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Abstract

The biological mechanisms underlying complex forms of learning requiring the understanding of rules based on
previous experience are not yet known. Previous studies have raised the intriguing possibility that improvement
in complex learning tasks requires the long-term modulation of intrinsic neuronal excitability, induced by reducing
the conductance of the slow calcium-dependent potassium current (sl p) simultaneously in most neurons in the
relevant neuronal networks in several key brain areas. Such sl,yp reduction is expressed in attenuation of the
postburst afterhyperpolarization (AHP) potential, and thus in enhanced repetitive action potential firing. Using
complex olfactory discrimination (OD) learning as a model for complex learning, we show that brief activation of
the GluK2 subtype glutamate receptor results in long-lasting enhancement of neuronal excitability in neurons from
controls, but not from trained rats. Such an effect can be obtained by a brief tetanic synaptic stimulation or by
direct application of kainate, both of which reduce the postburst AHP in pyramidal neurons. Induction of
long-lasting enhancement of neuronal excitability is mediated via a metabotropic process that requires PKC and
ERK activation. Intrinsic neuronal excitability cannot be modulated by synaptic activation in neurons from GluK2
knock-out mice. Accordingly, these mice are incapable of learning the complex OD task. Moreover, viral-induced
overexpression of Gluk2 in piriform cortex pyramidal neurons results in remarkable enhancement of complex OD
learning. Thus, signaling via kainate receptors has a central functional role in higher cognitive abilities.
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In this study, we describe the molecular and cellular mechanism for complex learning. Previous studies
suggest that complex learning is accompanied by enhanced intrinsic neuronal excitability, induced by
reducing the conductance of a slow potassium current in most neurons in the relevant brain areas. Using
complex olfactory discrimination learning, we show that the kainate GIuK2 subtype glutamate receptor is
necessary and sufficient for complex learning. Intrinsic neuronal excitability cannot be modulated in neurons
from GIuK2 knock-out mice. Accordingly, these mice are incapable of learning the complex task. Moreover,
viral-induced overexpression of Gluk2 in piriform cortex pyramidal neurons enhances complex learning remark-
kably. Thus, postsynaptic activation of GIuK2 receptors has a central functional role in higher cognitive abilities. j
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Introduction

Training rodents in a complex olfactory discrimination
(OD) task results in enhanced performance over repeated
training sessions, as they need to understand and apply a
set of complex rules (Saar and Barkai 2003; Zelcer et al.,
2006; Chandra and Barkai, 2018). Since such high-order and
complex learning would presumably require the active par-
ticipation and modulation of multiple brain areas and neuro-
nal networks, it was suggested to be mediated by the
combined action of large groups of neurons (Hasselmo and
Stern, 2018). At the cellular and synaptic level, the simulta-
neous modulation of many synaptic connections and neu-
rons has been suggested to occur via a process termed
metaplasticity. Metaplasticity is defined as a persistent and
activity-dependent change in the functional state of the neu-
ron that affects future synaptic plasticity (Abraham and Bear,
1996; Abraham, 2008; Hulme et al., 2013). Notably, it is yet
to be shown that metaplasticity mechanisms that could
prepare neuronal networks to encode specific content in-
deed underlie complex learning on the behavioral level
(Hulme et al., 2013).

In this context, learning induced enhancement in intrinsic
neuronal excitability is a global phenomenon observed in a
multitude of brain regions and behavioral tasks (Moyer et al.,
1996; Thompson et al., 1996; Saar et al., 2001; Oh et al.,,
2003; Zelcer et al., 2006; Motanis et al., 2014). In particular,
for the olfactory discrimination learning paradigm central to
this study, global changes in neuronal intrinsic excitabil-
ity occur in different brain regions, specifically the piri-
form cortex (Saar et al., 1998, 2001), the hippocampal
CA1 area (Zelcer et al.,, 2006), and the basolateral
amygdala (Motanis et al., 2014).

Spike frequency adaptation is an important regulatory
mechanism for intrinsic excitability. In hippocampal and cor-
tical pyramidal neurons, spike frequency adaptation is mod-
ulated by medium and slow afterhyperpolarizations (AHPs),
generated by calcium-dependent hyperpolarizing potas-
sium currents (Madison and Nicoll, 1984; Constanti and Sim,
1987). Indeed, learning-induced long-term reduction in the
postburst AHP and the resulting enhanced excitability is
mediated by a long-term decrease in the conductance of the
slow calcium-dependent potassium current (slyyp), in both
the piriform cortex and hippocampus (Power et al., 2002;
Brosh et al., 2006). At the molecular level, learning-induced
long-term AHP reduction depends on persistent activation
of PKC and ERK second-messenger systems (Cohen-
Matsliah et al., 2007). It is as yet unclear how AHP-mediated
intrinsic excitability modifications are induced during learn-

ing.

This research was supported by the Israel Academy of Sciences and Hu-
manities (Grant 501100003973); Deutsche Forschungsgemeinschaft (Grant
501100001659); and Bundesministerium Bildung und Forschung (Grant
501100002347).

Correspondence should be addressed to Edi Barkai at ebarkai@
research.haifa.ac.il.

https://doi.org/10.1523/ENEURO.0198-18.2019

Copyright © 2019  Chandra et al.
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International license, which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is
properly attributed.

