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Arc Regulates Experience-Dependent Persistent Firing
Patterns in Frontal Cortex
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The brain encodes information about past experience in specific populations of neurons that communicate with one another by firing
action potentials. Studies of experience-dependent neural plasticity have largely focused on individual synaptic changes in response to
neuronal input. Indicative of the neuronal output transmitted to downstream neurons, persistent firing patterns are affected by prior
experience in selective neuronal populations. However, little is known about the molecular and cellular mechanisms by which
experience-related persistent firing patterns are regulated in specific neuronal populations. Using frontal cortical slices prepared from
transgenic mice carrying a fluorescent reporter of Arc gene expression, this study investigates how behavioral experience and the
activity-regulated Arc gene affect patterns of neuronal firing. We found that motor training increases Arc expression in subsets of
excitatory neurons. Those neurons exhibit persistent firing in contrast to Arc-negative neurons from the same mice or neurons from the
untrained mice. Furthermore, in mice carrying genetic deletion of Arc, the frontal cortical circuitry is still in place to initiate experience-
dependent gene expression, but the level of persistent firing thereafter is diminished. Finally, our results showed that the emergence of
persistent activity is associated with Arc-dependent changes in the function of NMDA-type glutamate receptors, rather than changes in
AMPA-type receptors or membrane excitability. Our findings therefore reveal an Arc-dependent molecular pathway by which gene-

experience interaction regulates the emergence of persistent firing patterns in specific neuronal populations.
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Introduction

Our brain encodes information about past experience in specific
populations of neurons that communicate with one another by
firing action potentials (Silva etal., 2009; Barth and Poulet, 2012).
Previous studies of experience-dependent plasticity have focused
on how individual synapses respond to activity input (Luscher
and Malenka, 2012). Persistent firing activity, defined as a sus-
tained increase in action potential discharge lasting from hun-
dreds of milliseconds to seconds, reflects neuronal output to
downstream neurons (Wang, 2001; Major and Tank, 2004). In
the frontal cortex, persistent activity is considered a key neuro-
physiological substrate underlying information retention (Fus-
ter, 2001; Miller and Cohen, 2001). While behavioral studies have
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demonstrated that experience affects persistent activity in selec-
tive populations of neurons in the frontal cortex (Takehara-
Nishiuchi and McNaughton, 2008; Histed et al., 2009; Erlich et
al., 2011), little is as yet known about the molecular and cellular
mechanisms by which those experience-related persistent firing
patterns are regulated.

Researchers seeking to elucidate the cellular and molecular
processes underlying persistent activity have generally used
rodent frontal slices, which preserve the signature electro-
physiological properties of persistent activity in vivo and pro-
vide better experimental access to individual neurons (Tseng and
O’Donnell, 2005; Durstewitz and Gabriel, 2007; Sidiropoulou et
al., 2009; Thuault et al., 2013). These studies have identified a
number of neural transmitter receptors and ion channels, includ-
ing NMDA receptor (NMDAR) and dopamine D1-type receptor
(D1R), involved in persistent activity. Although individual
neurons in frontal cortical slices exhibit varying degrees of
persistent activity (Durstewitz and Gabriel, 2007), whether
prior experience regulates the persistent activity in those neu-
rons remains unknown.

In rodents, training for a new motor task, such as running on
a rotating rod, leads to pronounced activation of the frontal cor-
tex (Holschneider et al., 2003; Costa et al., 2004). Whether motor
training tasks affect persistent firing generated during subsequent
circuit activities, however, has yet to be determined. When inves-
tigating this question in frontal cortical slices, the major challenge
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is distinguishing neurons activated by prior training experience
from those unaffected by the experience in question. In this
study, we focused on the activity-regulated cytoskeleton-
associated protein (Arc/Arg3.1), which has been widely used as a
marker for neurons activated by recent behavioral experience
(Guzowski et al., 2005; Barth, 2007). Although Arc has been im-
plicated in experience-dependent changes of synaptic AMPA-
type glutamate receptors (AMPARs) in hippocampal and visual
systems (Bramham et al., 2008; Shepherd and Bear, 2011), its role
in persistent firing has not been investigated.

By imaging Arc promoter-driven GFP expression in a
knock-in mouse line, we found that motor training induces Arc
expression in subsets of frontal neurons. Those neurons prefer-
entially support persistent activity compared with Arc—neurons
from the same mice or neurons from the untrained mice. We
then genetically deleted Arc and found that persistent activity
diminishes. Finally, we demonstrate that the emergence of
persistent firing is associated with Arc-dependent changes in
the function of NMDARs, but not in AMPARs or membrane
excitability. Together, our findings suggest that Arc regulates
experience-related persistent firing patterns in frontal cortical
neurons.

Materials and Methods

Experimental animals. All experimental procedures conformed to Na-
tional Institutes of Health (NIH) guidelines and were performed with the
approval of the NIH Animal Care and Use Committee. The Arc-GFP
knock-in mouse line generated in C57BL/6 background (Wang et al.,
2006) of either sex was used in this study. All experiments were con-
ducted in wild-type (WT), heterozygous (HET), or homozygous (HOM)
Arc-GFP mice, as specified, at 2-3 months of age.

Behavioral experimental procedures. In the motor-training task, the
standard computer-interfaced rotarod apparatus for mice (ENV-575M,
MedAssociates) was used. In each trial, the mouse was initially placed on
the still rotarod, which was then activated. The rotation speed, which
increased from 4 to 40 rpm gradually over a 300 s period, was recorded
until the mouse was unable to keep up and fell. In early trials, mice
typically fell off the rotarod at alow speed. By the end of a 45 min training
session, trained mice were capable of running on the rotarod at a speed,
on average, of 35 rpm. After this 45 min of motor-task training, all the
trained mice were returned to home cages to rest for 1 h and 15 min
before being subjected to the next experimental procedures. This resting
period is required for expression of Arc-GFP to reach levels optimal for
confocal imaging (Wang et al., 2006). For the sake of consistency, WT
mice were treated the same, and untrained mice were left undisturbed in
their home cages until the next experimental procedure. Mice in the
handling group were placed on a stationary rotarod for 5 min, then
pulled down to the ground. This procedure was repeated for a total of 45
min as the same duration of motor training. Other housing and handling
procedures were identical for all the mice, regardless of differences in
genotype or training status.

To examine changes in running behavior over multiple days of train-
ing, mice were trained 10 trials a day for 3 consecutive days. Previous
video analyses of this task suggested that on later days of training, mice
position their footsteps closer to the top of the rod, which improves their
balance and keeps them from slipping (Buitrago et al., 2004; Farr et al.,
2006). In our study, mice were videotaped in the first two and last two
trials of each day. We then analyzed the footstep positions of mice using
video-tracking software (Tracker). The distance from the left rear paw to
the top of the rod was measured every 2 s till the end of a trial. The average
of foot positions recorded each day reflects the mouse running strategy
on that day. All the behavioral experiments and analyses were performed
on littermates blindly and without regard to genotypes.

