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Persistent CaMKII Activation Mediates Learning-Induced
Long-Lasting Enhancement of Synaptic Inhibition

Sourav Ghosh, Iris Reuveni, Raphael Lamprecht, and Edi Barkai
Sagol Department of Neurobiology, Faculty of Natural Sciences, University of Haifa, Haifa 31905, Israel

Training rats in a particularly difficult olfactory-discrimination task results in acquisition of high skill to perform the task superbly,
termed “rule learning” or “learning set.” Such complex learning results in enhanced intrinsic neuronal excitability of piriform cortex
pyramidal neurons, and in their excitatory synaptic interconnections. These changes, while subserving memory maintenance, must be
counterbalanced by modifications that prevent overspreading of activity and uncontrolled synaptic strengthening. Indeed, we have
previously shown that the average amplitude of GABA ,-mediated miniature IPSCs (mIPSCs) in these neurons is enhanced for several
days after learning, an enhancement mediated via a postsynaptic mechanism. To unravel the molecular mechanism of this long-term
inhibition enhancement, we tested the role of key second-messenger systems in maintaining such long-lasting modulation. The calcium/
calmodulin-dependent kinase II (CaMKII) blocker, KN93, significantly reduced the average mIPSC amplitude in neurons from trained
rats only to the average pretraining level. A similar effect was obtained by the CaMKII peptide inhibitor, tatCN21. Such reduction resulted
from decreased single-channel conductance and not in the number of activated channels. The PKC inhibitor, GF109203X, reduced the
average mIPSC amplitude in neurons from naive, pseudo-trained, and trained animals, and the difference between the trained and
control groups remained. Such reduction resulted from a decrease in the number of activated channels. The PKA inhibitor H89 dihydro-
chloride did not affect the average mIPSC amplitude in neurons from any of the three groups. We conclude that learning-induced

enhancement of GABA ,-mediated synaptic inhibition is maintained by persistent CaMKII activation.
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Introduction
Rats that are trained in a particularly difficult olfactory discrim-
ination (OD) task demonstrate a dramatic increase in their capa-
bility to acquire memories of new odors, once they learn the first
discrimination task (“rule learning”; Saar et al., 1998, 1999). Rule
learning is accompanied by a series of cellular modifications in
layer II pyramidal neurons of the piriform cortex. Long-term
enhancement occurs in the three components controlling neuro-
nal activation, as follows: the excitatory synaptic drive mediated
by glutamate receptors (Saar et al., 1999, 2002, 2012; Knafo et al.,
2005), intrinsic neuronal excitability (Saar et al., 1998, 2001;
Cohen-Matsliah et al., 2007); and GABA, receptor-mediated
synaptic inhibition (Brosh and Barkai, 2009; Saar et al., 2012; Kfir
etal., 2014). Such enhancement of synaptic inhibition is required
to compensate for overexcitability, which may lead to epilepti-
form discharge (Golomb and Ermentrout, 2002; Hasselmo and
Barkai, 1995).

Activity-induced enhancement of inhibitory synaptic trans-
mission has been shown in several brain regions of the mamma-
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lian brain (Grunze et al., 1996; Komatsu and Yoshimura, 2000;
Holmgren and Zilberter, 2001; Scelfo et al., 2008). Both presyn-
aptic (Ohba et al., 2005; McKay et al., 2013) and postsynaptic
(Ohba et al., 2005; Fiumelli et al., 2005) mechanisms have been
implicated in the process. Learning was also shown to trigger an
increase in inhibitory synaptogenesis and in the GABA content
of inhibitory synapses (Jasinska et al., 2010). Recently, it was
shown that learning-induced network plasticity is induced via
parvalbumin-expressing neurons (Donato et al., 2013). Also,
prefrontal parvalbumin neuron network activity patterns were
shown to be causally related to fear expression (Courtin et al.,
2014).

OD learning-induced enhancement of GABA ,-mediated syn-
aptic inhibition is maintained by a hyperpolarizing shift in the
chloride reversal potential (Brosh and Barkai, 2009) and by post-
synaptic modulation of GABA, receptor-mediated currents.
These modifications are widely spread throughout the piriform
cortex pyramidal neuronal cell population (Brosh et al., 2009;
Saar et al., 2012). Our recent findings indicate that enhanced
inhibition results from increased GABA, channel conductance
rather than from increase in the number of channels (Reuveni et
al., 2013). The mechanism by which such long-lasting enhanced
synaptic inhibition is maintained is yet to be revealed.

Postsynaptic GABA , channel conductance has been shown to
be affected by several key second-messenger systems, such as
calcium/calmodulin-dependent protein kinase II (CaMKII),
protein kinase C (PKC), and protein kinase A (PKA). These three
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Rule learning-induced enhancement of spontaneous inhibitory events. A, Schematic description of the four-arm maze. Protocols for trained and pseudo-trained 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. Upon reaching the far end of an arm (90 cm long), the rat body interrupts an infrared beam (I, arrow) and a
drop of drinking water is released from a water hose (W) into asmall drinking well (for a trained rat, only if the arm contains the positive-cue odor, for pseudo-trained rat, randomly). A trial ends when
the rat interrupts a beam, orin 10, if no beam is interrupted. A fan is operated for 15 s between trials, to remove odors. Each rat had 20 trials per day. B, Spontaneous inhibitory synaptic events
recorded in a neuron from a trained rat at a holding potential of —60 mV, in the presence of 1 .um TTX, 20 v DNQX, and 50 pum APV. Spontaneous activity was totally abolished in the presence of
the GABA, blocker BMI (20 um). €, Average amplitude of spontaneous events in neurons from trained rats is significantly higher than in neurons from the two control groups. The average amplitude
was calculated for each neuron from all spontaneous events. Values (mean == SE) represent the average of all cells in each group (***p << 0.001). Data taken from 26 trained, 25 naive, and 19
pseudo-trained rats. D, Cumulative frequency distributions of event amplitudes of the three groups. Each point represents the average event amplitude in a neuron. The average sIPSC amplitude

appears to increase in most neurons in the trained group.

