selective AMPAR antagonists on
mEPSCs, to determine whether a subpopulation of kainate
receptor-mediated events could be detected. After baseline re-
cording of mEPSCs (6 min), slices were exposed either to
GYKI53655 (50 uM) or to a low concentration of NBQX (1 um),
which has been shown to act as a relatively selective blocker of
AMPA receptors (Bureau et al., 1999). All detected mEPSCs were
blocked with GYKI53655 (n = 5 cells), and in separate experi-
ments a similar result was obtained with 1 um NBQX (n = 5
cells). This argues that the overwhelming majority of mEPSCs
were mediated by AMPA rather than kainate receptors (Fig. 4C)
(Wilding and Huettner, 1995; Cossart et al., 2002; Goldin et al.,
2007). Because a population of mEPSCs resistant to 50 um
GYKI53655 or 1 uM NBQX could not be detected, we conclude
that the variable mEPSC decay time constants in O-LM cells (Fig.
4A) result mainly from differential electrotonic filtering (Wil-
liams and Mitchell, 2008) of mainly AMPA receptor-mediated
mEPSC:s arising at diverse locations in the dendritic arborization
(McBain and Dingledine, 1993).

AMPA but not kainate receptors are required for anti-
Hebbian LTP induction

Although fast glutamatergic excitation of O-LM cells is mediated
for the most part by inward-rectifying AMPARSs, this does not
exclude a disproportionate role for kainate receptors, which can
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Slices were exposed to UBP for at least 20
min before an experiment so that EPSPs
were stable before the start of baseline re-
cording. HFS in the presence of UBP re-
sulted in LTP in five of six tested O-LM
cells. The baseline-normalized initial slope
was potentiated to 155 * 13%, 15-20 min
after the HFS (all six cells included). The
EPSP in the control pathway was 103 *
11% of baseline ( p < 0.01). Thus, in con-
trast to the effect of blocking AMPA recep-
tors, UBP-302 did not prevent anti-
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Figure4. Miniature EPSCsin O-LM interneurons are mediated by rectifying AMPA receptors. A, mEPSCs show extensive kinetic
variability in 0-LM cells. Left, Inward mEPSCs inan 0-LM cell voltage clamped at —60 mV in the presence of TTX (1 ). GABA and
glutamate NMDA receptors were blocked throughout. Two seconds of continuous recording are shown in traces. Detected mEPSCs
are indicated by an arrowhead. Right, Cumulative probabilities of decay time constants of mEPSCs for 14 0-LM cells and average
normalized histogram showing kinetic distribution of mEPSC decay time constantsin the 0-LM cells. Histogram was normalized by
detected event number in each cell. B, mEPSC frequency is dramatically decreased at depolarized membrane potential. Left,
Reversed polarity of mEPSCs in the same cell as above held at +50 mV. An arrowhead indicates a mEPSC. Right, The plot shows
mEPSC frequency and amplitude at hyperpolarized (at —60 mV) and depolarized (at +40 to +50 mV) potentials. Shown are
data points of individual cells recorded at negative and positive potentials connected with line. Mean == SEM for the valuesin each
condition are shown as open symbols. ¢, mEPSCs in O-LM cells are blocked by selective AMPA receptor antagonists. Left, Recording of
mEPSCs at —60 mV before and after application of selective AMPA receptor blocker, GYKI53655 (50 wum). Right, Plot shows mEPSC
frequency in individual cells in control conditions and in the presence of selective AMPAR antagonists GYKI53655 or NBQX (1 rum).

also be calcium-permeable, in LTP induction. Indeed, their rela-
tively slower kinetics is suited to temporal summation, and their
contribution to synaptic transmission is revealed by high-
frequency stimulation, similar to that used in the anti-Hebbian
LTP induction protocol. Therefore, we next attempted to dissect
the relative contributions of AMPA and kainate receptors in anti-
Hebbian LTP induction.