Preparation of acute cortical slices. Coronal slices (250—-300 wm thick)
containing the frontal cortex (bregma, 0.5-1.5 mm) were cut with a
vibratome (Leica) in ice-cold, oxygenated (95% O, and 5% CO,) artifi-
cial CSF (ACSF) containing the following (in mm): 222 sucrose, 2.5 KCl,
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1.2 NaH,PO,, 3 MgCl,, 0.5 CaCl,, 26 NaHCOs, and 10 glucose. After
cutting, slices were transferred into the recording oxygenated ACSF
(95% O, and 5% CO,) containing the following (in mm): 125 NaCl, 25
NaHCO;, 10 glucose, 3.5 KCI, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, pH
7.45; osmolarity, 295 = 5 mOsm) and allowed to recover for 1 h at
room temperature. These slices were then transferred to a standard
recording chamber mounted on the Olympus confocal microscope
(FV1000) stage, and maintained at 33-35°C for subsequent electro-
physiological recordings.

Slice electrophysiology. In these mouse frontal cortical slices, individual
pyramidal neurons in the superficial layers (II/III) of the Cgl area were
visualized through a 40X water-immersion objective, using infrared-
differential interference contrast video microscopy (QImaging), and re-
corded with whole-cell patch-clamp configuration. Patch pipettes (6—8
MQ) were filled with the following (in mm): 115 K-gluconate, 10 HEPES,
2 MgCl,, 20 KCl, 2 MgATP, 2 Na,-ATP, and 0.3 GTP, pH 7.3, 280 * 5
mOsm. To block NMDAR activity in some of the recorded cells where
indicated, MK-801 (1 mm) was added to the pipette solution.

To visualize patched cells under fluorescence confocal microscopy, we
included the red fluorescent dye Alexa Fluor 594 (10 um) in the pipette
solution. To target Arc-GFP+ neurons for recording, those neurons
were identified in the green channel of the confocal microscope before
initiating patch-clamp recording procedures. Recordings were then per-
formed with Axopatch700B amplifiers (Molecular Devices). Signals were
low-pass filtered at 10 kHz, digitized with a Digidata 1400A (Axon) at 20
kHz, and fed to a computer for off-line analysis with pPCLAMP version
10.0 (Molecular Devices). Only cells with a seal resistance >1 G{) and a
series resistance <25 M{) were used for analysis.

To measure persistent activity in frontal neurons, current-clamp re-
cording was first established in the recording ACSF for 10 min. Then,
D1R agonist SKF38393 (2 um) and NMDA (8 um) were perfused into the
recording chamber for 10—15 min, while the current-clamp recording
continued (Tseng and O’Donnell, 2005; Durstewitz and Gabriel, 2007).
Once fluctuations in the membrane voltage and neuronal firing rate were
stabilized, a 1 min membrane potential trace for each neuron was col-
lected. These electrophysiological data were analyzed using Clampfit
software (Molecular Devices) and custom-written scripts in Matlab
(Mathworks). To determine the duration of each membrane depolariza-
tion event (At), we established a threshold at 15 mV above baseline
membrane potential, then measured the time between initial upward and
subsequent downward crossing of this threshold. The mean At duration
represents extent of persistent activity in each neuron.

To measure intrinsic neuronal excitability, we used standard proce-
dures to record resting potential, threshold for action potential, rheobase
current, and input resistance for each neuron (Barth et al., 2004). To
construct an input—output curve, we recorded frontal neurons in the
current-clamp mode, and injected various amounts of current through
the recording electrode to induce action potentials. Resting membrane
potential was set as —70 mV before current injection. Fifty to four hun-
dred picoamperes of current were injected in 50 pA increments at a fixed
duration of 500 ms.

AMPAR-mediated miniature EPSCs (mEPSCs) were recorded at —70
mV (GABA, receptor reversal potential) in the presence of TTX (1 um)
and bicuculline (20 um) in ACSF. NMDAR-mediated mEPSCs were re-
corded at —70 mV with TTX (1 um), CNQX (20 um), and bicuculline (20
uM) in magnesium-free ACSF. mEPSCs were analyzed using Mini-
Analysis software (Synaptosoft). The miniature events were first auto-
matically detected with a peak amplitude threshold equivalent to 2.5 SDs
of baseline noise. Individual events were subsequently inspected and
verified by a human observer blind to the experimental conditions of the
traces. Data from a 180-s-long recording period were used to determine
event frequency and mean amplitude for each cell.

To measure evoked AMPAR-mediated currents, frontal slices were
pretreated with cyclothiazide (100 uMm) to prevent AMPAR desensitiza-
tion (Stuber et al., 2008), then briefly (30 s) perfused with AMPA (1 um).
Neurons were recorded in the voltage-clamp mode at —70 mV in the
presence of TTX (1 um) and bicuculline (20 um) in ACSE. To measure
evoked NMDAR-mediated currents, frontal slices were briefly perfused
with NMDA (8 um) and SKF38393 (2 um) for 30 s. Neurons were re-
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Figure 1. Motor training increases persistent firing in subsets of frontal cortical neurons. A, A schematic diagram of the
experimental setup. Before acute brain slice preparation, HET Arc-GFP mice either stayed in their home cages [untrained mice (UT
Mice)] or underwent a 45 min motor-training task (MT Mice). Two hours after the beginning of the motor training, acute frontal
cortical slices were prepared. Neurons in the superficial layers of the (g1 area were randomly selected and subjected to whole-cell
recording under current-clamp configuration. Scale bar, 10 m. B, Representative traces of membrane potential were derived
fromrandomly recorded frontal neuronsinslices bathed in NMDA (8 ) and DTR agonist SKF38393 (2 um). Slices from UT mice showed
only cells with (1) subfiring threshold fluctuation of membrane potentials or (2) single spikes. Slices from MT mice showed only cells with (3)
single spikes/short bursts or (4) persistent firing activity. At s the time betweeniinitial upward crossing and immediate downward crossing
of the threshold set at 15 mV above baseline membrane potential. ¢, Mean duration (At) of each neuron randomly sampled in slices from
UT and MT mice (5 mice per group). In slices from UT mice, none of the 16 neurons sampled exhibited persistent activity. In slices from MT
mice, 6 ofthe 21 neurons sampled exhibited persistent activity. D, Representative membrane potential traces of two neurons from UT mice,
which were exposed toincreasing dosage of NMDA in the slice medium. Neither cell showed persistent firing in response to 8 .M NMDA and
2 um SKF38393. When NMDA concentration was raised to 12 uum, Cell A showed persistent firing, but Cell B did not. Of the six cells tested,
three showed persistent firing at higher concentrations of NMDA, suggesting that persistent firing patterns in frontal slices are sensitive to
NMDA dosage and different neurons have different sensitivity.

corded in the voltage-clamp mode at —70 mV in the presence of TTX (1
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4-10 mice from each experimental group. All
data analyses were conducted with researchers
blind to GFP expression, behavioral condition,
or Arc genotype.