Table 1. Kinetics and basic membrane properties of IPSCs are not modified by
learning

Naive rats Trained rats Pseudo-trained rats
(n=136) (n=157) (n=137)
IPSCrise time, ms 2.59 +0.51 2.55 +0.48 2.57 £ 0.60
IPSC decay time, ms 16.22 +3.64 1547 =3.77 14.95 + 3.45
Responseto —5mVstep,pA  12.50 = 6.25 14.04 = 9.43 11.48 = 5.82
rms noise, pA 1.9 £0.38 2.02 = 0.41 1.84 =031

Data are the mean = SD. Rise time was measured for each detected event from baseline to peak. Decay time was
measured for each detected event from peak to one third of the amplitude of the event. The basic membrane
properties of neurons in which IPSCs were recorded are shown in the two bottom rows. The current response toa 100
ms voltage step of —5mV was evoked at 0.16 Hz. The rms noise was measured from 500 ms baseline recordings in
which no spontaneous events were detected. No significant differences were found between groups in all the above
parameters. n, Number of neurons.

kinases have phosphorylation sites on the GABA , receptor (Mc-
Donald and Moss, 1997) and have been shown to regulate its
activity. CaMKII phosphorylation of the GABA, receptor was
shown to regulate the expression of the cell surface receptors and
their function (Houston et al., 2009; Saliba et al., 2012). PKC-
dependent phosphorylation was shown to enhance receptor sur-
face stability (Abramian et al., 2010) and reduce its current
(Krishek et al., 1994; Brandon et al., 2000). PKA can enhance or
reduce inhibitory synaptic transmission by differential phos-
phorylation of two sites on GABA , 83 subunits (McDonald et al.,
1998).

Here we study the role of these second messengers in main-
taining long-lasting learning-induced enhancement of fast
(GABA ,-dependent) synaptic inhibition.

Materials and Methods

Animal training

Subjects and apparatus. Age-matched young adult (8 weeks old at the
beginning of training) Sprague Dawley male rats were used. Before train-
ing, they were maintained on a 23.5 h water-deprivation schedule, with
food available ad libitum. An olfactory discrimination training protocol
was performed daily on each trained and pseudo-trained rat in a four-
arm radial maze (Fig. 1A), as previously described (Saar etal., 1999,2001)
with commercial odors that are regularly used in the cosmetics and food
industry, such as peach, lemon, orange, cinnamon, pine, rose, and straw-

berry. Animal experiments were performed according to National Insti-
tutes of Health guidelines and were approved by the University of Haifa
animal use committee.

Training. Olfactory training consisted of 20 trials per day for each rat,
as previously described (Saar et al., 2001). In short, in each trial the rat
had to choose between two odors (positive and negative cue) presented
simultaneously. Rats designated to the trained group were rewarded with
drinking water upon choosing the positive cue. Rats in the pseudo-
trained group were rewarded in a random fashion, upon choosing any
odor. The criterion for learning was at least 80% positive-cue choices in
the last 10 trials of a training day (Staubli et al., 1987; Saar et al., 1999,
2001). Rats in the naive group were water deprived, but not exposed to
the maze.

Our previous studies show that the following two learning phases can
be clearly distinguished (Saar et al., 1998, 1999; Zelcer et al., 2006): the
first phase of rule learning, which usually requires 7—8 d, in which rats
develop a strategy for performing the odor discrimination task; and the
second phase of enhanced learning capability, in which rats can learn new
odors within 1-2 training days. In this study, rats were trained with one
pair of odors until they reached the criterion for rule learning (80%
correct choices in the last 10 trials of a training day; Saar et al., 1998).
They were subsequently allowed to rest, and after 4—5 d brain slices were
prepared.

Slice preparation and recordings

Slice preparation. Three hundred micrometer coronal brain slices taken
from the posterior piriform cortex were cut as previously described (Saar
etal., 1998) and kept for at least 2 h in oxygenated (95% O, plus 5% CO,)
normal saline Ringer’s solution (in mm: NaCl 124, KCl 3, MgSO, 2,
NaH,PO, 1.25, NaHCO; 26, CaCl, 2, and glucose 10). Then, slices were
placed in a recording chamber under infrared differential interference
contrast microscope, and perfused with Ringer’s solution at 30°C.
Whole-cell voltage-clamp recordings were obtained from visually iden-
tified pyramidal neurons in layer II of the piriform cortex. All electro-
physiological recordings were performed using Axopatch 1D (Molecular
Devices), and the data were acquired using pClamp9 (Molecular
Devices).