January/February 2019, 6(1) e0198-18.2019

New Research 2 of 10

Within the hippocampal formation, the GIuK2 subtype
glutamate receptor enhances intrinsic neuronal excitabil-
ity via noncanonical signaling (Fisahn et al., 2005; Melyan
and Wheal, 2011, Chamberlain et al., 2013). Such synap-
tic activity-induced and kainate-induced AHP reduction is
also dependent on PKC and ERK activation (Melyan et al.,
2002, 2004; Grabauskas et al., 2007). This noncanonical
GluK2 function is distinct from its direct ionotropic action
on synaptic transmission (Ruiz et al., 2005). Interestingly,
humans lacking the gene for GluK2 suffer from intellectual
disability (Motazacker et al., 2007). To date, the nonca-
nonical signaling of GIuK2 receptors has been related to
neuronal plasticity in terms of long-term potentiation (LTP)
only (Petrovic et al., 2017).

Here, we show that signaling via the GIuK2 subtype re-
ceptor has a key role in complex OD learning. In vitro in-
duced long-term AHP reduction is occluded by prior
learning-induced AHP reduction. Moreover, GIUK2 activity is
both necessary and sufficient for the enhancement of com-
plex learning capabilities. Our data suggest that this gluta-
matergic receptor and the downstream metaplastic AHP
reduction have a central role in complex learning.

Materials and Methods

Animal training
Rat training in complex olfactory learning

Subjects and apparatus. Age-matched young adult
Sprague Dawley male rats were maintained on a 23.5 h
water-deprivation schedule before training, with food
available ad libitum. Olfactory discrimination training pro-
tocol was performed daily on each trained and pseudo-
trained rat in a four-arm radial maze, as previously
described (Saar et al., 1998, 2001), with commercial syn-
thetic odors that are regularly used in the cosmetics and
food industry purchased from Value Fragrances & Flavors.
Odors were diluted by factor of 1000 before use in the
olfactory maze. Odors were composed from natural and
naturally derived materials in their formulations. Odors
used in this study were as follows: apple, skin musk, and
lavender.

Training. Olfactory training consisted of 20 trials per day
for each rat, as previously described (Saar et al., 1998). In
short, in each trial the rat had to choose between two
odors (positive cue and negative cue) presented simulta-
neously. Rats designated to the trained group were
rewarded on choosing the positive cue. Rats in the pseu-
dotrained group were rewarded in a random fashion on
choosing any odor. The criterion for learning was at least
80% positive-cue choices in the last 10 trials of a training
day, as was previously used (Saar et al., 1998; 2001). Rats
in the naive group were water restricted, but not exposed
to the maze. Typically, two to three trained rats and two to
three pseudotrained rats were trained at the same training
period. As previously described (Saar et al., 1998, 2001),
normal rats required 7-8 d of training for achieving the
criterion for learning.

Mice training in the complex olfactory learning

Subjects and apparatus. GluK2 '~ mice on a C57BL/6J
background and their wild-type littermates were trained in
an olfactory maze similar to that used for rats, with few
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adjustments to better fit mice. The arms of the maze were
enclosed by 20-cm-high walls, and each running track was
10 cm in width and 35 cm in length. Entries to arms to were
blocked by doors, which opened at the beginning of each
trial. The center area of the maze contained four odor pokes
in front of each track. The end of each track contained a
drinking well (1.5 cm radius), which received water by means
of an automated valve. The maze was controlled by a com-
puter, which sent transistor-transistor logic pulses at the
beginning of each trial to cue the active odor pokes, to open
the valves to release odors into the pokes, and to activate
the valve that pumps water into the drinking wells.

Training. Before the start of experiments, each animal
was handled for 5 d and was habituated to the training
arena for 3 d. The water restriction protocol started 23 h
before the first training day. Animals were allowed to drink
water daily ad libitum in their home cage for 1 h and 15
min after the training.

Each training session consisted of 20 ftrials. At the
beginning of each trial, two odor pokes were illuminated
to cue the odor pokes that were active for that trial, and
two different odors were presented (varied across differ-
ent batches of mice), one of which was associated with
water reward. If the animal chose to enter the correct
track, it received 0.2 ml of water at the end of the track. In
case of wrong entry, the animal did not receive any water
and walked back to the center of the maze and waited for
the next trial to start. Experiments aimed to examine the
effect of GIuK2 overexpression on complex olfactory
learning were performed blind.

Simple olfactory task (cookie test)

After the completion of training in the complex olfactory
plus maze, the mice were tested for basic olfactory func-
tion using the buried food or cookie test. Mice were
habituated to butter cookies for 2 d and were subse-
quently slightly food restricted for 8 h before the cookie
test. Each mouse started the test in a 20 X 40 cm cage
(identical in shape and size to their home cage) and freely
foraged for the cookie, which was buried in the cage
bedding. We used latency to find the cookie as the pa-
rameter for the cookie test learning.