Drugs and chemicals. NMDA, AMPA, SKF
38393, CNQX, APV, TTX, bicuculline, and cy-
clothiazide were obtained from Sigma-Aldrich.
MK-801 was purchased from Tocris Bioscience.

Histochemistry. Mice were perfused with 4%
paraformaldehyde in PBS, then coronal slices
of 60—100 wm were sectioned from the fixed
brains. Arc-GFP was excited with 488 nm laser
and detected in the green channel using stan-
dard confocal fluorescent microscopy (Olym-
pus; Wanget al., 2006). The excitatory neurons
in frontal cortical sections were labeled with
mouse monoclonal antibody specific for
CaMKII« (at 1:250 dilution; Santa Cruz Bio-
technology), and imaged using the standard
protocol for immunofluorescent confocal im-
aging (Wang et al., 2006). The fluorescent im-
ages of Arc-GFP were analyzed with NIH
Image] and custom-written scripts in Matlab.
In fixed brain sections, a computer algorithm
analyzing center—surround contrast was used
to detect Arc-GFP+ neurons (Wang et al,
2006). In acute slices, visual inspection was
used to select GFP+ neurons for electrophysi-
ological recording. The brightness of a re-
corded neuron was then determined from its
confocal image by dividing the mean intensity
of the cell soma by the mean intensity of its
surrounding area.

Data analysis. The statistical differences
among groups of data were determined by
ANOVA (one way, two way, or repeated mea-
sures) followed by multiple-comparison tests.
Data are displayed as mean *+ SE.

Results

Motor training increases persistent
firing in subsets of frontal

cortical neurons

To investigate the effects of prior training
experience on the firing patterns of frontal
cortical neurons, we used a behavioral
task that has been shown to activate the
rodent frontal cortex robustly (Holsch-
neider et al., 2003; Costa et al., 2004). In
this task, mice need to learn a novel se-
quence of movements to run on an accel-
erating rotating rod (rotarod) without
falling off. HET Arc-GFP mice (~2
months old) received ~45 min of training
and were then returned to their home

M), bicuculline (20 uMm), and CNQX (20 um) in magnesium-free ACSF.
Peak amplitude of evoked AMPAR-mediated or NMDAR-mediated cur-
rents was determined for each neuron.

For paired-pulse ratio analysis, EPSCs were elicited by paired-pulse
stimulation at 50 ms intervals in the presence of bicuculline (20 um) in
ACSF. Electric stimulations (10 times at 0.033 Hz) were delivered
through a monopolar glass stimulating electrode, which had been placed
in layer II/III, ~100 wm away from the recorded cell in the same layer.
Stimulation intensity was adjusted to evoke EPSC at a range of 200—300
pA. The paired-pulse ratio was measured as EPSC2/EPSC1.

For all of our electrophysiological experiments, we typically recorded
2—4 neurons (including GFP+ and GFP— ones) from each mouse, using

cages. To assess whether this motor-training task would affect
persistent firing patterns in individual frontal neurons, we com-
pared neuronal activity in acute frontal slices prepared from
motor-trained mice 2 h after the start of the training with those
prepared from age-matched untrained mice that had stayed in their
home cages without any training for the entire time (Fig. 14).
Previous studies have shown that NMDAR and D1R activities
are required for persistent neuronal firing in vivo in frontal cortex
(Williams and Goldman-Rakic, 1995; Jackson et al., 2004; Wang
et al., 2013) and ex vivo in frontal cortical slices (Tseng and
O’Donnell, 2005; Stewart and Plenz, 2006; Durstewitz and Ga-



6586 - J. Neurosci., May 7, 2014 - 34(19):6583- 6595

briel, 2007). In slices, long-range dopaminergic and glutamater-
gic inputs to frontal cortical neurons are severed. In addition, the
tissue is constantly perfused with ACSF, which lacks dopamine
and glutamate. NMDA and DIR agonist are therefore added into
ACSF to partially mimic the natural environment for frontal neu-
rons and to initiate persistent firing (Seamans and Yang, 2004;
Tseng and O’Donnell, 2005; Stewart and Plenz, 2006; Durstewitz
and Gabriel, 2007).

Following this protocol, we included NMDA (8 uM) and D1R
agonist SKF38393 (2 uMm) in the medium for frontal slices pre-
pared from the untrained and motor-trained mice. To ensure
that any electrophysiological differences detected likely related to
experience rather than to variations in cell type or among brain
regions, we focused our patch-clamp recordings on excitatory
neurons located in superficial layers of the Cgl area of mouse
frontal cortex, which is implicated in memory for motor re-
sponses (Dalley et al., 2004). In this area, we found that neurons
(n = 16) randomly sampled from untrained mice fired only single
spikes at low frequencies (1-3 Hz, n = 3) or had membrane poten-
tials beneath the firing threshold (n = 13). By contrast, a subset of
randomly sampled neurons from motor-trained mice exhibited sus-
tained high-frequency firing, while other motor-trained mouse neu-
rons fired in single spikes or short bursts (Fig. 1B).

In slice physiological studies, persistent neural activity is usu-
ally measured by the length of time during which membrane
potential is depolarized to >15 mV above baseline (Tseng and
O’Donnell, 2005; Durstewitz and Gabriel, 2007; Haider and Mc-
Cormick, 2009). Using this definition, we calculated mean depo-
larization durations for each randomly sampled neuron. While
no neurons sampled from untrained mice generated depolariza-
tion lasting hundreds of milliseconds, 6 of 21 (29%) neurons
from motor-trained mice had mean depolarization durations of
>200 ms. The remaining 15 (71%) motor-trained mouse neu-
rons fired mostly single spikes or short bursts with a mean depo-
larization duration of <100 ms (Fig. 1C).

These findings indicate that prior motor-training experience
increases the occurrence of persistent firing patterns in frontal
neurons. We further found that in untrained mice, a higher dos-
age of NMDA in the slice medium eventually evoked persistent
firing in some, but not all, neurons (Fig. 1D). In addition to
confirming earlier findings of variation in the distribution of
persistent firing patterns among frontal neurons (Durstewitz
and Gabriel, 2007), our results more importantly suggest that
experience (in this case, motor-task training) can modulate
frontal cortical neurons’ ability to generate persistent firing
patterns.