All experiments were performed in a blinded manner; the identity
of the rat from which neurons were recorded (naive, trained, or
pseudo-trained) was not known to the person conducting the exper-
iments and measurements. One or two neurons were recorded from
each rat.
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Figure 2. Learning-induced enhancement of synaptic inhibition results from increased single-channel conductance. A, Spontaneous inhibitory events were peak scaled and used for the NSFA

(only events with a rise time of <C1.5 ms were used). Variance between these peak scaled events was calculated at different time points. The current—variance plot extracted from the peak scaled
mIPSCs using the NSFA could be well fitted with the parabolic current—variance equation (see Materials and Methods), allowing the extraction of the average single-channel conductance and
average number of active GABA, channels. Examples from a pseudo-trained cell and from a trained cell are shown. As is evident from the differences in the initial slope of the parabola, the
single-channel conductance of the pseudo-trained cell was markedly lower compared with the conductance of the trained cell. B, The average GABA, single-channel conductance is enhanced after
learning. Values represent the mean == SE (*p << 0.05). Data taken from neurons in which R > 0.85; 22 cells from 17 naive rats, 36 cells from 22 trained rats, and 27 cells from 14 pseudo-trained
rats. €, The number of active GABA, channels per event does not differ between groups. D, The expression level of GABA 32, GABA (33, and GABA -y2 receptors in the piriform cortex of rats from the
three groups (trained, pseudo-trained, and naive rats) was analyzed 4 —5 d after training using Western blot. The expression of the three GABA, receptor protein levels is not modified by learning.
Top, Representative immunoblots for the three subunits receptor proteins prepared from the piriform cortex of naive, trained, and pseudo-trained rats. Bottom, Protein expression level of the three
GABA, receptors is not modified by olfactory learning. For each channel type, the protein level is normalized to the value of GAPDH. Summarized data are presented as the mean OD == SD,n = 5 for

each group.

Miniature IPSC recordings. Layer II pyramidal neurons receive strong
synaptic inhibition from several classes of GABAergic interneurons (Su-
zuki and Bekkers, 2007, 2010). To record GABA ,-mediated miniature
IPSCs (mIPSCs), the recording electrode contained the following (in
mM): 140 cesium chloride, 1 EGTA, 6 KCl, 4 NaCl, 2 MgCl,, and 10
HEPES, pH 7.25 and 280 mOsm. In these conditions, the reversal poten-
tial of chloride is ~0 mV, and thus strong GABA ,-mediated currents can
be studied at a holding potential of —60 mV (Fig. 1B). The perfusion
solution contained TTX (1 um), and also DNQX (20 um) and APV (50
M), to block glutamatergic synaptic transmission via AMPA receptors,
thus allowing recording of pure IPSCs. Indeed, the mIPSCs were abol-
ished by bicuculline methiodide (BMI; 20 um) application (Fig. 1B).
Recordings of spontaneous events were performed 15 min after mem-
brane rupture and lasted for up to 1 h. Each neuron was recorded at least
15 min previous to and 15 min after drug application. Each drug was
applied for at least 20 min before recording its effect on the neuron.
Drugs were applied using a gravity-based system, and the exchange so-
lution estimated time is <5 min.

Drug application. All drugs were applied in the perfused Ringer’s solu-
tion at the following concentrations: KN93 10 um, KN92 10 M,
GF109203X 10 um™m, and H89 dihydrochloride 50 um. The CaMKII cell-
penetrating peptide inhibitor, tatCN21, and its scrambled inactive con-

trol peptide, tatCtr (scrambled CN21; GL Biochem, Shanghai LTD),
were applied via the Ringer’s solution at a concentration of 5 um (Buard
etal., 2010).

During the continuous recording, the current response to a 100 ms
voltage step of —5 mV was monitored at 0.16 Hz. A change in the re-
sponse caused exclusion of the data.

For data analysis, each event was detected by eye and measured using
the Mini “Analysis” software (Synaptosoft).

Immunoblot analysis
Rats from the three groups (naive, trained, and pseudo-trained) were
killed 4-5 d after the learning set. The whole brain was immediately
frozen in liquid nitrogen and kept at —80°C. Posterior piriform cortices
from both the hemispheres were dissected out in a cryostat and kept at
—80°C until further use.

Tissues were homogenized in ice-cold lysis buffer (in mm: 10 HEPES,
2 EDTA, 2 EGTA, 0.5 DTT, and 4% protease inhibitor cocktail; Roche)
using a glass Teflon homogenizer. The homogenate was centrifuged at
10,000 X g for 15 min at 4°C, and the supernatant was collected. Five
microliters of cell lysate from each sample was used for protein quanti-
fication using the Pierce BCA Protein Assay Kit (Thermo Scientific), and
in the remaining volume of the lysate an equal volume of 2X sample
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Learning-induced enhancement of spontaneous inhibitory events is CaMKII dependent. 4, Spontaneous inhibitory events recorded from neurons from a pseudo-trained (left) and a

trained (right) rat, before (top traces) and after (bottom traces) application of the CaMKII blocker KN93. While the drug has no apparent effect on the event amplitudes in the pseudo-trained rat
neurons, high-amplitude events in the trained rat neurons were abolished. B, Amplitude histograms of the two neurons recorded in A. Note the large number of high-amplitude eventsin the trained
rat neuron (top histogram, right) compared with the pseudo-trained rat neuron (top histogram, left). KN93 has little effect on the amplitude distribution in the pseudo-trained rat neuron (bottom
histogram, left), while affecting strongly the trained rat neuron (bottom histogram, right). C, The average amplitude of the inhibitory synaptic events is significantly reduced in neurons from trained
rats only after KN93 application (*p << 0.05), as result of which the difference in the average amplitude between the groups disappear. Data taken from 10 naive, 9 trained, and 6 pseudo-trained rats.