Because the small size of the kainate receptor-mediated EPSC
precluded reliable measurement of the rectification index, and
associated calcium permeability (Egebjerg and Heinemann,
1993; Kohler et al., 1993; Bowie and Mayer, 1995; Kamboj et al.,
1995; Rogawski et al., 2003), we used selective kainate and AMPA
receptor antagonists to address the question. We first tested the
effect of the relatively selective AMPA receptor blocker, 1 um
NBQX, on LTP induction using sequential perforated-patch—
whole-cell recording as described above. We recorded EPSPs in

Ctrl  NBQX Hebbian LTP induction.

(1 uM) We next tested the effect of
GYKI53655, another AMPAR antagonist,
using the same experimental design. A
lower concentration (25 um) than in the
previous experiments (Fig. 3C) was used
to facilitate washout of the drug. Bath ap-
plication of GYKI reduced the initial slope
to 9 + 2% of baseline within 8 min (n = 22
pathways in all 11 O-LM cells tested).
High-frequency stimulation paired with
hyperpolarization fully blocked LTP. Sur-
prisingly, however, the EPSP recovered
less in the tetanized pathway (67 = 5%)
than in the control pathway (81 * 3%)
during GYKI washout (1 = 5; p < 0.05; paired ¢ test) (Fig. 6 A, B).
To determine whether this unexpected difference was a result of
the specific induction protocol tested, we repeated the experi-
ments with a Hebbian pairing. HFS was delivered in the presence
of GYKI53655 together with depolarization to 0 mV. After wash-
out, a qualitatively similar but statistically insignificant (p =
0.12) trend was seen for the tetanized pathway to recover less than
the control pathway (41 * 5 and 56 = 4%, respectively, 25 min
after HFS; n = 6) (Fig. 6C,D). These results suggest that a small
LTD can be elicited in the tetanized pathway, uncovered by
blocking AMPA receptors, although the size of the phenomenon
precludes easy identification of the underlying mechanisms.

Discussion
We have dissected the roles of CP-AMPA and kainate receptors in
the induction of anti-Hebbian LTP at excitatory synapses onto
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CAl O-LM interneurons. Although syn-
aptic currents are mediated by both AMPA
and kainate receptors, CP-AMPAR but
not kainate receptors are necessary for
LTP induction. Moreover, by exploring
different induction protocols, we conclude
that long-term plasticity properties are
strikingly homogeneous in this population
of hippocampal interneurons.

LTP induction via CP-AMPARs

Unlike some other hippocampal interneu-
rons (Ouardouz and Lacaille, 1995;
Christie et al., 2000; Lamsa et al., 2005,
2007b), O-LM cells in the CA1 area do not
exhibit NMDAR-dependent LTP. Rather,
experiments with selective AMPAR block-
ers showed that CP-AMPARs are critical
for LTP induction. Glutamate release by
high-frequency tetanic stimulation was
not sufficient to induce LTP when AM-
PARs were blocked. Given the pharmaco-
logical dependence of LTP on AMPARs
and the fact that CP-AMPARs are highly
inward rectifying, it was not surprising
that LTP induction showed a strict depen-
dence on the postsynaptic membrane po-
tential. In line with the data presented
here, we have previously shown that
blockade of inward-rectifying AMPA/kai-
nate receptors with polyamines atan intra-
cellular site prevents LTP in several inter-
neurons in s. oriens including O-LM cells
(Lamsa et al., 2007a). Our results strongly
suggest that Ca®" influx via CP-AMPARs
is necessary to trigger LTP (Lapointe et al.,
2004; Lamsa et al., 2007a). Indeed, CP-
AMPARs provide spatially restricted cal-
cium signaling in interneuron dendrites,
which is a prerequisite for pathway speci-
ficity of LTP (Goldberg et al., 2003a,b; Kai-
ser et al., 2004; Rozsa et al., 2008).