Motor training increases Arc expression in subsets of frontal
cortical neurons

To investigate the molecular mechanisms by which prior training
experience affects the persistent firing patterns in individual neu-
rons, we sought to capture the effects of motor training with a
molecular “stamp” that would remain detectable in subsequent
electrophysiological characterizations. Using our HET Arc-GFP
knock-in line (Wang et al., 2006), we examined first whether the
expression of GFP driven by the endogenous Arc promoter (Arc-
GFP) could be induced by the motor-training task in the mouse
frontal cortex. We found that the level of Arc-GFP expression in
untrained mice was very low, barely detectable above the back-
ground autofluorescence level in fixed frontal cortical sections.
By contrast, in motor-trained mice, Arc-GFP expression was ro-
bust across areas of the frontal cortex, including Cgl (Fig. 2A).
We also found that, once induced by experience, the expression
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Figure 2.  Motor training increases Arc expression in subsets of frontal cortical neurons. 4,
Montage of confocal images shows that motor-training induces Arc-GFP expression in frontal
cortex. Arc-GFP expression in untrained (UT) and motor-trained (MT) mice were imaged in fixed
frontal sections by confocal microscopy using 488 nm excitation light and dual (green and red)
channel detectors. Arc-GFP fluorescence (green) was detected in the green channel only,
whereas tissue autofluorescence was detected in both channels (yellow). Scale bar, 100 wm. B,
Overlap of Arc-GFP-expressing neurons and excitatory neurons in the frontal cortex of UT and
MT mice. Arc-GFP+ neurons (green) were detected by confocal imaging of green fluorescent
signals. Excitatory neurons (red) were labeled by an antibody specific to CaMKIlx. Scale bar, 30
m. G, Time-lapse imaging of Arc-GFP expression by confocal microscopy in acute live frontal
slices after slice preparation. Immediately after slice preparation and over the next 4 h, UT-
mouse slices show little expression of Arc-GFP (top), suggesting that the process of preparing
acute frontal slices does not per se induce new Arc-GFP expression. Across the same four
time points, MT-mouse slices exhibit robust and stable Arc-GFP expression with no ap-
pearance of new Arc-GFP + neurons (bottom). These results indicate that in acute frontal
slices, Arc-GFP expression provides a molecular stamp indicative of prior behavioral expe-
rience. Scale bar, 10 m.

of Arc-GFP could persist throughout the time required for the
preparation and electrophysiological characterization of acute
frontal slices (Fig. 2C). These findings suggest that in acute fron-
tal slices, Arc-GFP expression provides a molecular “stamp” in-
dicative of prior behavioral experience.
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Figure 3. Persistent firing patterns preferentially arise in neurons with motor-training-induced Arc-GFP expression. A,

Fluorescence-guided patch-clamp of Arc-GFP+ neurons in frontal slices from motor-trained (MT) Arc-GFP HET mice.
Arc-GFP+ neurons were detected in the green channel of confocal microscopy. Patch-clamp recorded neurons were
labeled by a red fluorescent dye (Alexa 594) via recording pipettes. Scale bar, 10 wm. B, Membrane potential traces of
Arc-GFP+ and Arc-GFP— neurons in frontal slices that were prepared from MT mice and bathed in NMDA (8 wm) and
SKF38393 (2 um). €, Mean duration of depolarization in Arc-GFP + and Arc-GFP — neurons from untrained (UT, 8 mice), MT
(10 mice), and handled (HD, 7 mice) animals. The type of prior experience and the activation history of individual neurons
(as reflected by Arc-GFP expression) jointly regulate persistent firing patterns (2-way ANOVA, experience— cell-type inter-
action, F, ¢,y = 14.38, p << 0.0001). The mean duration of depolarization in the Arc-GFP+ neurons from MT mice is
significantly longer than in any other group. Neuron numbers: UT GFP—, 8; UT GFP+, 12; MT GFP—, 11; MTGFP+, 15; HD
GFP—,11; HD GFP+, 12. D, Brightness of recorded neurons. Mean intensity of targeted cell soma was divided by the mean
intensity of its surrounding area to derive the brightness index. A ratio ~1 suggests an Arc-GFP— neuron. Under all
behavioral conditions, the brightness of visually identified Arc-GFP+ neurons is significantly higher than that of Arc-
GFP— neurons. Two-way ANOVA, Arc-GFP effect, F; ¢,y = 97.53, p << 0.0001. E, The percentage of excitatory neurons
expressing Arc-GFP in the superficial layers of the (g1 area of the frontal cortex in UT, MT, and HD mice. One-way ANOVA,
Fia15) = 34.05, p <0.0001, n = 6 mice per group. F, Representative membrane potential traces of Arc-GFP+ neurons
from MT Arc-GFP HET mice. Persistent firing occurred in the presence of NMDA (8 wum) and SKF38393 (2 wm), but was
blocked by the subsequent addition of AMPAR antagonist CNQX (10 rum; top) or NMDAR antagonist APV (100 pum; middle)
in the bath medium. Five of five neurons tested were blocked with CNQX, and three of three were blocked with APV.
Persistent firing was also blocked by intracellular application of NMDAR antagonist MK-801 (1 mm in pipette). Seven of
seven neurons (from 4 mice) tested for MK-801 showed no persistent activity (bottom right), while four of four neurons
tested without MK-801 (1 from each mouse) showed normal persistent activity (bottom left). All the data are mean = SE.
Post-tests, *p << 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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While a previous study has shown that
almost all excitatory cortical neurons are
capable of expressing Arc in response to
maximal electrical stimulation (Vazdar-
janova et al., 2006), our study shows that
in mice performing the motor-training
task, only a subset of frontal cortical neu-
rons express Arc-GFP. To quantify the
percentage of excitatory neurons express-
ing Arc-GFP, we compared Arc-GFP+
neurons with those expressing calcium/
calmodulin-dependent protein kinase «
(CaMKIla), a maker for all excitatory
neurons. In motor-trained mice, ~36%
of the CaMKIla+ neurons in the superfi-
cial layers of the Cgl region of the frontal
cortex expressed Arc-GFP. By contrast, in
untrained mice, only ~3% CaMKIla+
neurons in this area expressed Arc-GFP
(Figs. 2B, 3E; p < 0.0001,  test, n = 6 mice
in each group), suggesting that the motor-
training task induced Arc-GFP expression
in approximately a third of Cgl neurons.

Persistent firing patterns preferentially
arise in neurons with motor-training-
induced Arc-GFP expression

Our earlier findings showed that after
the motor-training experience, approxi-
mately a third of Cgl neurons generated
persistent activity (Fig. 1C), similar to the
proportion in which Arc-GFP expression
was induced. To examine whether persis-
tent firing patterns would preferentially
arise in neurons with motor-training-
induced expression of Arc-GFP, we per-
formed fluorescence-guided patch-clamp
recording in frontal slices from the
motor-trained mice (Fig. 3A). We found
that the mean duration of depolarization
in Arc-GFP+ neurons (1227 = 198 ms,
n = 15) was significantly longer than that
in Arc-GFP— neurons (75 = 30 ms, n =
11; Fig. 3B, C). This result suggests that the
subset of neurons with motor-training-
induced Arc-GFP expression better sup-
ports persistent activity compared with
Arc-GFP— neurons.