D, KN93 particularly affected neurons from trained rats.

buffer (5 mm Tris-HCl, pH 6.8, 10% glycerol, 2.3% SDS, and 5%
B-mercaptoethanol) was added, boiled at 100°C for 5 min, vortexed, and
stored at —80°C. For scaling, we first identify the linear scale of the
different antibody—protein interaction, as defined by an increased pro-
tein concentration. Ten micrograms of tissue extracted from each sample
were separated with 12% SDS-PAGE at 25 mA followed by blotting on to
a 0.45 pum nitrocellulose membrane at 350 mA for 1.5 h. Blots were
blocked in 5% skim milk prepared in Tris-buffered saline Tween (TBST)
for 2 h at room temperature followed by incubation with a primary
antibody (1:1000, rabbit anti-GABA, 2, Abcam; 1:1000, rabbit anti-
GABA, B3, Abcam; 1:1000, rabbit anti-GABA, Y2, Abcam; or 1:7500,
rabbit GAPDH, Santa Cruz Biotechnology) overnight at 4°C in a shaker.
The next day, blots were washed five times (5 min for each wash) with
TBST, and then blots were incubated at room temperature for 1.5 h with
secondary antibody (Jackson ImmunoResearch) coupled to horseradish
peroxidase. After five more washings with TBST, proteins were visualized
by enhanced chemiluminescence EZ-ECL (Biological Industries) and
quantified using a CCD camera (XRS, Bio-Rad) and Quantity One soft-
ware. We then calculated the ratio between each of the three GABA,
subunit isoforms and GAPDH for each rat.

Nonstationary fluctuation analysis

Estimates of the average single-channel current and the average number
of active channels were obtained using a peak scaled nonstationary fluc-
tuation analysis (NSFA) of mIPSCs (Benke et al., 1998). NSFA was ap-
plied to the events that were electrotonically nearby (10-90% with rise
times <1.5 ms). Using Mini Analysis software (Synaptosoft Inc.), events
(>150 events per cell) were scaled and aligned by their peak; and their
decay phase was divided into 30 bins, and within each bin the variance
around the scaled average was computed. The single-channel current (i)

and the number of channels (N) were calculated (using Mini Analysis
software) by fitting the theoretical relationship between the peak scaled
variance (%) and the peak scaled current amplitude () after subtraction
of the background variance (07), as follows:

o*(t) =i-I(t) — I(t)*/N + o}

Only cells in which the fitting of the equation yielded an R > 0.85 were
incorporated in the analysis.

Statistical analysis

Between groups, comparisons were performed using one-way ANOVA,
and post hoc multiple nondirectional ¢ tests were then applied to make
comparisons between each two groups. A paired ¢ test was used to exam-
ine the effect of drug application of each tested cell. Values throughout
the text are presented as the mean * SD. Data in graphs are presented as
mean * SE.

Results

GABA ,-mediated mIPSCs were recorded from layer II pyramidal
neurons 4-5 d after rule learning (Fig. 1B). As previously re-
ported (Saar et al., 2012), olfactory discrimination learning in-
duced a strong increase in the average amplitude of miniature
events. The average mIPSC amplitude in neurons from trained
rats (20.0 = 5.3 pA, n = 57 neurons taken from 26 rats) was
significantly (F, 1,9y = 12.39, p < 0.001) higher compared with
the average value in neurons from pseudo-trained rats (16.0 =
4.0 pA, n = 37 neurons taken from19 rats) or naive rats (15.9 =
3.8 pA, n = 36 neurons taken from 25 rats; Fig. 1C).
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CaMKIl reduces the single GABA, channel conductance in neurons from trained rats only. A, B, Current—variance plot extracted from the peak scaled mIPSCs before and after KN93

application. Examples from a pseudo-trained rat cell (4) and a trained rat cell (B) are shown. As evident from the initial slope of the parabola, KN93 reduced the single-channel current only in the
trained neuron. C, The average GABA, single-channel conductance is significantly reduced after drug application only for neurons from trained rats. Values represent the mean = SE (*p << 0.05).
D, The average number of active GABA, channels per event is not modified by drug application in the three groups. Average values were calculated using 7 cells taken from 6 naive rats, 14 cells taken

from 8 trained rats, and 9 cells taken from 5 pseudo-trained rats.

As shown in Table 1, the average rise time and decay time did
not differ among the naive, trained, and pseudo-trained groups.
The rms noise was similar in all of the recordings. Also, cells from
the three groups did not differ in their response to the standard
negative pulse.

The increase in the average amplitude of mIPSCs was appar-
ent throughout the neuronal cell population (Fig. 1D), as previ-
ously observed (Saar et al., 2012). Such learning-induced
enhancement in the average amplitude of the spontaneous re-
sponses was not accompanied by modulation of the mIPSCs fre-
quency (120 = 61.1 events/min in neurons form trained rats,
compared with 94.6 = 53.4 events/min in naive rats and 99.1 =
49.2 events/min in pseudo-trained rats).

Thus, OD learning results in long-term enhancement, with an
average 25% increase in the amplitude GABA, receptor-
mediated spontaneous inhibitory events, with no significant ef-
fect on the frequency of events. These results are similar to data
presented in our earlier study (Saar et al., 2012).

Learning-induced enhancement of inhibitory synaptic
transmission is mediated by an increase in the GABA
channel conductance

To explore whether the increase in the amplitude of miniature
synaptic event results from increased single-channel conduc-
tance or an increased number of receptors, we applied a widely
used method that exploits the variability in event shape (NSFA;
Benke et al., 1998; Liithi et al., 2004; Ling et al., 2006; Reuveni et

al., 2013; Studniarczyk et al., 2013) to calculate both the average
single-channel current and the average number of active GABA ,
channels in each cell (Fig. 24; see also Materials and Methods).
The average calculated single-channel current in the neurons
from trained rats (2.18 = 0.65 pA, n = 36) was significantly
higher (F, 43, = 5.55, p < 0.05) than the average values in naive
rats (1.75 £ 0.29 pA, n = 22) and pseudo-trained rats (1.86 *
0.44 pA, n = 26). The average calculated single-channel currents
in neurons from the pseudo-trained and naive rats were not sig-
nificantly different (Fig. 2B). Such an increase, with an average
value of 21%, resembles the learning-induced increase in ampli-
tude of the synaptic events. In contrast, the calculated average
number of active channels (Fig. 2C) did not differ between
groups (11.8 = 3.7 for neurons from trained rats, 11.3 * 3.4 for
neurons from pseudo-trained rats, and 13.1 = 3.4 for neurons
naive rats). These results confirm our previous findings, which
were obtained with a significantly smaller population of neurons
(Reuveni et al., 2013).