We cannot rule out the possibility that
LTP is accompanied by changes in AMPA
receptor subunit composition, as has been
reported in other cell types (Liu and Cull-
Candy, 2000; Bellone and Liischer, 2005;
Plant et al., 2006; Liu and Zukin, 2007).
However, we found no evidence that such
a switch accompanied anti-Hebbian LTP,
because the rectification ratios were simi-
lar in the conditioned and control path-
ways. After potentiation, calcium perme-
ability of AMPARs is presumably
preserved in these synapses. Analysis of
changes in CV supports the notion that
LTP at these synapses is presynaptically
expressed.

mGluRs contribute to LTP induction

Oren et al. ® Properties of Anti-Hebbian LTP in 0-LM Interneurons
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Figure5.  LTPin O-LM interneurons requires AMPA but not kainate receptors. 4, Inhibition of AMPAR with low concentration

of NBQX (1 um) before HFS prevented LTP. EPSP slope was plotted in two pathways as in Figure 1A. After a baseline period, NBQX
was washed in, and high-frequency stimulation was delivered to one pathway (solid symbols). Washout of NBQX started imme-
diately after HFS. Recovery of the EPSPs during washout was similar in the tetanized and the control pathway, indicating that no
LTP was induced. Application of NBQX is shown by horizontal bar, and timing of HFS is shown by an arrow. Right, Averaged EPSPs
(20 events) in the two pathways during baseline, immediately after HFS, and after 20—25 min washout of NBQX. Shown is
reconstruction of the 0-LM cell labeled after repatching (indicated by schematic). Scale bar, 100 um. B, Normalized mean == SEM
of four similar experiments as in A. Data baseline-normalized in experiments before pooling. Values of p show no significant
difference between the two pathways. €, LTP in the presence of kainate receptor antagonist UBP-302. Shown is LTP in one 0-LM
cellin the continued presence of UBP-302 (25 rum). UBP was washed in 20 min before starting the baseline acquisition. HFS was
delivered to one pathway (solid symbols) as shown by schematic and an arrow indicating the time of stimulation. Right, EPSPs
(average of 20) in both pathways at different time points. Shown is reconstruction of the cell labeled after repatching (indicated
by schematic). Scale bar, 100 wm. D, Shown are normalized mean == SEM of five 0-LM cells studied as in A.

in CA1 O-LM cells (Perez et al., 2001). Antagonists of mGluR1 or
genetic lesion of the receptor prevent LTP in horizontal cells
when the whole-cell recording method is used (Lapointe et al.,
2004). However, the fact that tetanic stimulation in the presence

of AMPAR antagonists was not sufficient to induce LTP when
postsynaptic membrane potential was either hyperpolarized or
depolarized indicates that synaptic activation of metabotropic
glutamate receptors alone is insufficient to induce LTP. It is also
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Figure 6.  HFS is not sufficient to induce LTP in 0-LM cells when AMPARs are selectively blocked. A, EPSPs in two pathways

recorded in an 0-LM cell. After a baseline, EPSPs were blocked by washing in selective AMPAR antagonist, GYKI53655 (25 um;
indicated by horizontal bar). HFS (100 Hz; arrow) was delivered to one pathway (solid symbols) while membrane potential was
clamped to —90 mV. Washout of GYKI started immediately after HFS. Recovery of EPSPs in the tetanized pathway was slightly
slower than in the control pathway. Right, Averages of EPSP (20) are shown in the two channels. Shown is a schematic indicating
repatching and a reconstruction of same cell. Scale bar, 100 pum. B, Mean == SEM in five 0-LM cells studied similarly. Value of p
shows that recovery in the tetanized pathway (solid symbols) was significantly slower than control pathway EPSP. ¢, EPSPs in two
pathways recorded and blocked by GYKI53655 in one cell as in A, but now Hebbian pairing protocol (cell depolarized to 0 mV
during HFS as indicated by schematic inset) was delivered to one pathway (solid symbols in the presence of GYKI53655). D,
Mean == SEM of similar experiments in six 0-LM cells. Inset, Averaged EPSPs (20) in the two pathways at different stages of the
recording. After the washout of the drug, recovery of EPSP in the tetanized pathway was slightly slower, but this difference was
not significant. E, Summary of the effects of AMPA and the kainate receptor-antagonists on LTP in 0-LM cells. The plot shows
baseline-normalized EPSP initial slope recovery in the two pathways in every experiment after the HFS and antagonist washout
(20—25 min).

unclear whether mGluR1 receptor activation by presynaptic tet-
anization would provide spatially restricted postsynaptic calcium
dynamics, which would be required to induce synapse-specific
LTP as described here (Goldberg et al., 2003b; Topolnik et al.,

J. Neurosci., January 28, 2009 - 29(4):939-950 « 947

2005; Kullmann and Lamsa, 2008). We
suggest that mGluRs have a permissive
rather than instructive role in anti-
Hebbian LTP induction (Kullmann and
Lamsa, 2008).