In untrained mice, by contrast, neither
Arc-GFP+ nor Arc-GFP— neurons showed
persistent firing (Fig. 3C). To assess
whether any type of new behavioral expe-
rience would increase persistent firing in
frontal neurons, we placed a different
group of mice on a stationary rotarod,
then pulled them off to mimic the new
environmental exposure and handling
conditions mice encountered in our orig-
inal motor-training task. In frontal slices
taken from these handled mice, the mean
duration of depolarization in the Arc-
GFP+ neurons was slightly longer than
that in Arc-GFP— neurons, but signifi-
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cantly shorter than that in the Arc-GFP+ A
neurons from the motor-trained mice
(Fig. 3C, two-way ANOVA, experience—
cell-type interaction, F(, o,y = 14.38, p <
0.0001; post-tests, handled GFP+ vs han-
dled GFP—, p > 0.9999; handled GFP + vs
motor-trained GFP+, p < 0.0001). These
results suggested that the type of prior ex-
perience and the activation history of in-
dividual neurons (indicated by Arc-GFP
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o
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mice, it does not explain differences in the
firing patterns of Arc-GFP+ neurons
from different experience groups (Fig.
3C,D). Alternatively, the number of Arc-
GFP+ neurons in the local circuit (Fig.
3E) and the level of Arc-GFP expression
within each neuron may together predict
the extent of persistent activity. Persistent
neuronal firing in frontal slices depends
on inputs from local network activity, as
antagonists of AMPA-type or NMDA-
type glutamate receptors block synaptic
transmission and stop persistent firing (Tseng and O’Donnell,
2005; Durstewitz and Gabriel, 2007; Fig. 3F). In motor-trained
mice, the higher number of Arc-GFP+ neurons with their high-
frequency firing outputs may provide stronger local excitatory
feedback that ensures persistent firing. While such network
mechanisms may facilitate persistent firing, we also found that
intracellular application of NMDAR antagonist MK-801 is suffi-
cient to prevent persistent firing. This result suggests that at the
single-cell level, NMDAR activation is required to generate per-
sistent activity (Fig. 3F). Motor-training experience, therefore,
may induce changes in individual Arc-GFP-expressing neurons
to promote persistent firing patterns.

*p = 0.0127.

Arc is functionally required for motor-training-induced
persistent firing patterns

Seeking the molecular mechanisms involved in the regulation of
persistent firing patterns in Arc-GFP+ neurons from motor-
trained mice, we conducted tests first to see whether the Arc gene
is functionally required for this process. Experiments using the
water maze task had earlier shown that deletion of the Arc gene in
mice affects long-term memory consolidation, but not short-
term learning (Plath et al., 2006; Peebles et al., 2010). Using the
accelerating rotarod task, we observed that, at the end of a 45 min
motor-training session, all mice achieved similar rotation speeds
before falling, regardless of genotypes (WT, with two complete
copies of Arc; HET, with only one copy of Arc replaced by GFP;
HOM, with both copies replaced by GFP; one-way ANOVA,
F,55 = 0.74, p = 0.48; Figure 4A). Initially, therefore, the pres-
ence or absence of Arc made no difference to performance. On
the following 2 d, however, both WT and HET mice improved

mance after one training session for Arc WT, HET (1 copy of Arc replaced by GFP), and HOM (both copies of Arc replaced by GFP) mice.
The rotation speed of rotarod gradually increases from 4 to 40 rpm over a 300 s period. By the end of a single 45 min motor-training
session, all groups of mice reached similar rotation speeds before falling. One-way ANOVA, £, 55, = 0.739, p = 0.4823; WT, 16
mice; HET, 25 mice; HOM, 17 mice. B, Video frames showing a mouse performing the rotarod task. The distance from the mouse’s
left rear paw (yellow star) to the top of the rod (yellow dotted line) was measured every 2 s till the end of the trial. C, An example
of footstep positions tracked during a trial. D, Rotarod performance following repeated training sessions. Mice were trained one
session (composed of 10 trials) per day for 3 consecutive days. An average of footstep positions on each day was used as an index
of themouse’s running strategy on that day. By the second and third days, Arc WT and HET mice had learned to place their footsteps
closer to the top of the rotarod to improve their stability, while Arc HOM mice failed to do so. Two-way repeated-measures ANOVA:
genotype effect, F, 5, = 4.437,p = 0.0208; time effect, F, 55 = 10.74,p = 0.0001; genotype—time effect, f , 55 = 2.622,p =
0.0439. WT, 9 mice; HET, 12 mice; HOM, 11 mice. Data are mean == SE. Post-tests, WT versus HOM: Day 2, **p = 0.0049; Day 3,

their running strategies by placing their footsteps closer to the top
of the rotarod, while the HOM mice, which lack the Arc gene, did
not (Fig. 4B-D). These results confirm an important role of Arc
in the consolidation of information learned from experience.

To assess the impact of Arc deletion on frontal persistent ac-
tivity generated after a comparable level of motor training, we
randomly sampled neurons in frontal slices prepared from WT
and HOM miice after a single training session. We found that the
distribution of depolarization duration in neurons from the WT
mice (Fig. 5A) was similar to that in the HET mice (Fig. 1C), with
~30% of the neurons sampled having a mean duration of depo-
larization in the hundreds-of-milliseconds range. By contrast,
firing activity in all 21 neurons sampled from HOM mice clus-
tered below the low hundreds-of-milliseconds range (Fig. 5A).
The diminished persistent firing in HOM mice suggests that the
Arc protein is required for motor-training-induced persistent
firing patterns.

To ascertain whether this diminished persistent activity in
HOM mice was due to the motor-training task failing to activate
the endogenous Arc promoter (as represented by the expression
of Arc-GFP), or to lack of Arc protein expression (Wang et al.,
2006), we next quantified Arc-GFP expression levels in HOM
mice. Approximately 38% of the frontal excitatory neurons ro-
bustly expressed Arc-GFP as induced by the motor-training task
in the HOM mice (Fig. 5B). Thus, the motor-training experience
indeed activated the endogenous Arc promoter in the HOM mice
to a similar extent as in the HET mice, suggesting that Arc protein
itself is not necessary for the activation of Arc promoter. Together
with the above electrophysiological findings (Fig. 5A), these re-
sults suggest that the circuitry is in place to initiate training-
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Figure 5.

dependent gene expression, but not to facilitate persistent activity
in those neurons from the HOM mice.