To further examine the possibility that learning is accompa-
nied by an increased number of GABA, receptors, we examined
the protein expression level of the GABA, B2, GABA, B3, and
GABA, y2 subunits. We focused on these subunits because they
could be affected by CaMKII phosphorylation (see below; Hous-
ton et al., 2009). We found that the expression level of the three
subunits is not modified after learning (Fig. 2D), further indicat-
ing that the number of GABA, channels is not modified after
learning.
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Learning-induced enhancement of spontaneous inhibitory events is abolished in the presence of the peptide inhibitor tatCN21. A, Spontaneous inhibitory events recorded from a

pseudo-trained (left) and a trained (right) neuron, before (top traces) and after (bottom traces) application of the peptide inhibitor tatCN21. While tatCN21 has no apparent effect on the event
amplitudes in the pseudo-trained rat neurons, high-amplitude events in the trained rat neurons were abolished. B, Amplitude histograms of the two neurons recorded in A. Note the large number
of high-amplitude events in the trained rat neuron (top histogram, right) compared with the pseudo-trained rat neuron (top histogram, left). tatCN21 has little effect on the amplitude distribution
in the pseudo-trained neuron (bottom histogram, left), while strongly affecting the trained neuron (bottom histogram, right). C, The average amplitude of the inhibitory synaptic events is
significantly reduced in neurons from trained rats only after tatCN21 application (*p << 0.05), as result of which the difference in the average amplitude between the groups disappears. Data taken
from five naive, eight trained, and four pseudo-trained rats. D, tatCN21 affected particularly neurons from trained rats.

These datalend further support to the notion that the increase
in amplitude of the miniature inhibitory events after learning is
mediated by the modulation of the channel conductance. We
thus hypothesized that such long-lasting enhancement is main-
tained by persistent activation of key second-messenger systems,
which are known to have key roles in learning-relevant synaptic
enhancement.

Long-lasting enhancement of synaptic inhibition is
dependent on persistent CaMKII activation

Application of the CaMKII blocker KN93 (10 um) significantly
reduced (¢4 = 5.82, p < 0.05) the average amplitude of the
spontaneous inhibitory response only in neurons from trained
rats (Fig. 3A). In neurons from trained rats, the average value of
the mIPSCs was reduced from 19.8 * 4.5 to 14.8 + 3.9 pA (n =
15). In sharp contrast, the drug had no effect on neurons from
naive animals (15.5 * 3.6 pA in control conditions, 14.2 = 3.8 pA
in the KN93; n = 11) and from pseudo-trained rats (15.6 = 3.9
pAin control conditions, 14.4 = 4.7 in KN93; n = 13). Asaresult,
the difference in the average mIPSC observed in the control
groups was abolished after KN93 treatment (Fig. 3A-C). The
effect of the CaMKII blocker was most pronounced in neurons
from trained rats (Fig. 3D). The inactive drug form KN92 (10
M) had no effect on the neurons from the three groups [from
18.2 £ 5.5t0 17.5 £ 6.6 pA (n = 16) in trained rats; from 14.8 =

5.4t0 13.4 £ 4.9 pA (n = 5) in naive rats; and from 14.4 = 2.6 to
14.0 £ 2.1 pA (n = 6) in pseudo-trained rats].

NSFA shows that such reduction in the average number of
mIPSCs in neurons from trained rats is mediated by reduction of
the average single-channel conductance (Fig. 4A,B); KN93 re-
duced the single-channel conductance significantly (¢,4, = 5.35,
p < 0.05) in neurons from trained rats (from 2.1 = 0.65 to 1.65 =
0.33 pA, n = 14), while it had no effect on neurons from naive rats
(from 1.67 = 0.53 to 1.67 + 0.48 pA, n = 7) and pseudo-trained
rats (from 2.0 = 0.66 to 1.81 + 0.66 pA, n = 9). Subsequently, the
differences in the average single-channel conductance among the
groups disappeared (Fig. 4C). In contrast, the average change in
the number of channels activated by a spontaneous events was
not affected by the drug application in neurons from the three
groups [from 11.2 = 2.8 to 10.4 = 3.1 (n = 14) in trained rats;
from 13.3 = 5.5 to 10.5 = 5.4 (n = 7) in naive rats; and from
9.4 *+25t09.1 = 2.2 (n=9) in pseudo-trained rats; Fig. 4D].