Interestingly, when AMPARs were
blocked during tetanization, the condi-
tioned pathway recovered less than the
control pathway. In these experiments, 25
uM GYKI was used instead of 50 uM to
improve recovery of EPSPs during the
drug washout. Given that this apparent de-
pression was more pronounced when HES
were given at negative potentials, it is pos-
sible that it was induced via residual CP-
AMPAR activation during tetanic stimula-
tion (Laezza and Dingledine, 2004). The
mechanisms of LTD in interneurons show
extensive heterogeneity, providing multi-
ple candidates to be tested to determine its
induction mechanism (McMahon and
Kauer, 1997; Laezza et al., 1999; Lei and
McBain, 2004). Heterosynaptic potentia-
tion of the control pathway in these exper-
iments cannot be fully excluded either
(Cowan et al., 1998).

Contribution of kainate receptors to
excitation of O-LM cells

The involvement of kainate receptors in
the induction of anti-Hebbian LTP was
hypothesized for three reasons. First, kai-
nate receptors can exhibit marked
polyamine-dependent inward rectifica-
tion akin to rectifying AMPA receptors
(Bowie and Mayer, 1995; Kamboj et al.,
1995). Second, such receptors can also be
highly permeable to Ca** (Rogawski et al.,
2003; Wilding et al., 2005). Third, synaptic
kainate receptors are widely expressed in
GABAergic interneurons including O-LM
cells and can contribute to their recruit-
ment to firing (Bureau et al., 1999; Mulle et
al., 2000; Paternain et al., 2000; Rodriguez-
Moreno et al., 2000; Cossart et al., 2002;
Yang et al., 2006; Goldin et al., 2007). Al-
though we confirm that kainate receptors
contribute to EPSCs evoked in O-LM cells
in rat hippocampal slices, they do not ap-
pear to play a major role in synaptic exci-
tation of these cells. Moreover, although
our experiments suggest that GIluR5-
containing kainate receptors mediate the
majority of kainate receptor-mediated
synaptic currents, blockade of these recep-
tors did not prevent LTP induction in
O-LM cells. Although GluR6-containing
receptors have also been reported in hip-
pocampal interneurons, a suitable selec-

tive blocker is not available to test whether such receptors also
contribute (Mulle et al., 2000; Paternain et al., 2000).

A recent study in mice reported that the majority of synaptic
excitation of CA1 O-LM cells is mediated by kainate receptors,
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with a relatively small contribution of AMPARs (Goldin et al.,
2007). In contrast, our results show that, in identified O-LM cells
in the rat hippocampal CA1 area, synaptic excitation is almost
entirely mediated via AMPARs. Kainate receptor-mediated EP-
SCs were only elicited during repetitive activation of afferents. In
agreement with previously reported findings in mice (Goldin et
al., 2007), mEPSCs in O-LM cells in the rat showed a wide range
of decay time constants. However, mEPSCs showed pharmaco-
logically and biophysically homogeneous properties, being
blocked by selective AMPAR antagonists and showing inward
rectification. This supports the conclusion that the mEPSCs were
mediated via CP-AMPARs and not by kainate receptors, and
suggests that their kinetic variability was mainly attributable to
electrotonic filtering (McBain and Dingledine, 1993). Unlike
O-LM cells in mice, we found no evidence of pure kainate
receptor-mediated synaptic events in the rat. The discrepancy
might be at least partially explained by species specificity (Lan-
thorn et al., 1984; Salin et al., 1995).