The induction of GFP in the HOM mice further allowed us to
compare the firing patterns of behaviorally activated neurons
(GFP+) with the rest of neurons (GFP—) in the absence of Arc
protein. We first measured the mean duration of depolarization
in frontal neurons from both motor-trained and untrained HOM
mice. The results showed that in the HOM mice, neither GFP+
nor GFP— neurons exhibited persistent firing; moreover, motor-
training experience failed to increase persistent firing (Fig. 5C,D;
one-way ANOVA, F; 35 = 0.5051, p = 0.6812). To further con-
firm our observation that persistent firing depends on the Arc
gene, we next subjected a new cohort of HET and HOM mice,
blindly assigned to the experimenter, to motor training and
recorded their neuronal activity afterward. We found that GFP+
neurons in the HOM mice showed a significantly shorter dura-
tion of depolarization than those in the HET mice (Fig. 5E; two-
way ANOVA, genotype—cell-type interaction, F(, 44y = 29.47,
p < 0.0001. Post-test, HET motor-trained GFP+ vs HOM
motor-trained GFP+, p < 0.0001). These results suggest that the

Arcis functionally required for motor-training-induced persistent firing patterns. 4, Mean duration (At) of depolar-
ization for each neuron randomly sampled, regardless of their GFP expression, in frontal slices prepared from the motor-trained
(MT) Arc WT and HOM mice (5 mice per group). B, The percentage of excitatory neurons expressing GFP in frontal cortex is lower in
the untrained (UT) compared with the MT HOM mice (t test; UT, 5 mice; MT, 6 mice). C, Membrane potential traces of GFP+ and
GFP— neuronsin frontal slices that were prepared from HOM MT mice and bathed in NMDA (8 ) and SKF38393 (2 wum). D, Mean
depolarization duration in GFP+ and GFP— neurons from UT (6 mice) and MT (8 mice) HOM animals. No significant group
difference. One-way ANOVA, 5 55) = 0.5051, p = 0.6812. Neuron numbers: UT GFP —, 9; UTGFP +, 10; MT GFP —, 10; MTGFP+-,
10. E, Mean depolarization duration in GFP+ and GFP— neurons from HET (9 mice) and HOM (10 mice) MT animals. The mean
depolarization duration in the GFP + neurons from HET MT mice was significantly longer than any other groups. Two-way ANOVA,
genotype— cell-type interaction, ; 45 = 29.47, p << 0.0001. Neuron numbers: HET MT GFP—, 14; HET MT GFP+, 11; HOM MT
GFP—, 14; HOM MT GFP+, 13. All the data are mean == SE. Post-tests, **p << 0.01, ****p < 0.0001.

To further assess potential differences
in excitability between neuronal groups,
we next injected various amounts of cur-
rent (50—400 pA) into a neuron and mea-
sured the number of spikes evoked. Using
these data, we constructed a neuronal in-
put—output curve (Fig. 6A). As with the
passive membrane properties, we found
no significant differences in the input—
output relationship among the four
neuronal groups (Fig. 6B), suggesting
that Arc protein does not affect intrinsic
membrane excitability in frontal neu-
rons. Given these results, it appears
unlikely that Arc regulates persistent firing patterns by mod-
ulating membrane excitability.

Arc’s effects on AMPAR function do not correlate with
changes in persistent firing patterns

To examine the effects of Arc on synaptic activity and determine
whether they are correlated with persistent firing patterns, we
first assessed AMPAR-mediated functions in GFP+ and GFP—
frontal neurons sampled from motor-trained HET or HOM mice
(Fig. 7A). Our findings showed that the frequency (not mean
amplitude) of AMPAR-mediated mEPSCs were different among
the four groups of neurons (Fig. 7B, C). Differences in mEPSC
frequency between neurons may reflect presynaptic differences,
such as transmitter release probability, or postsynaptic differ-
ences, such as number of synapses containing detectable amounts
of AMPARs (Luscher and Malenka, 2012). To assess whether
presynaptic release differed between the four groups of neurons,
we compared their responses to paired-pulse stimulation. The
stimulating electrode was placed in layer II/III, ~100 wm away
from the recorded neuron in the same layer. While the exact
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Table 1. Intrinsic membrane properties of neurons from motor-trained mice

HET motor- HET motor- HOM motor- ~ HOM motor-
trained GFP—  trained GFP+  trained GFP—  trained GFP+
Resting potential (mV) —65.6 =06 —6586*=0.6 —67.0+05 —66.8=* 0.6
Threshold foraction ~ —435+04 —414+£08 —423+£08 —440+08
potential (mV)
Input resistance (M€2)  167.5 =119 1783 =152 166.6 = 10.8 170.4 == 12.2
Rheobase current (pA) 129 =128 1355 *=10.1 145 = 13.1 127 =120
Cell number 10 12 10 10

The intrinsic membrane properties of GFP + and GFP— neurons from Arc HET (6 mice) or HOM (6 mice) motor-
trained animals were comparable among groups. One-way ANOVA, resting potential: F 5 35 = 1.421, p = 0.2516;
threshold for action potential : 3 ;5 = 1.855, p = 0.1538; input resistance: F 5 35 = 0.01536, p = 0.9974;
theobase current : F5 55 = 0.4443,p = 0.7227.

synaptic pathways recruited are not known due to the technical
limitation of electrical field stimulation, this electrode placement
likely activates recurrent intracortical inputs to the recorded neu-
ron. Using this method, we found no difference in paired-pulse
ratio, suggesting that presynaptic release probability is compara-
ble for the four neuronal groups (Fig. 7 D, E).

To assess whether the neurons from the four groups differ in
terms of postsynaptic AMPAR function, we next conducted
whole-cell voltage-clamp recording of evoked AMPAR current
by briefly perfusing AMPA (1 um for 30 s) into the recording
chamber while blocking other synaptic currents and action po-
tentials pharmacologically (Fig. 7F). Our findings showed that
the amplitude of evoked AMPAR current is affected jointly by Arc
genotype and cellular activation history (Fig. 7G, two-way
ANOVA, genotype—cell-type interaction, F(, 53 = 9.901, p =
0.0027). While the pattern of difference in evoked AMPAR cur-
rent is consistent with that in mEPSC frequency (Fig. 7B), it does
not correlate with that in persistent firing (Fig. 5E). Therefore,
AMPAR modulation is unlikely to account for Arc-dependent
regulation of persistent firing patterns.

Arc-dependent enhancement of NMDAR function correlates
with persistent firing patterns

Next, we examined NMDAR-mediated function in GFP+ and
GFP— frontal neurons from motor-trained HET and HOM
mice. Detecting NMDAR-mediated mEPSCs in slices is difficult
because of the increased “noise” generated by opening of
NMDARs at the ambient glutamate level and the slow time
course of NMDAR events (Sah et al., 1989). Nevertheless, in our
slice preparation, large NMDAR events were clearly present (Fig.
8A). Those events were detected by using a peak amplitude
threshold equivalent to 2.5 SDs of baseline noise. We found that
the frequency (not mean amplitude) of those detected NMDAR
events increased significantly in GFP+ neurons from motor-
trained HET mice, whereas the other three groups remained at
similar levels (two-way ANOVA, genotype-— cell-type interaction,
Fi145) = 21.44, p < 0.0001; Fig. 8 B, C).