Electrophysiology
Sharp electrode recordings

The 400 wm coronal piriform cortex rat brain slices were
cut as previously described (Saar et al., 1998) and were
kept in oxygenated (95% O, + 5% CO,) normal saline
Ringer’s solution as follows (in mm): NaCl 124, KCI 3,
MgSO, 2, NaH,PO, 1.25, NaHCO; 26, CaCl, 2, and glu-
cose 10. Intracellular recordings were obtained from py-
ramidal cells in layer Il of the piriform cortex, with 4 m
K-acetate-filled sharp glass microelectrodes at 35°C.
Several piriform cortex slices were obtained from each
rat. Slices were placed in a recording chamber and per-
fused with Ringer’s solution. Intracellular recordings with
sharp electrodes were obtained as previously described
(Cohen-Matsliah et al., 2007). Recordings were performed
using Axopatch 1D (Molecular Devices), and the data
were acquired using pClamp9 (Molecular Devices). All
experiments were performed blind; the identity of the rat
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from which neurons were recorded (naive, trained, or
pseudotrained) was not known to the person conducting
the experiments and measurements. One to three neu-
rons were recorded from each rat. AHPs were recorded
within minutes after good recording conditions were es-
tablished [resting potential of at least —65 mV and action
potential (AP) amplitude of =80 mV]. To standardize AHP
recordings, neurons were depolarized to holding potential
of —60 mV by direct current application via the recording
electrode. Postburst AHP amplitude was then measured
following a 100 ms depolarizing current step with an
intensity that generates six action potentials (Fig. 1C2
,D2). The AHP amplitude was evoked in responses to
intrinsic stimuli applied once every 10 s. The postburst
AHP amplitude was measured from baseline to the peak
of the hyperpolarizing voltage deflection that follows an
evoked train of six action potentials. The stimulus inten-
sity required to evoke six action potentials always re-
mained constant throughout the recording period of each
neuron, before and after drug application. Such stability of
the required stimulus intensity well coincides with the
stability of basic membrane properties, such as the input
resistance or resting potential of the neurons, which were
not affected by the drugs. Our previous study showed that
the AHP amplitudes are not modified in neurons from
pseudotrained rats, compared with neurons from naive
rats (Saar et al., 1998; Brosh et al., 2006; Cohen-Matsliah
et al., 2007; Saar et al., 2012). Therefore, neurons from
naive and pseudotrained rats were pooled to form the
control group. Synaptic stimulation was delivered via a
bipolar tungsten electrode, positioned at layer Ib, to acti-
vate the intracortical axons, which interconnect the re-
corded pyramidal neurons (Fig. 1B; Saar et al., 2002)
Stimulus intensity was adjusted to evoke PSPs with am-
plitudes of 10 mV at a membrane potential of —80 mV.
Activity-induced AHP reduction was induced by applying
20 repetitive stimuli at 50 Hz.

Drugs were applied into the perfusing Ringer’s solution
at the following concentrations: kainite, 200 nm; ERK in-
hibitor UO126, 30 um; PKC activator 1-oleoyl-20acety-sn-
glycerol (OAG), 10 uM. Slices were exposed to drugs for at
least 20 min before the recordings. All cells were recorded
before and after drug application.

Whole-cell patch-clamp recordings

Male C57BL/6 mice, 4—-6 weeks of age, were decapi-
tated following isoflurane anesthesia. Brains were trans-
ferred to ice-cold artificial CSF (ACSF) slicing solution
containing the following (in mm): 87 NaCl, 50 sucrose, 26
NaHCO;, 10 glucose, 2.5 KCI, 1.25 NaH,PO, 3 MgCl,,
and 0.5 CaCl,, pH 7.4. Coronal slices from the piriform
cortex (400 um thickness) were cut on a slicer (model
VT1200S, Leica) and stored at 32-34°C in the same ACSF
slicing solution for 30 min. Subsequently, slices were
transferred in a standard ASCF containing (in mm) 119
NaCl, 26 NaHCOg, 10 glucose, 2.5 KCI, 1.0 NaH,PO,, 1.3
MgCl,, and 2.5 CaCl,, and were allowed to recover for an
additional 30 min at room temperature. The ACSF was
equilibrated with carbogen (95% O,, 5% CO,). Record-
ings were performed in the standard ACSF at 31-32°C in
a submerged-type recording chamber perfused at a high
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Figure 1. Learning occludes repetitive synaptic stimulation-induced and kainate-induced AHP reduction. A, Schematic description of the
four-arm maze. Protocols for trained and pseudotrained rats are similar: an electronic “start” command randomly opens two of eight valves
(V), releasing a positive-cue odor (P) into one of the arms and a negative-cue odor (N) into another. Eight seconds later, the two
corresponding guillotine doors (D) are lifted to allow the rat to enter the selected arms. On reaching the far end of an arm (90 cm long), the
rat body interrupts an infrared beam (1; arrow) and a drop of drinking water is released from a water hose (W) into a small drinking well
(trained rats: only if the arm contains the positive-cue odor, pseudotrained rats: random assignment of odors to rewards). B, Position of the
intracellular recording electrode in layer Il of the anterior piriform cortex in acute coronal brain slices and the stimulation electrode in layer
Ib. C,, Time line of long-term AHP reduction induced by tetanic synaptic stimulation of trained (black) and control (red) rats. C,, Averaged
typical traces of a neuron from a trained (black) and pseudotrained (red) rat before (light shade) and after (dark shade) synaptic stimulation.
The AP peaks are clipped to facilitate comparison of the postburst AHP. C, Direct comparison of the absolute AHP amplitudes before and
20 min after synaptic stimulation for control (red) and trained (black) rats. D,, Time line of long-term AHP reduction induced by kainate
application to brain slices of trained (blue) and control (green) rats. D,, Averaged typical traces of a neuron from a trained (blue) and
pseudotrained (green) rat before (light shade) and after (dark shade) kainate application. The AP peaks are clipped to facilitate comparison
of the postburst AHP. D, Direct comparison of the absolute AHP amplitudes before and 20 min after kainate application for pseudotrained
(green) and trained (blue) rats. Values are represented as the mean = SEM. “p < 0.01.