Characteristic properties of LTP in O-LM cells
Although long-term plasticity properties in hippocampal inter-
neurons show extensive heterogeneity, the present study shows
LTP in O-LM cells to be remarkably uniform with respect to
several parameters. First, LTP induction showed a consistent
voltage dependence in all studied O-LM interneurons, induced
when the postsynaptic membrane potential was hyperpolarized
during afferent activity, but unsuccessful at strongly depolarized
potential. Second, LTP was restricted to the tetanized afferent
pathway, implying synapse specificity. Third, LTP was systemat-
ically associated with a reduction in CV of the EPSP, consistent
with a presynaptic locus of expression (Edwards et al., 1990).
Fourth, LTP was critically dependent on AMPA receptors in all
studied O-LM interneurons. An explanation for the consistency
may partially stem from the recording method. Perforated-patch
recording may be more suitable for LTP studies than the whole-
cell configuration (Isaac et al., 1996; Lamsa et al., 2005), because
this method allows stable and long-lasting recording with mini-
mal disruption of intracellular signaling cascades (Akaike, 1996).
The prevalence and consistency of the plasticity rules at the
glutamatergic synapses onto O-LM cells suggest that long-term
plasticity properties may be more uniform within individual in-
terneuron types than previously expected. Glutamatergic affer-
ents innervating stratum oriens in which O-LM cell dendrites are
located include the local axons of CA1 pyramidal cells, CA3 py-
ramidal axons, and the alvear pathway of entorhinal afferents.
The only known input to O-LM cells is from CA1 pyramidal cells,
which form the majority of glutamatergic synapses on this cell
type (Blasco-Ibédiez and Freund, 1995), which may explain the
relatively uniform synaptic plasticity behavior. However, because
most interneuron types receive glutamatergic afferents from sev-
eral presynaptic loci, we cannot infer that the same patterns of
plasticity occur at all synapses (Maccaferri and McBain, 1995).

Conclusions

Although “horizontal” interneurons in stratum oriens of the hip-
pocampal CAl area are often studied as a single group of inter-
neurons (for review, see Maccaferri, 2005), they include several
cell types in addition to O-LM cells (Klausberger and Somogyi,
2008). Despite the similarity of the somatodendritic shapes of
these cells, interneurons in this layer are diverse and fall into
several different categories. Each shows unique properties and a
characteristic place in the circuitry (Sik et al., 1995; Losonczy et
al., 2002; Gulyas et al., 2003; Ganter et al., 2004; Jinno et al., 2007).
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Whether other horizontal cell types in s. oriens show similar or
different types of long-term synaptic plasticity remains to be
studied systematically. Many of the mechanisms of long-term
plasticity in interneurons in the hippocampus are still unclear,
and to date AMPA/kainate, NMDA, and mGluR1 receptors have
been shown to play arole in LTP in nonpyramidal cells in s. oriens
(Ouardouz and Lacaille, 1995; Perez et al., 2001; Lamsa et al.,
2007a). Sampling across interneuron types could explain some of
the heterogeneity reported in previous studies on plasticity in
which interneuron types were not identified (for review, see Kull-
mann and Lamsa, 2008). Heterogeneous properties of synaptic
plasticity across interneuron types may reflect a diversity of cell
type-specific patterns, which would provide flexibility in the hip-
pocampal inhibitory network.
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Supplemental table 1

Parameter Autoparamsl | Autoparams2 Manual
gdown_or_up 1 1 1
gwhat_units input 1 1 1
gauto_or_man_input 1 1 1
gexp_or_dbl_exp_input 2 2 2
glabel_flag inputg 1 1 1
gR_limit_input 0 0 0
gmin_duration_input 05 05 05
gmax_duration_input 10000 10000 10000
gdecay _min_input 1 1 1
gdecay max_input 100 100 100
grise_min_input 0.5 0.5 0.5
grise_max_input 10 10 10
gfreq_binwidth_input 1 1 1
gsmooth_factor_input 300 200 300
gamp_threshold_input 6 6 3
gampl_max_input 10000 10000 10000
gbaseline time input 5 10 5
gend_basdine time input 5 5 5
goverlap_criteria input 50 50 50
gpercent_return_input 70 70 70
gpeak_avg_time input 0 0 0.5
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Code Parts Identification based on Immunoreactivity for
SU pplemental table 2 (s=soma, d=dendrite, ax=axon) axonal pattern SM mGIluR1la