To further examine whether this effect is indeed due to block-
ing of CaMKII, we applied the cell-penetrating peptide inhibitor
tatCN21 (5 uM; Buard et al., 2010; Yang et al., 2013). The peptide
application significantly reduced (t,5) = 5.35, p < 0.05) the av-
erage amplitude of the spontaneous inhibitory response in neu-
rons from trained rats only (Fig. 5A). In neurons from trained
rats, the average value of the mIPSCs was reduced from 20.0 = 3.3
to 16.0 = 3.9 pA (n = 13). The peptide had no effect on neurons
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from 8 trained rats, and 5 cells taken from 4 pseudo-trained rats.

from naive animals (14.2 = 3.6 in control conditions, 13.1 * 3.2
with the peptide; n = 8) and from pseudo-trained rats (15.3 = 1.3
in control conditions, 14.5 £ 1.6 with the peptide; n = 7). As a
result, the difference in the average mIPSC observed between the
trained and the control groups was abolished after tatCN21 ap-
plication (Fig. 5A—C). Here too, the effect of the peptide was most
pronounced in neurons from trained rats (Fig. 5D). The inactive
control peptide tatCtr (scrambled CN21; 5 um) had no effect on
the IPSC amplitudes [from 20.1 = 4.0t0 19.6 £ 2.7 pA (n = 6) in
neurons from trained rats; and from 17.1 = 1.5to 17.3 = 1.5 pA
(n = 4) in neurons from control rats (two neurons from naive
rats and two neurons from pseudo-trained rats)].

NSFA shows that such reduction in the average mIPSC in
neurons from trained rats is mediated by a reduction of the aver-
age single-channel conductance (Fig. 6A,B); tatCN21 signifi-
cantly reduced (f,5 = 2.22, p < 0.05) the single-channel
conductance in neurons from trained rats (from 2.3 = 0.34 to
2.03 £ 0.35 pA, n = 10), while it had no effect on neurons from
naive rats (from 1.85 = 0.25 to 1.90 = 0.30 pA, n = 5) and
pseudo-trained rats (from 2.0 £ 0.35 to 1.81 = 2.01 pA, n = 5).
Subsequently, the difference in the average single-channel con-
ductance between the groups disappeared (Fig. 6C). In contrast,
the average number of channels activated by a spontaneous event
was not affected by the drug application in neurons from the
three groups [from 13.4 = 2.1 to 13.1 = 3.3 (n = 10) in trained
rats; from 12.8 = 1.3to 11.2 = 3.1 (n = 6) in naive rats; and from
11.8 = 3.5t0 9.8 = 2.1 (n = 5) in pseudo-trained rats; Fig. 6D].

PKC inhibition has a similar effect on neurons from trained
and control rats

Application of the specific PKC blocker GF109203X (10 um)
significantly reduced the average amplitude of the spontaneous
inhibitory response in neurons from the three groups (Fig. 7A—
C).In neurons from trained rats, the average value of the mIPSCs
was reduced from 23.8 * 2.9 to 17.8 * 2.6 pA (tg) = 7.75,p <
0.001, n = 9); in neurons from naive rats, from 17.9 * 3.7 to
13.8 + 3.5pA (5, = 6.07,p < 0.001, n = 9); and in neurons from
pseudo-trained rats, from 18.9 + 4.2to 14.7 + 4.0 pA (¢4, = 3.64,
p < 0.01, n = 10). As shown in the example in Figure 7B,
GF109203X reduced the amplitudes of events in all recorded neu-
rons. Subsequently, the difference between the trained and the
two control groups was maintained in the presence of the PKC
blocker (Fig. 7C). The effect of the PKC blocker was apparent in
most recorded neurons, regardless on the initial value of the av-
erage mIPSC (Fig. 7D).

NSFA shows that such reduction in the average mIPSC in
neurons from the three groups is not mediated by reduction
of the average single-channel conductance (Fig. 8A-C). The
changes in average values in neurons from trained rats was sim-
ilar before and after drug application [from 2.34 = 0.33 to0 2.3 =
0.25 pA (n = 8); in naive rats, from 1.7 * 0.27 to 1.78 = 0.55 pA
(n = 8); and in pseudo-trained rats, from 2.05 * 0.38 to 2.0 =
0.58 pA (n = 8)].

Notably, the average number of channels activated by a spon-
taneous event was significantly reduced in neurons from the
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The effect of PKCinhibitor on the amplitudes of mIPSCsis not learning dependent. A, Spontaneous inhibitory events recorded from neurons from a pseudo-trained rat (left) and a trained

rat (right), before (top traces) and after (bottom traces) application of the PKC blocker GF109203X. The amplitude of events is reduced in both neurons. B, Amplitude histograms of the two neurons
recorded in A. GF109203X has a detectable effect on the amplitude distribution in the two neurons (bottom histograms). Note that amplitudes of all events, large and small, are affected. C, The
average amplitude if the inhibitory synaptic events is significantly reduced after GF109203X application in all three groups (*p << 0.05), as a result of which the difference in the average amplitude
among the groups remained. Data taken from three trained, four naive, and four pseudo-trained rats. D, GF109203X reduces the amplitude of events in the three groups.

three groups [from 10.7 = 3.1t0 8.2 * 0.9 (¢4, = 3.26, p < 0.05,
n = 7) in trained rats; from 12.5 = 3.4 to 7.6 * 2.1 (¢ = 2.39,
p < 0.05, n = 7) in naive rats; and from 11.1 * 2.7 to 8.5 = 2.0
(ts) = 44, p < 0.01, n = 6) in pseudo-trained rats; Fig. 8D].
Subsequently, the number of channels activated by an average
mIPSC remained similar for the three groups.

PKA inhibition does not affect the average mIPSC amplitude
in piriform cortex neurons

Application of the specific PKA blocker H89 dihydrochloride (50
uM) did not affect the average mIPSC amplitudes of the sponta-
neous inhibitory response in neurons from the three groups
(from 19.6 £ 6.2 to 18.9 = 7.9 pA (n = 16) in trained rats; from
153 = 3.4 to 15.6 £ 3.3 pA (n = 11) in naive rats; and from
14.5 +3.5t014.8 = 2.1 pA (n = 9) in pseudo-trained rats; Fig. 9).
Notably, in the three groups PKA sometimes increased and
sometimes decreased the mIPSC amplitude (Fig. 9D).