rate (5—-6 ml/min). Data were collected using a Multiclamp
700A amplifier (Molecular Devices) and sampled at 20
KHz. Whole-cell recordings were performed from layer ||
pyramidal cells with borosilicate glass electrodes (2-5
MQ) filled with the following (in mm): 120 K-gluconate, 10
HEPES, 10 KCI, 3 Mg-ATP, 5 EGTA, 2 MgSQO,, 0.3 Na-
GTP, and 14 phosphocreatine. The pH was adjusted to 7.4
with KOH. Neurons were recorded in voltage-clamp mode at
—70 mV in the presence of the NMDA receptor blocker,
D-AP5 (50 um) and the GABA, receptor blocker SR-95531 (1
uM). A single extracellular stimulation pulse was delivered
every 15 s to evoke postsynaptic currents in the recorded
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neurons. After achieving a stable baseline, the selective
AMPA receptor blocker GYKI-53655 (100 um) was applied
to investigate the potential presence of kainate receptor-
mediated currents. In addition, to exclude the presence of
extrasynaptic kainate receptors, a train of five stimuli at 200
Hz was delivered under the same recording conditions.

Statistical analysis

For behavioral experiments, t tests were used for sta-
tistical comparison between two groups. The effect of
repetitive stimulation and drug application was examined
for each neuron with and without the treatment, using a
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Table 1: Summary of the nine experimental groups

Naive-GFP only Naive-GlukK2
Trained-GFP only Trained-GlukK2
Pseudo-GFP only Pseudo-GluK2

Naive-control
Trained-control
Pseudo-control

paired t test. Values throughout the text and in graphs are
presented as the mean * SE.

Viral injections
Apparatus and surgery

Animals were blurred with isoflurane and then anesthe-
tized by the injection of ketamine 10% (0.09 cc/100 g) and
Dormitor (0.05 cc/100 g). Before the surgery, rats received
treatment with an antibiotic (@amoxicillin veterinary, 0.2 ml)
and a painkiller (Calmagin, 0.03 ml/100 g). Additional anes-
thesia (1% isoflurane in O,, by inhalation) was supplied as
needed. Aseptic surgeries were performed on a commercial
stereotaxic device (David Kopf), using a surgical microscope
(Zeiss). Physiologic vital conditions were monitored through-
out the surgery, and postoperative care was provided to
minimize pain and ensure a healthy recovery. Small holes
were drilled in the skull to allow the insertion of the syringe in
the brain. The locations of the holes were determined ac-
cording to atlas with bregma as the reference point. A quartz
micropipette filled with 200 nl of high-titer lentivirus stock
was directed to layer Il of the anterior piriform cortex. Virus
was pressure injected using a Picospritzer (General Valve).
The virus was injected bilaterally. The coordinates in the
pirform cortex area were as follows: anteroposterior, +1.3;
ML, =3.5; DV, —8.

The surgery took place in a lentivirus special room. To
ensure virus expression and to allow rats to recover from
the surgery, the behavioral task began 10 d following
surgery. The procedure was performed in strict accor-
dance with local university regulations and the guidelines
of the National Institutes of Health. Following injection,
animals were maintained in a warmed cage under inspec-
tion for at least 2 h for recovery and then placed in a
designated area in the animal facility.

Animals were divided into the following three groups: (1)
rats not injected with virus; (2) rats injected with a control
GFP virus; and (3) rats injected with a Gluk2 virus. Each of
these groups will then be further divided into the following
three behavioral groups: naive, trained, and pseudo-
trained (Table 1). Every cage contained one rat. Rats were
kept under 12 h light/dark cycle conditions.

Virus preparation

We used the HIV-1 Lentiviral Vector System (Ramezani
and Hawley, 2002) and a pUbiquitin-IRES-GFP plasmid
(based on FU-mKate2-mem-Cer-SV2a-Wm2 13.024 kb).
We exchanged the pUbiquitin promoter with CaMK2a
promoter (thus allowing the virus to infect only the excit-
atory pyramidal neurons) and inserted the cDNA of
GLUgg. Our final virus had the following composition:

5'CaMKIlaGluK2IRESGFP3’

Recovery from virus injection
As noted above, virus injection was followed by a 10 d
resting period, after which olfactory discrimination training
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was performed in the complex OD task until rule learning
was obtained. Notably, it has been shown that kainite-
induced epileptic activity (for review, see Louboutin and
Strayer, 2013). Specifically, GIuK2 overexpression has
been shown to produce seizures (Telfeian et al., 2000). On
the other hand, it has been proposed that ketogenic
diet-induced upregulation of GIuK2 may prevent epilep-
togenesis by the inhibition of excitatory synaptic trans-
mission at specific hippocampal pathways (Xu et al.,
2008). To examine whether GIuK2 overexpression results
in epileptic events, rats were closely watched during the
recovery period. None of the GIuK2 virus-injected rats
showed abnormal motor behavior.