K060951 ax X

K070953 ax X

K090952 ax X

K161151 ax X

K220362 ax X

K050461 s, d, ax X

K180462 s, d, ax X

K260461 ax X

K090562 ax X

K260271 ax X

K210372 s, d, ax X

K130471 d, ax X

K220571 s, d + +
K310572 s, d + +
K060871 s, d, ax X

K200871 s, d, ax X

K230871 s, d, ax X

K200972 s, d, ax X

K250971 s, d, ax X

12609071 s, d, ax X

K091071 s, d, ax X

K101072 s, d, ax X

K111071 s, d, ax X

12310071 s, d, ax X

12510071 s, d, ax X

12111071 d, ax X

12211071 s, d + +
K281171 s, d, ax X

K291171 s, d, ax X

K301172 s, d, ax X

10412073 s, d, ax X

10512073 s, d, ax X

K100181 s, d, ax X

K110181 s, d, ax X

K150183 s, d, ax X

K170181 d, ax X

K200181 s, d, ax X

K200182 s, d, ax X

K230181 s, d, ax + -
10901082 s, d, ax X

11401082 s, d, ax X

12201081 s, d, ax X

12401081 d, ax X

K060281 s, d, ax X

K080281 s, d + +
K090281 s, d, ax X

K110281 s, d, ax X

K120281 d +
K130281 s, d + +
K150281 s, d, ax X

10502081 s, d + nt
10602081 s, d, ax X

11202081 s, d, ax X

11302081 s, d, ax X

K180281 s, d + +
K190282 d +
K210282 s, d, ax X

K250282 s, d, ax + +
K270281 s, d + +
K290281 s, d + +
K030381 s, d nt +
K050381 s, d, ax X

K060381 s, d, ax X

K070381 s, d + +
K100381 d, ax X

K120381 s, d, ax X

K130381 s, d, ax X

K140381 s, d nt +
K170382 s, d, ax X

K180381 s, d, ax X

K180382 s, d, ax X

K190381 s, d, ax X

K190382 s, d, ax X

K200381 d, ax X

K210381 s, d, ax X

K210382 s, d + +
11703081 s, d, ax nt +
11703082 s, d, ax X

K150482 s, d, ax X

K160482 s, d, ax X

K230482 s, d, ax X

K240481 s, d, ax X
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Supplemental figure 1. Sequential patching of interneurons in perforated patch and whole cell mode.
Putative non-pyramidal cells were patched in stratum(s.) oriens in perforated patch. A;) DIC infrared-
image of a cell at the end of a perforated patch recording (50 min). A,) Membrane potential steps
generated by DC current injection (500 ms) in current clamp at the end of perforated patch recording.
Suprathreshold current steps were injected intermittently throughout the recording to check membrane
integrity. Action potential blocker QX-314 (5 mM) was included in all filling solution. This irreversibly
blocks action potentials in whole cell mode, but does not enter the cell in perforated patch. The
occurrence of action potentials (cut) indicate integrity of membrane. Bridge balance compensation
adjusted. Schematic shows experimental design and current injection in current clamp. B;) Image of the
same cell when re-patched with a new pipette. When the image was taken, the patch was in gigaseal
configuration. Images were regularly taken in gigaseal configuration as well as in whole cell since
somatic morphology under infrared may change during whole cell mode. B,) Action potentials are
readily blocked after break-in to whole cell (5 min). Current traces in whole-cell voltage clamp during
incrementally increasing voltage steps (300 ms) up to somatic membrane potential of 0 mV (from -60
mV) shows no action currents. Whole cell recording was also characteristically associated with an
increase in cell input resistance as can be seen from reduced amount of current needed for
depolarization (filling solution CsCl). Initial amplitude of the current step (/c) is cut in the traces. C)
Epifluorescence image of the same cell following visualization of biocytin with Streptavidin-Alexa 488.
Images at these three stages were systematically used in the re-patching experiments to verify that the

correct cell was re-patched. Scale bars in panels A and C; 25 um.

Supplemental figure 2. Currents evoked by depolarizing and hyperpolarizing steps in voltage clamp

during the three different LTP induction protocols.