To determine whether the evoked NMDAR current is simi-
larly enhanced in HET motor-trained GFP+ neurons, we con-
ducted whole-cell voltage-clamp recording in the presence of
bath-applied NMDA (Stuber et al., 2008; Suh et al., 2010). We did
not use afferent stimulation to compare evoked NMDAR cur-
rent, because it would be difficult to standardize the amount of
stimulation received by neurons from different slices. We evoked
NMDAR current by briefly perfusing NMDA (8 um) and
SKF38393 (2 uMm) for 30 s into the recording chamber while
blocking non-NMDA synaptic currents and action potentials
pharmacologically (Fig. 8D). Our findings showed that the peak
amplitude of evoked NMDAR current was significantly larger in
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Figure 6.  Arcexpression does not affect the intrinsic membrane excitability of frontal neu-
rons. A, Representative traces of action potentials evoked by various amounts of current in-
jected through the recording pipette into a neuron. B, Input—output curve of injected currents
versus number of spikes. GFP+ and GFP— neurons from HET (8 mice) and HOM (7 mice)
motor-trained (MT) mice were recorded in the current-clamp mode, and action potentials were
induced by current injection (500 ms). No significant difference in input—output relationship
among the four groups. Two-way repeated-measures ANOVA: group effect, F; ;;) = 0.8792,
p = 0.4564; current— group interaction effect, F 5, 459y = 1.114,p = 0.329. HETMT GFP —, 18
neurons; HET MT GFP +, 20 neurons; HOM MT GFP—, 15 neurons; HOM MT GFP+, 18 neurons.

HET motor-trained GFP+ neurons than in any of the other three
neuronal groups (Fig. 8E; two-way ANOVA, genotype—cell-type
interaction, F(; 5,y = 13.93, p = 0.0004). While bath application
of NMDA does not distinguish synaptic from extrasynaptic
NMDARs, the observed pattern of difference among the four
neuronal groups is consistent with that in NMDA mEPSC fre-
quency, which suggests a change at the synaptic level (Fig. 8B).
Together, these findings demonstrate that enhanced NMDAR
function in GFP+ neurons activated by prior motor-training
experience requires Arc. Increased NMDAR function occurs only
in HET motor-trained GFP+ neurons, in which persistent firing
is observed (Fig. 5E), further suggesting that NMDAR function
level may regulate how persistent firing patterns arise in different
frontal neurons in motor-trained mice.

Noting that frontal neurons from untrained mice show little
evidence of persistent firing patterns regardless of Arc expression
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Figure 7.  Arc’s effect on AMPAR function does not correlate with changes in persistent firing patterns. A, AMPAR-mediated
mEPSC traces in GFP+ and GFP— neurons from HET (5 mice) and HOM (5 mice) motor-trained (MT) animals. Miniature AMPAR
currents were recorded at a holding potential of —70 mV with TTX (1 m) and bicuculline (20 um) in normal ACSF. B, €, The
frequency (B), but not mean amplitude (C), of AMPAR-mediated mEPSCs was different among the four groups of neurons.
One-way ANOVA: frequency, F 5 ,;, = 3.330,p = 0.0343; amplitude, F 5 ,,) = 0.5120, p = 0.6774. Neuron numbers: HET GFP—,
7; HET GFP+, 8; HOM GFP—, 8; HOM GFP+, 8. D, Representative traces of EPSCs evoked by paired-pulse extracellular synaptic
stimulation at 50 ms interval. Paired-pulse ratio, EPSC2/EPSC1. E, Average of the paired pulse ratio in GFP+ and GFP— neurons
from HET (4 mice) and HOM (5 mice) MT animals. Lack of Arc does not affect presynaptic release properties. One-way ANOVA, F 3 5o
=0.7380, p = 0.5380. Neuron numbers: HET GFP—, 8; HET GFP +, 8; HOM GFP —, 8; HOM GFP +, 9. F, AMPAR-mediated current
evoked by a brief perfusion (30s; black bar) of AMPA (1 wum) into frontal slices. Slices were pretreated with cyclothiazide (100 pum)
to prevent AMPAR desensitization. Neurons were recorded in the voltage-clamp mode at —70 mV in the presence of TTX (1 rum)
and bicuculline (20 um) in ACSF. Each trace is averaged from all the neurons in each experimental group. G, Quantification of the
peak amplitude of evoked AMPAR currents in GFP+ and GFP— neurons from HET (5 mice) and HOM (5 mice) MT animals shows
that AMPAR current is affected jointly by Arc genotype and cellular activation history. Two-way ANOVA, genotype— cell-type
interaction, F; 53, = 9.901, p = 0.0027. Neuron numbers: HET GFP —, 15; HET GFP +, 15 HOM GFP —, 14;HOM GFP -+, 13. All the
data are mean = SE.

(Figs. 3C, 5D), we next compared the distribution of NMDAR
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motor-trained HET mice (Fig. 8D,E).
These findings confirm that level of
NMDAR function associates with the dis-
tribution of persistent firing patterns in
frontal neurons.

In untrained HOM mice, the average
level of evoked NMDAR current was
lower than that in untrained HET mice
(Fig. 9D, E; two-way ANOVA, genotype
effect, F(, 55y = 6.054, p = 0.0185). While
this difference (~60 pA) is not as large as
that between the GFP+ neurons from
motor-trained HET and HOM mice
(~250 pA; Fig. 8E), it shows that the
germ-line knock-out of Arc, which results
in the lack of Arc protein throughout
life, does affect baseline NMDAR func-
tion. By contrast, the lack of Arc does
not affect intrinsic membrane excitability
or AMPAR function in untrained mice
(Table 2; Fig. 9A-C), suggesting that Arc
protein in frontal neurons may selectively
affect NMDAR function.

Together, our findings show that in
frontal neurons activated by motor-
training experience, Arc is required for the
selective enhancement of NMDAR function.
Furthermore, level of NMDAR function, as
modulated by Arc, correlates with the dis-
tribution of persistent firing patterns
among frontal neurons. Since NMDAR
function controls persistent firing bidi-
rectionally (Figs. 1D, 3F), modulation of
NMDAR function may be the mechanism
by which Arc regulates the experience-
induced persistent firing patterns in fron-
tal neurons.

Discussion

Persistent neural activity has been ob-
served in many different brain regions
and is considered a key neurophysiologi-
cal substrate for information retention
(Fuster, 2001; Miller and Cohen, 2001;
Wang, 2001; Major and Tank, 2004).
While previous research has recognized
the influence of prior training experience
on the emergence of persistent activity in
specific neuronal populations (Fuster,
1973; Takehara-Nishiuchi and Mc-
Naughton, 2008; Histed et al., 2009; Erlich
et al,, 2011), the molecular pathways in-
volved in regulating these persistent firing
patterns following a training experience
have yet to be elucidated. To demonstrate
that motor-task training does indeed in-

current in GFP+ and GFP— frontal neurons prepared from un-
trained HET and HOM mice. Using the same method as de-
scribed above to measure evoked NMDAR current, we found
comparable peak amplitudes of NMDAR current between GFP+
and GFP— neurons from untrained HET or HOM mice (Fig.
9D, E). Moreover, those amplitudes from untrained mice were at
least threefold lower than those observed in GFP+ neurons from

crease persistent activity in subsets of frontal cortical neurons, we
subjected mice to behavioral training and examined subsequent
physiological events in acute ex vivo slices of their frontal cortex.
By imaging a genetically encoded fluorescent reporter under the
control of the endogenous Arc promoter, we found that motor-
training experience induces Arc expression in subsets of frontal
cortical neurons, which prepares those neurons for persistent
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firing in response to subsequent circuit
activation. By contrast, in Arc gene knock-
out mice, which lack Arc protein, al-
though the circuitry is still in place to
initiate training-dependent gene expres-
sion, it failed to facilitate persistent neural
activity. These findings therefore impli-
cate Arc as a key molecular link between
prior experience and the establishment of
persistent firing patterns in select frontal
cortical neurons.