Immunohistochemistry

Free-floating 50-mm-thick brain sections were col-
lected in a cryostat (Leica) in PBS azide 0.05% and stored
at 4°C until further use. Blocking was performed in 3%
BSA with 0.3% Triton X-100 for 1-1.5 h at room temper-
ature. Sections were incubated overnight with anti-GFP
primary antibody at 4°C (1:1000 in PBS; anti-GFP 1gG
fraction; Thermo Fisher Scientific). Sections were then
rinsed 4 times for 10 min each, with PBS incubated with
the secondary antibody (1:2000 in PBS; goat anti-rabbit
IgG; Thermo Fisher Scientific) for 2 h at room temperature.
Sections were then washed twice for 10 min each and
then were mounted on slides using (Fluoromount Aque-
ous Mounting Medium, Sigma-Aldrich).

Results

Synaptic stimulation induces long-term reduction of
the postburst AHP in neurons from control rats only

To test whether complex OD learning and synaptically
mediated AHP reduction share common pathways, we
compared AHP reduction by tetanic synaptic stimulation
in the piriform cortex of acute brain slices from animals
trained in a complex olfactory discrimination paradigm
and controls (naive or pseudotrained; see Materials and
Methods; Fig. 1A). Trained rats learned how to discrimi-
nate between the two odors and chose the arm of the
maze from which the rewarded odor originated. In the
pseudotrained group, the reward was randomly assigned
to one of the two odors in different trials. Naive rats were
not exposed to the maze or odors.

The postburst AHP in neurons from trained rats was not
affected by a weak tetanus (20 pulses at 50 Hz). The
averaged AHP before (7.9 = 0.4 mV; n = 10) and after (7.8
+ 0.4 mV; n = 10) the repetitive stimuli was similar (o =
0.62, paired t test; Fig. 1C). In neurons taken from control
rats, repetitive synaptic stimulation significantly reduced
the AHP in piriform cortex pyramidal neurons (before
stimulation, 9.7 = 0.4 mV, after stimulation, 8.1 = 0.4 mV;
n = 12; p < 0.01, paired t test; Fig. 1C). Consequently,
while the averaged AHP amplitude in neurons from
trained rats was significantly lower than that in neurons
from control rats (p < 0.01; Saar et al., 1998, 2001;
Cohen-Matsliah et al., 2007; Chandra and Barkai, 2018)
following tetanic synaptic stimulation, the difference be-
tween the averaged values was abolished (p = 0.64).
Similar to what was previously reported in the hippocam-
pus (Melyan et al., 2004), the tetanus-induced AHP reduc-
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Figure 2. Activity-induced AHP reduction is mediated by intrinsic activity of second-messenger systems, and not by synaptic
activation of kainate receptors. A, Averaged typical traces in three neurons taken from naive rats before (light shade) and after (dark
shade) repetitive synaptic stimulation. The AP peaks are clipped to facilitate comparison of the postburst AHP. Repetitive synaptic
stimulation-induced post-AHP reduction is abolished by prior application of the ERK inhibitor UO126 (top traces), prior application of
the PKC activator OAG (middle traces), or by prior kainate application (bottom traces). B, Direct comparison of the absolute AHP
amplitudes before and 20 min after repetitive synaptic stimulation in the presence UO126 (black), OAG (red), or kainate (blue). Each
of the three treatments blocked the synaptic activity-induced AHP reduction. Note that the agonists kainate and OAG reduced the
averaged AHP in naive neurons to the averaged value observed in neurons from trained rats, while the antagonist OU126 had no direct
effect on the AHP. Values represent the mean = SEM. C, Synaptic currents evoked by stimulating the intrinsic fibers pathway (layer
Ib) do not contain a kainate receptor-mediated component. The application of GYKI53655 completely blocked the synaptic currents
(top trace). The bottom trace shows the lack of response to a train of five stimuli at 200 Hz in the same cells after GYKI53655
application. D, Time line of the synaptic current amplitude before and after GYKI53655 application. Recordings were obtained in six
pyramidal cells taken from three mice. Notably, the synaptic current amplitude is abolished in all recorded neurons. Values represent
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the mean = SEM.

tion remained stable for the total recording period, up to
40 min after induction (Fig. 1C). The tetanus we used (20
stimuli at 50 Hz) is substantially milder than that required
to elicit GluK2-dependent LTP (Petrovic et al., 2017).

Kainate application reduces the AHP in neurons
from control rats only

In hippocampus, the AHP reduction by tetanic stimula-
tion is mediated by kainate receptors (Melyan et al., 2004).
In piriform cortex of control rats, the application of 200 nm
kainate significantly reduced the AHP (before stimulation,
9.6 + 0.4 mV; after stimulation, 7.9 = 0.6 mV; n = 10; p <
0.01, paired t test; Fig. 1D). This decrease outlasted the
kainate washin and was stable for the total length of the
recording (Fig. 1D).

In trained rats, after learning the complex olfactory
discrimination paradigm, kainate application did not affect
the AHP (before stimulation, 7.6 = 0.7 mV; after stimula-
tion, 7.8 = 0.7 mV; n = 10; p = 0.29, paired t test; Fig. 1D).
Thus, here too the averaged AHP amplitude in neurons
from trained rats was significantly lower than in neurons
from control rats (p < 0.05) before kainate application,
and the difference between the averaged values was
abolished following drug application (o = 0.84). We con-
clude that the AHP reduction resulting from complex
olfactory discrimination learning mechanistically occludes
AHP reduction both by tetanic stimulation and by nano-
molar kainate application.