A) Specimen current traces (l.) from individual experiments showing pairing of presynaptic stimulation
with postsynaptic voltage steps in the three different LTP induction protocols. The somatic membrane
potential was stepped in voltage clamp mode from -60 mV. s indicates the timing of afferent
stimulation. Left, 1 Hz (120 pulses) stimulation with postsynaptic depolarization to 0 mV (step duration
300 ms). The onset of the depolarizing current was synchronous with the electrical stimulation. The
action currents (downward deflections in the trace) are small because of the uncompensated series
resistance of the perforated patch. Middle and right; tetanic stimulation at 100 Hz for 1 s accompanied
by postsynaptic voltage steps to 0 mV (1200-2000 ms) or to a hyperpolarized membrane potential (-70
to -90 mV). For the depolarizing steps stimulation was simultaneous with the onset of the voltage step.
For hyperpolarizing steps stimulation was either simultaneous or delivered with a 100 ms delay
following the voltage step onset. Upward deflections in the hyperpolarizing current trace are stimulus
artifacts.

B) Table showing current amplitudes (/) during voltage steps. Amplitudes are measured 2-3 ms from
the step onset and before the first action current. n indicates the number of cells. R, is cell input
resistance measured during depolarization to 0 mV in bridge balanced current clamp mode. ACs during
the first 100 ms indicates the average number of action currents measured during the first 100 ms of the

step.

Supplemental figure 3. Prior to mEPSC analysis, recordings were band-pass filtered between 5 Hz and 5
kHz. The analysis was repeated on unfiltered data in three cells to verify that this procedure did not
influence the results. Figure compares results of analysis of unfiltered and band-pass filtered recordings
of mEPSCs (recorded at a holding potential of -60mV) in three cells (A-C). Upper black trace: Unfiltered;
Lower red trace: bi-directionally band-pass filtered (red, 5 Hz-5 kHz). Below: Histograms of decay time

constants (1) for detected events of filtered and unfiltered recordings. Analysis was carried out on the



filtered and unfiltered recordings using the same input parameters. While fewer events were detected
in the analysis of the unfiltered recordings, the distributions derived from the two methods of analysis

were qualitatively comparable.

Supplemental figure 4. To minimize the number of missed events and false positives, the amplitude
detection threshold was set below the noise level and the automatically detected events were
individually selected by visual inspection. Other input parameters for event detection were adjusted as
follows: A 20 s epoch with a large number of events was selected for each 120 s baseline sweep. Events
in the 20 s epoch were identified by visual inspection. The minifit procedure was then run, and
parameters adjusted to reduce the number of missed events relative to the visually identified events
(missed events = 7 %). The same parameters were then used for event detection in all conditions for the
same cell. Single exponential functions were fit to the decay of the events between the detected peak
and 70% return to baseline. To determine whether the results were dependent on the choice of
parameters, recordings were re-analyzed by setting the detection threshold above the noise level with
two different parameter sets. The latter two methods sampled a smaller and differing subpopulation of
events. The three methods of analysis yielded comparable results.

Figure shows decay time constants (t) histograms obtained from analysis using three sets of detection
parameters (Supplemental table 1) for mEPSCs recorded in four cells (A-D) at a holding potential of -
60mV (see Methods). All three parameter sets resulted in an asymmetric uni-modal distribution of t
supporting the conclusion that missed events are not likely to account for a mis-identification of the

distribution of event kinetics.

Supplemental table 1. Global variable input used in analysis in Supplemental figure 4.

Variables as defined in minifit Igor Pro procedures (Hwang and Copenhagen, 1999).



Supplemental figure 5. Cumulative probabilities (left axis) and average normalized histograms (right
axis) of event amplitudes (A) and interevent intervals (B) of mEPSCs recorded in 14 O-LM cells at holding

potential of -60 mV. Histograms normalized by detected event number in each cell.