NSFA shows that the PKA blocker did not affect the single
GABA, channel conductance in the three groups [from 2.1 *
0.77 pAto 2.2 = 0.75 pA (n = 14) in trained rats; from 1.6 = 0.23
to 1.6 = 0.31 pA (n = 9) in naive rats; and from 1.6 = 0.37 to
1.7 = 0.27 pA (n = 9) in pseudo-trained rats; Fig. 10A—C].

A similar lack of effect was found also for the number of chan-
nels activated by a single mIPSC (from 13.1 = 4.6 to 13.5 * 4.4
(n = 14) in trained rats; from 17.2 = 3.4 t0 16.6 = 3.3 (n = 9) in
naive rats; and from 14.2 = 1.9 to 13.6 = 2.5 (n = 9) in pseudo-
trained rats; Fig. 10D).

Discussion

The notion that learning-induced enhancement of synaptic
transmission is not restricted to excitatory synaptic connections,
but also requires strengthening of inhibition to prevent uncon-
trolled hyperexcitable activity has been long suggested (see for
example, Golomb and Ermentrout, 2002). Indeed, a central role
for synaptic inhibition in learning has been shown in several
brain areas (Donato et al., 2013; Banuelos et al., 2014; Courtin et
al., 2014; Kfir et al., 2014; Sparta et al., 2014). The mechanisms
underlying learning-induced and activity-induced plasticity of
synaptic inhibition have been the subject of an increasing num-
ber of studies (Rivera et al., 2004; Fiumelli et al., 2005; Saar et al.,
2012; McKay et al., 2013; Camiré and Topolnik, 2014; Kfir et al.,
2014). We previously showed that complex olfactory learning
results in long-lasting enhancement of GABA ,-mediated inhibi-
tory synaptic transmission, which is widely spread throughout
the piriform cortex pyramidal cell population, and is probably
mediated via increased conductance of the GABA , channel (Saar
etal.,2012; Reuveni et al., 2013). Here we explored the molecular
mechanisms enabling such long-term enhancement.

Learning-induced enhanced synaptic inhibition is mediated
by increased channel conductance

In a previous study, we applied NSFA to explore whether en-
hanced (excitatory and inhibitory) synaptic transmission is me-
diated by an increased number of channels or by the increased
conductance of each channel (Reuveni et al., 2013). Our analysis
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GF109203X reduces the number of activated GABA, receptors in neurons from all groups. 4, B, Current—variance plot extracted from the peak scaled mIPSCs before and after GF109203X

application. Examples from a pseudo-trained rat cell (A) and a trained rat cell (B) are shown. GF109203X reduced the number of activated channels in the two neurons and did not modify the
single-channel current, asis evident from the similarity in the initial slope. C, The average GABA, single-channel conductance is not modified after drug application in the three groups. D, The average
number of active GABA, channels per event is significantly lower in all groups after drug application. Values represent the mean == SE (*p < 0.05). Average values were calculated using eight cells
taken from three naive rats, eight cells taken from three trained rats, and eight cells taken from three pseudo-trained rats.

showed that the latter is correct. Here we repeated the analysis
using a much larger sample of neurons. Our results confirm the
previous study; all of the increases in the amplitudes of the spon-
taneous mIPSCs can be attributed to increased channel conduc-
tance. NSFA also shows that the number of GABA, channels
opened during each inhibitory synaptic event is not modified
after learning. This conclusion is supported by the biochemical
analysis showing that the expression level of three key GABA,
receptor subunits, 82, 33, and 2, is not modified after learning.
We thus explored the mechanism by which such enhanced chan-
nel conductance is maintained for days after learning.

Several key second-messenger systems, such as CaMKII, PKC,
and PKA, are implicated both in inhibitory plastic processes and
in the modulation of the GABA, channel conductance and sur-
face expression (Houston et al., 2009; Luscher et al., 2011). These
proteins have been long shown to have phosphorylation sites on
the 82, B3, and y2 subunits (McDonald and Moss, 1997; Hous-
ton et al., 2009).

Learning-induced enhancement of GABA ,-mediated synaptic
inhibition is mediated by persistent CaMKII activation

Our data show that blocking of CaMKII reduces the single-
channel conductance in neurons from trained rats to pretraining
level, while showing no effect on neurons from the two control
groups. This learning-specific effect, which abolishes completely
the difference between mIPSCs in neurons from trained and un-
trained rats, strongly suggests that persistent CaMKII-dependent
phosphorylation is the mechanism by which fast synaptic inhibi-
tion is maintained at an enhanced state for days after learning. In

addition, CaMKII does not affect the number of activated
channels.

CaMKIT has been long suggested to have a key role in synaptic
plasticity and learning (Elgersma and Silva, 1999; Lisman et al.,
2002; Redondo et al., 2010; Sanhueza at el., 2011). Long-term
potentiation (LTP) is mediated by CaMKII phosphorylation,
which, once it is activated by calcium/calmodulin, persists in its
activity after the calcium concentration returns to the baseline
level (Miller and Kennedy, 1986). CaMKII produces potentiation
of excitatory synaptic transmission by phosphorylation of the
AMPA receptor subunits in a synapse-specific manner (Lisman et
al., 2012). In later stages of LTP, CaMKII augments the sizes of
spines and has a role in spine stabilization (Hell, 2014). Later
studies also implicated CaMKII in long-term synaptic depression
(Mockett et al., 2011; Coultrap et al., 2014).