Activity-induced AHP reduction is dependent on ERK
and PKC activation

We then tested whether repetitive stimulation-induced,
kainate-induced, and learning-induced long-lasting AHP
reduction share common second-messenger systems. To
this end, we performed three sets of complementary ex-
periments.
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In the first experiment, we activated PKC. We previ-
ously showed that such persistent PKC activation is re-
quired for the long-term maintenance of AHP reduction
(Seroussi et al., 2002; Cohen-Matsliah et al., 2007). We
examined whether such persistent PKC phosphorylation,
that results in long-term AHP reduction, prevents further
AHP reduction by repetitive synaptic activation. As previ-
ously reported, in the presence of the PKC activator OAG,
the amplitude of the AHP in neurons from naive rats is
significantly lower than that recorded in control condi-
tions, and resembles that observed in neurons from
trained rats (Seroussi et al., 2002). In these conditions,
tetanic stimulation did not further reduce the AHP in
pyramidal neurons. The averaged AHP value measured in
six neurons was 6.16 = 0.7 before stimulation and 5.90 =
0.7 after stimulation, indicating that once the AHP is
reduced by PKC activation, repetitive synaptic stimulation
has no further effect on its amplitude (Fig. 2A,B).

In the second experiment, we blocked ERK activation
to examine whether interrupting the phosphorylation
sequence that is required for long-term maintenance
learning-induced AHP reduction (Cohen-Matsliah et al.,
2007) would also prevent activity-dependent AHP reduc-
tion. Indeed, in the presence of the ERK inhibitor UO126,
repetitive synaptic stimulation did not induce any reduc-
tion in the AHP amplitude. The averaged AHP value mea-
sured in eight neurons was 7.78 + 0.6 before stimulation
and 7.76 = 0.8 after stimulation (Fig. 2A,B).

In the third experiment, we examined the effect of
repetitive stimulation on the AHP after kainate application.
The averaged AHP value measured in eight neurons was
6.76 £ 0.5 before stimulation and 6.52 * 0.5 after stim-
ulation, indicating that kainate application occludes fur-
ther AHP reduction by repetitive synaptic activation (Fig.
2A,B).
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Notably, synaptic stimulation, both single as well as
repetitive, did not evoke any measurable kainite receptor-
mediated EPSCs (Fig. 2C,D).

Synaptic currents were evoked by stimulation in the
presence of the NMDA receptor blocker, b-AP5 (50 um)
and the GABA, receptor blocker gabazine (1 um). The
synaptic current evoked in this condition was completely
abolished by the application of tGYKI53655 (100 uwm), a
selective AMPA receptor antagonist (Fig. 2C,D). This con-
centration was chosen based on the original description
of synaptically activated kainite receptors on CA3 pyra-
midal neurons in brain slices (Castillo et al, 1997; Vignes
and Collingridge, 1997). There, the authors used 100 um
GYKI and accepted a partial block of kainite receptors,
but yielded a full antagonism of AMPA receptors. We
submit that, although we partially antagonize kainite
receptors, we would still be able detect a significant
expression of these receptors if expressed/anchored at
synapses. Thus, synaptic currents evoked in this pathway
are not mediated by kainate receptors. The downstream
effects of kainate receptor activation are therefore not
ionotropic but metabotropic.

GluK2 mediates excitability change and complex OD
learning

In the hippocampus, the activity-induced AHP reduc-
tion is GluK2 dependent (Fisahn et al., 2005). We therefore
compared the effect of nanomolar kainate on piriform
cortex layer |l pyramidal neurons from wild-type mice and
GluK2 knockouts. In neurons from wild types, kainate
application (200 nm) reduced the AHP amplitude from 7.5
+0.8t06.5*=0.9mV (n =7; p <0.05, paired t test; Fig.
3A). In contrast, kainate did not have an effect on the AHP
in neurons from GIuK2 knockouts (before stimulation, 7.6
+ 0.7 mV; after stimulation, 7.8 = 0.7 mV; n = 10; p =
0.29, paired t test; Fig. 3A). Together, these data strongly
indicate that GIuK2 activation induces the long-term
learning-induced AHP reduction, a strong cellular corre-
late of enhancement in learning capabilities (Saar et al.,
1998; Zelcer et al., 2006; Chandra and Barkai, 2018).

Next, we examined the effect of GluK2 knockout on
complex olfactory learning. Although the complex olfac-
tory discrimination task was initially developed and used
for training rats, wild-type mice are also capable of learn-
ing the task, but they require more time to reach the
criteria for successful completion of complex OD learning
(Fig. 3B). In sharp contrast, GluK2 knock-out mice are
essentially incapable of completing the complex learning
task (Fig. 3B).