Supplemental table 2. Out of all cells recorded from and subsequently processed histologically in this
study (n=212), 83 cells were identified as O-LM interneurons. Out of those, 66 cells were identified on
the basis of their axonal pattern with the main axon ascending from stratum oriens and being mostly
distributed in stratum lacunosum-moleculare. In the remaining 18 cells with similar horizontal dendritic
arborization, the main axon was cut before reaching stratum lacunosum-moleculare. In these cases, the
cell type was confirmed by immunoreactivity for mGluR1a in the somatodendritic plasma membrane
and/or somatostatin (SM) immunoreactivity of the soma. In 11 cells immunoreactivity was confirmed for
both molecules; 5 cells with characteristic dendritic arborization were positive for mGluR1a but SM was
either not tested (n=2) or could not be evaluated (n=3) because the soma was lost or damaged. The
remaining two cells were immunopositive for SM but not for mGluR1a (1 negative; 1 not testable). Cells
with a horizontal somato-dendritic appearance suggestive of O-LM interneurons (n=27; not listed) were
rejected either if the axo-dendritic information was insufficient or if it differed from O-LM cells at higher
resolution (e.g. lack of dense filopodia and spines on dendrites in stratum oriens, or showing axonal
features such as large varicosities or extensive branching in stratum radiatum). Some cells with

insufficient axon were rejected because they were immunonegative for both mGluR1a and SM.

Abbreviations in Supplemental table 2: s=soma, d=dendrites, ax=axon. ldentification based on axonal
pattern: X=yes, blank=no; Immunoreactiviy: blank= immunoreactivity was not investigated, +=positive, -

=negative, nt=not testable (e.g. reacted but with inconclusive evaluation ).



Supplemental Methods. Identification of oriens-lacunosum moleculare interneurons. In 18 cells (see
Supplemental table 2) with similar dendritic patterns, the primary ascending axon was cut before the
main arborization in stratum lacunosum-moleculare. The identity of these cells was confirmed by a high
level of metabotropic glutamate receptor subtype 1o (mGluR1a) immunoreactivity in the somato-
dendritic plasma membrane and characteristic somatostatin immunoreactivity in the soma (Baude et
al., 1993; Blasco-lbanez and Freund, 1995; Maccaferri and McBain, 1995; Sik et al., 1995; Ali and
Thomson, 1998). Two cells were identified based on the characteristic dendritic spines and mGIluR1o
immunoreactivity only. For immunofluorescence experiments, sections were blocked in normal horse
serum (Vector Laboratories, Burlingame, CA) for 1 h and incubated in mixtures of primary antibodies to
mGluR1a raised in guinea pig (Nakamura et al., 2004) and to somatostatin raised in rat (MAB354,
Chemicon, raised to cyclic somatostatin 1-14) diluted in TBS with 0.3% Triton-X for 48 h at 4°C. After
washing, sections were incubated in a mixture of appropriate secondary antibodies conjugated either
with indocarbocyanine (Cy3; Jackson ImmunoResearch) or indodicarbocyanine (Cy5; Jackson
ImmunoResearch) overnight at 4°C. Sections were then washed in PB, mounted in Vectashield (Vector
Laboratories, Burlingame, CA) and analysed with the Leica fluorescence microscope as specified above.
Selected sections were examined with a confocal laser-scanning microscope (LSM510, Zeiss,
Oberkochen, Germany) using sequential multitrack single channel operation mode. Hence, only one
laser was applied to the section at any one time. Biocytin was visualized with streptavidin-Alexa-488,
which was excited using 488 nm laser line and detected with a 505 nm long pass filter. Antibodies to
mGluR1o were visualized by Cy3-conjugated donkey anti-guinea pig antibodies using the 543 nm laser
line for excitation and 560 nm long pass filter for detection. Antibodies to somatostatin were visualized
by Cy5-conjugated donkey anti-rat antibodies using the 633 nm laser line for excitation and 650 nm long

pass filter for detection. Potential cross-excitation and/or cross-detection of fluorophores was checked



using specimens having only one fluorophore of high intensity in all three excitation and detection
modes. No cross-talk between channels was found under our conditions. In particular, the 543 nm laser
line, used at the power to excite Cy3, did not detectably excite Alexa 488. All secondary antibodies were
highly cross-absorbed and purchased from Jackson ImmunoResearch Labs, Baltimore, USA. Control
incubations using two primary antibodies and only one secondary antibody resulted in the detection of
only the appropriate primary antibody. When fluorescence was not detectable in the relevant part of
the cell in an area where similar parts of other unfilled cells were immunopositive, cells were considered
immunonegative. If a decision about immunoreactivity could not be clearly made by several
investigators, the test was considered inconclusive (indicated as “not testable” in the Supplemental

table 2).
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