CaMKII has also been suggested to have a role in inhibition
(Kano et al., 1996). CaMKII is translocated selectively to inhibi-
tory synapses in response to moderate NMDA receptor activation
(Marsden et al., 2010), as a result of which inhibitory transmis-
sion is potentiated (Marsden et al., 2007). A detailed study, per-
formed in hippocampal neurons in culture, showed that CaMKII
phosphorylation on Ser383 within the 83 subunit results in an
increased cell surface expression of the receptor (Saliba et al.,
2012). This result seems not to agree with our findings that
CaMKII is required for maintaining enhanced single-channel
conductance and does not affect the number of channels.
However, this study examined the effect of CaMKII within
minutes of activation. We studied a long-term effect, which is
maintained for days after the last training session. Thus, it may
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PKA inhibition does not affect the average mIPSCs amplitude in pyramidal neurons from all groups. 4, Spontaneous inhibitory events recorded from neurons from a pseudo-trained rat

(left) and a trained rat (right), before (top traces) and after (bottom traces) application of the PKCblocker H89 dihydrochloride. The amplitude of eventsin both neurons is not modified by the blocker.
B, Amplitude histograms of the two neurons recorded in A. H89 dihydrochloride does not have a notable effect on the amplitude distribution in the two neurons (bottom histograms). €, The average
amplitude if the inhibitory synaptic eventsis not modified in the three groups, and the learning-induced increase in the average amplitude remains (*p << 0.05). Data taken from eight trained, seven
naive, and six pseudo-trained rats. D, Although H89 dihydrochloride modifies the amplitudes of events in the three groups, it appears to have a bidirectional effect, as a result of which no net change

occurs in the average values.

well be possible that the short-term and long-term effects of
CaMKII on the GABA, channel are mediated by two different
mechanisms.

PKC affects the number of activated channels in a
non-learning-dependent manner

Blocking PKC resulted in an equal reduction in the number of
spontaneous inhibitory events in neurons from all experimental
groups, as a result of which the difference in the average ampli-
tude between the trained group and the two control groups re-
mained. Notably, at the concentration used (10 um) GF109203X
is an efficient blocker of all PKC isoforms. NSFA suggests that
such a decrease is the result of a reduction in the number of
channels activated in each event.

Previous studies suggest that PKC regulates the GABA , recep-
tor function by reducing synaptic response, with no effect on the
number of the surface-expressed receptors (Krishek et al., 1994;
Brandon et al., 2000). Thus, our results in this study suggest that
the long-term effects of PKC on inhibitory synaptic conductance
are different from the early effects (within minutes of activation)
reported in those previous studies. Notably, another more recent
study reported that PKC positively regulates insertion of the
GABA, receptor into the membrane (Abramian et al., 2010).
These results well agree with our findings.

PKA does not affect spontaneous inhibitory currents
Although PKA has phosphorylation sites on the GABA, recep-
tors (McDonald and Moss, 1997; McDonald et al., 1998; Luscher

etal., 2011), blocking PKA activity seem to have no net effect on
single-channel conductance or on the number of activated chan-
nels in neurons from the three experimental groups. Notably,
PKA did affect the amplitudes of the spontaneous inhibitory
events in the three groups. However, it sometimes enhanced and
sometimes reduced the amplitudes (Fig. 9D), as result of which
its average effect was zero. Thus, unlike CaMKII and PKC, the
effect of PKA on the amplitudes of mIPSCs is not consistent in all
neurons.

One possible explanation for this phenomenon can be found
in the finding that PKA can differentially regulate the GABA
receptor by phosphorylating different sites on different isoforms
of B3 subunits (McDonald et al., 1998). It would be of great
interest to further explore a possible role for PKA in modulating
learning-relevant modifications in GABA , receptor activation.

Relation to the role of second-messenger systems in
maintaining learning-induced modulation of intrinsic
neuronal excitability

We have previously shown that key second-messenger systems
have a role not only in learning-relevant synaptic plasticity, but
also in maintaining learning-induced enhancement of neuronal
excitability (Seroussi et al., 2002; Cohen-Matsliah et al., 2007;
Liraz at al., 2009). These studies show that learning-induced
enhanced intrinsic excitability is mediated by persistent PKC ac-
tivation, which results in reduced slow calcium-dependent potas-
sium current conductance, and thus with enhanced repetitive
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H89 dihydrochloride does not modify the average GABA, single-channel conductance or the number of activated channels. 4, B, Current—variance plot extracted from the peak scaled

mIPSCs before and after H89 dihydrochloride application. Examples from a pseudo-trained rat cell (4) and a trained rat cell (B) are shown. In these examples, H89 dihydrochloride does not affect the
single-channel current or the number of activated channels in the two neurons. C, The average GABA, single-channel conductance is not modified by the PKA blocker in the three groups. D, The
average number of spontaneous events activated by GABA, channels is not modified by the drug in the three groups. Average values were calculated using 9 cells taken from 8 naive rats, 15 cells

taken from 10 trained rats, and 9 cells taken from 6 pseudo-trained rats.

spike firing (Seroussi et al., 2002; Cohen-Matsliah et al., 2007).
While PKA and CaMKII also regulate the same current, this regula-
tion is not modified by learning. Thus, it appears that different
second-messenger systems that regulate the maintenance of
learning-induced long-lasting physiological modifications do so by
affecting different physiological manifestations of the neuronal
response.

In conclusion, our study shows that complex olfactory dis-
crimination learning-induced enhancement of the fast inhibitory
synaptic response is enabled by CaMKII-dependent persistent
enhancement of the GABA, channel conductance in most pyra-
midal neurons in the piriform cortex.
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