To ensure that the GluK2 knock-out mice did not differ
from the wild-type mice in general olfactory ability or
motivational state, we performed a buried food test (also
called cookie test; Yang and Crawley, 2009). In this par-
adigm, an appetitive and familiar food reward (butter
cookie) is buried in the bedding of a clean cage. Animals
are compared with respect to their ability to find the
buried food and with the corresponding latencies. GluK2
knockouts did not differ from wild-type mice in the time
they spent exploring the new environment until they found
the cookie they had been previously habituated to (la-
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Figure 3. GluK2 activation is mandatory for AHP reduction and
complex olfactory learning. A,, Averaged typical traces of a
neuron from GIuK2™/~ mice (red) and wild-type littermates
(black) before (light shade) and after (dark shade) kainate appli-
cation. The AP peaks are clipped to facilitate the comparison of
the postburst AHP. A,, Direct comparison of the absolute AHP
amplitudes before and 20 min after kainate application for
GIuK2™~'~ mice (red) and wild-type littermates (black). B, While
wild-type mice (black) show a gradual learning curve, resulting in
acquisition of the complex OD task for most (22 of 23) of the
subjects, GIuK2™'~ mice (red) performance mostly remains at
the level of chance. Only 2 of 23 knock-out mice were able to
learn the task. Average performance for each day was calculated
for all 20 trials of the day. C, Swarmplot of the latency to find the
cookie in the buried food task in wild types (black) and GluK2 ™/~
mice (red). In this simple olfactory task, there is no difference
between genotypes. Values represent the mean = SEM. "p <
0.05.

tency to find cookie: wild types, 38.7 = 2.2 s, n = 15;
GluK2™’~ mice, 37.9 = 2.9s; n = 13; p = 0.82; Fig. 3C),
indicating that their decreased performance in the olfac-
tory discrimination learning task cannot be attributed to a
general olfactory impairment or to a lack of motivation.
Finally, we overexpressed GIuK2 in piriform cortex layer
Il pyramidal neurons (Fig. 4A). Our prediction was that
GIuK2 overexpression will considerably enhance complex
learning in the olfactory maze. Indeed, piriform cortex
GluK2 injected rats (n = 19) showed a considerably faster
learning curve, compared with control rats (n = 18; Fig.
4B). Notably, the learning curves of the two groups began
to separate on the second day of training (Fig. 4B7). Rats
with piriform cortex overexpression of GIuK2 reached the
criterion for complex olfactory discrimination learning
completion, 80% successes in the last 10 trials of the day,
which is significantly faster than controls injected with
GFP only (GluK2-injected group: 5.1 * 0.3 training days,
n = 19; GFP only-injected control group: 6.9 = 0.3 train-
ing days, n = 18; p < 0.001; Fig. 4B2). These genetic
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Figure 4. Enhanced complex olfactory learning is enhanced by GIuK2 overexpression. A,, Schematic of virus injection in the rat
piriform cortex. A,, Virus-infected pyramidal neurons in layer Il indicated by GFP expression. Signal of GFP was enhanced using
anti-GFP antibody. B,, Time line of performance as a function of training day for GluK2-overexpressing rats (green) and controls
injected with GFP virus only (black). To allow a more detailed look at the progress in performance for each day, the averaged
percentage of correct choices for all 20 trials of the day are plotted. B,, Swarmplot of the days needed to reach the criterion defined
as a success rate of >80% in the last 10 trials. GluK2-injected rats (green) complete complex olfactory discrimination learning
significantly faster than the control rats (black). Values represent the mean = SEM. **p < 0.001.

modifications suggest that GIuK2 receptors have a central
role in complex olfactory learning.

Discussion

The first physiologic modification that is detected in
single neurons during and after complex olfactory learning
is enhanced intrinsic neuronal excitability by reduction of
the slow AHP (Saar et al., 1998, 2002, 2012). We demon-
strate in the piriform cortex that the synaptically activated
GluK2-type glutamate receptor is the upstream mediator
of this AHP reduction. Genetic manipulations (transgenic
knock-out and region-specific virally mediated overex-
pression) demonstrate the necessity and sufficiency of
GluK2-mediated intrinsic excitability changes for complex
OD learning. We therefore provide a direct link between
metaplasticity at the cellular level and complex learning at
the behavioral level.

Noncanonical signaling of GluK2 receptors and
learning

Previous studies in the hippocampus suggest that glu-
tamatergic synaptic transmission reduces the AHP by
noncanonical signaling of the GIuK2 subtype glutamate
receptor (Melyan et al., 2002, 2004; Fisahn et al., 2005;
Grabauskas et al., 2007; Melyan and Wheal, 2011). In the
piriform cortex, we provide a direct link between this
cellular mechanism and complex olfactory learning. Com-

January/February 2019, 6(1) e0198-18.2019

plex olfactory learning occludes in vitro stimulation para-
digms that result in AHP reduction in neurons from control
animals (Fig. 1). Genetic knockout of GluK2 abolishes
kainate-mediated reduction of the AHP and complex
olfactory learning (Fig. 3). In addition, region-specific
overexpression of GIuK2 receptors enhances complex
olfactory learning performance (Fig. 4). While noncanoni-
cal signaling of ionotropic glutamate receptors has been
described, its functional relevance on a behavioral level is
unclear (Valbuena and Lerma, 2016). This is the first direct
demonstration that noncanonical signaling of ionotropic
glutamate receptors has a selective impact on higher
cognitive abilities.

Long-lasting AHP reduction is induced and
maintained via metabotropic activation

Several studies indicate that the learning-induced re-
duction in neuronal adaptation and in AHP amplitude
result from reduction in an acetylcholine-sensitive Ca?*-
dependent potassium current (Sanchez-Andres and
Alkon, 1991; Saar et al.,, 2001; Power et al., 2002). In
particular, learning-induced enhanced excitability is me-
diated by long-term reduction in the conductance of the
Slayp, in both the piriform cortex (Brosh et al., 2006) and
hippocampus (Power et al., 2002). Olfactory discrimina-
tion learning-induced AHP reduction in the piriform is also
PKC dependent (Seroussi et al., 2002) and ERK depen-
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dent (Cohen-Matsliah et al., 2007). Our data show that the
same second-messenger systems are also required for
activity-induced induction of the long-lasting AHP reduc-
tion. Moreover, synaptically induced and kainate-induced
AHP reduction is occluded by prior complex learning; in
vitro AHP reduction abolishes the difference in the aver-
age AHP amplitude between neurons from trained and
control animals. Thus, our data support the hypothesis
that glutamate secretion, which occurs during learning,
induces long-lasting AHP reduction via a metabotropic
mechanism. It should be noted that a possibility for AHP
“contamination” by GABAg receptor-mediated synaptic
inhibition cannot be completely ruled out. However, such
a scenario is highly unlikely; OD learning-induced post-
burst AHP reduction is mediated by a decline in the
conductance of the current that mediated the AHP (Saar
et al., 2001), whereas synaptic inhibition is enhanced after
learning (Kfir et al., 2014). Moreover, intracellular applica-
tion of the calcium chelator abolished the differences in
the AHP amplitude between neurons from trained animals
and controls (Saar et al., 2001). This evidence implies that
the OD learning-induced AHP reduction is induced and
maintained by modulation of intrinsic membrane currents.

Functional impact of global increases in intrinsic
excitability

Widely spread AHP reduction, and the resulting en-
hancement of neuronal excitability, is an ideal candidate
for preparing neuronal networks for subsequent learning
(Chandra and Barkai, 2018). This global unspecific up-
regulation of the sensitivity for encoding content has to be
distinguished from the synapse-specific encoding of con-
tent. Several lines of evidence support the notion that an
increase in intrinsic excitability triggered by the GluK2-
mediated AHP reduction is an ideal cellular mechanism
for complex learning; one prerequisite for a metaplastic
mechanism that primes a neuronal network for learning is
that the metaplastic state change needs to last longer
than its induction. This temporal delay criterion is met by
GluK2-mediated AHP reduction. Our in vitro experiments
as well as the aforementioned studies in the hippocampus
demonstrate that the GluK2-mediated AHP reduction is
long lasting. This is in contrast to the previously reported
neuromodulatory AHP reduction mediated, for example,
by noradrenergic stimulation of p1 receptors (Madison
and Nicoll, 1986). Importantly, learning-induced postburst
AHP reduction in the piriform cortex is the first cellular
modulation that is detected after complex OD learning; it
is induced 2 d before enhanced synaptic connectivity
appears (Saar et al., 1998, 2012; Knafo et al., 2005; Ghosh
et al., 2015).

Changes in intrinsic excitability have been linked to
plasticity and learning before. During auditory fear condi-
tioning, neurons with enhanced intrinsic excitability are
preferably recruited into new memory traces (Gouty-
Colomer et al., 2016). Moreover, activity-induced synaptic
strengthening also occurs in more excitable neurons. LTP
is more readily induced when the AHP is reduced (Sah
and Bekkers, 1996; Norris et al., 1998). Also, following
complex olfactory discrimination learning the postburst
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AHP is reduced and neuronal excitability is transiently
enhanced in CA1 pyramidal neurons for 3 d. During this
period, the rats show enhanced learning capability in a
different hippocampus-dependent task, the Morris water
maze (Zelcer et al., 2006).

Complex olfactory discrimination learning and rule
learning

Previously, we demonstrated complex olfactory learn-
ing results in the general enhancement of learning capa-
bilities and thus can be described as rule learning
(“learning how to learn,” or “rule learning”). By acquiring
an abstract set of rules when they reach the training
criterion the first time, the rats reach the criterion much
faster when presented with a different set of odors in the
same task. Long-lasting AHP reduction in the pifirorm
cortex is a prerequisite for rule learning (Saar et al., 1998;
Zelcer et al., 2006; Chandra and Barkai, 2018). While we
did not demonstrate the involvement of GLUK2 in rule
learning, it is tempting to speculate that the GLUK2-
mediated reduction of the AHP during complex OD learn-
ing is the mechanism underlying the AHP reduction
necessary for rule learning.

To conclude, our data suggest that GluK2-mediated
AHP reduction, and the subsequent enhancement in neu-
ronal excitability within the piriform cortex, is the mecha-
nism that enables neuronal ensembles to enter into a
state of metaplasticity at the cell and network levels that
constitutes the mechanistic basis of complex OD learning.
It will be of interest whether other brain areas, such as for
example the hippocampus, are not only equally involved
in this kind of complex learning, but also use similar
molecular and cellular mechanisms. Interestingly, aber-
rant metaplasticity has been linked to cognitive dysfunc-
tion (Hulme et al., 2013). Indeed, GIUK2 loss in humans
results in intellectual disability (Motazacker et al., 2007).
Our study is the first to provide a mechanistic hypothesis
of how the loss of GluK2 in humans can result in intellec-
tual disabilities by impairment of the AHP-related meta-
plasticity underlying complex learning and eventually rule
learning. Modulation of this specific pathway suggests
new avenues for the treatment of cognitive dysfunction as
well as cognitive enhancement.
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