While earlier studies suggest that both
single-cell and network mechanisms can
contribute to the generation of persistent
activity in the brain, little is as yet known
about the ways in which prior experience
affects those mechanisms (Wang, 2001;
Major and Tank, 2004; Haider and Mc-
Cormick, 2009). Intrinsic cellular mecha-
nisms contribute to persistent activity
through slow currents conducted by
voltage-gated ion channels, which pro-
vide stability but are limited in input se-
lectivity and coding capacity (Egorov et
al., 2002; Major and Tank, 2004; Tseng
and O’Donnell, 2005). Network mecha-
nisms contribute to persistent activity
by recurrent synaptic feedback through
AMPARs or NMDARs, which provide
greater input selectivity and coding capac-
ity but are less stable. In addition, to gen-
erate persistent activity within networks,
prior learning that establishes appropriate
synaptic connections is required (Shu et
al., 2003; Major and Tank, 2004; Tseng
and O’Donnell, 2005; Wang et al., 2013).
Since NMDARs conduct synaptic inputs
through voltage-gated slow currents, these re-
ceptors can combine the strength of single-cell
and network mechanisms to mediate persis-
tent activity that is both specific and ro-
bust (Wang, 2001; Major and Tank, 2004;
Wangetal.,2013). In our characterization
of how Arc affects neuronal properties, we
show that only NMDAR function (but not
AMPAR function) is regulated by Arcin a
way consistent with the distribution of
persistent firing patterns among different
neurons, while intrinsic excitability is not
affected. These findings suggest that Arc
may regulate experience-related persis-
tent firing patterns among frontal neu-
rons by modulating NMDAR function,
which carries unique advantage for infor-
mation processing.

Although we found that Arc is re-
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Figure 8.  Arc-dependent enhancement of NMDAR function correlates with persistent firing patterns in motor-trained (MT)
mice. A, NMDAR-mediated mEPSC traces in GFP+ and GFP— neurons from HET (7 mice) and HOM (6 mice) MT animals. Miniature
NMDAR currents were recorded at holding potential of —70 mV with TTX (1 wum), CNQX (20 um), and bicuculline (20 ) in
magnesium-free ACSF. The bottom trace in each subpanel shows individual NMDAR mEPSC events at an expanded time scale. B,
The frequency of NMDAR-mediated mEPSCs increased significantly in GFP + neurons from Arc HET mice, while the remaining three
groups showed similar levels. Two-way ANOVA, genotype~ cell-type interaction, f; 55, = 21.44, p << 0.0001. Neuron numbers:
HET MT GFP—, 12; HET MT GFP+, 10; HOM MT GFP—, 7; HOM MT GFP+, 10. C, Left, NMDAR-mediated mEPSCs showed similar
mean amplitude in all four neuron groups. One-way ANOVA, F ; 35, = 1.670, p = 0.1912. Right, Average NVDAR mEPSC traces for
each of the four groups. D, NMDAR-mediated current evoked by a brief perfusion (30 s; black bar) of NMDA (8 wum) and SKF38393
(2 jam) into frontal slices. Neurons were recorded in voltage-clamp mode at —70 mVin the presence of TTX (1 wm), bicuculline (20
um), and CNQX (20 wm) in magnesium-free ACSF. Each trace is averaged from all the neurons in each experimental group. E,
Quantification of the peak amplitude of evoked NMDAR currents in GFP+ and GFP — neurons from HET (5 mice) and HOM (5 mice)
MT animals shows that NMDAR current is significantly larger in HET MT GFP+ neurons. Two-way ANOVA, genotype— cell-type
interaction, F; 55, = 13.93, p = 0.0004. Neuron numbers: HET GFP —, 16; HET GFP+, 19; HOM GFP—, 15; HOM GFP +, 16. All the
data are mean = SE. Post-tests, ****p << 0.0001.

quired for increased persistent firing patterns following motor
training, the neuronal expression of Arc alone, with no prior
training (as in our untrained and handled mice), does not result
in persistent firing. Therefore, our findings suggest that the level
of Arc expression and the type of behavioral experience jointly
regulate persistent firing patterns. Loss of Arc in untrained HOM
mice does not alter the baseline properties of frontal neurons,

including intrinsic membrane excitability and AMPAR function,
nor does it affect normal induction of experience-dependent
gene expression by motor training. The impact of Arc becomes
evident, however, when animals are challenged to learn a new
motor task. Without Arc function, the training experience failed
to result in persistent firing in specific frontal neurons. Since
NMDAR-mediated current is increased only in neurons with
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Figure9.  Neuronal properties in the untrained (UT) mice. A, Input— output curve of injected currents versus number of spikes. GFP+
and GFP— neurons from HET (8 mice) and HOM (8 mice) UT animals were recorded in the current-clamp mode, and action potentials were
induced by current injection (500 ms). No significant difference in input— output relationship among the four groups. Two-way repeated-
measures ANOVA, group effect, F 5 5 = 0.2260,p = 0.8777; group~ currentinteraction, F , 555 = 1.123,p = 0.3238.Neuron numbers:
HETUT GFP—, 8; HET UT GFP+, 14; HOM UT GFP—, 7; HOM UT GFP+, 11. B, AMPAR-mediated current evoked by a brief perfusion (30s;
black bar) of AMPA (1 um) into frontal slices. Slices were pretreated with cyclothiazide (100 m) to prevent AMPAR desensitization.
Neurons were recorded in the voltage-clamp mode at —70 mV in the presence of TTX (1 M) and bicuculline (20 wum) in ACSF. Each trace
is averaged from all the neurons in each experimental group. €, Quantification of the peak amplitude of evoked AMPAR currents shows no
group difference in GFP+ and GFP— neurons from HET (5 mice) and HOM (5 mice) UT animals. One-way ANOVA, £ ; 55 = 0.2479,p =
0.8623. Neuron numbers: HET UT GFP—, 11; HET UT GFP+, 11; HOM UT GFP—, 10; HOM UT GFP -+, 10. D, NMDAR-mediated current
evoked by a brief perfusion (30 s; black bar) of NMDA (8 um) and SKF38393 (2 um) into frontal slices. Neurons were recorded in the
voltage-clampmodeat —70mVinthe presence of TTX (1 um), bicuculline (20 um), and CNQX (20 um) inmagnesium-free ACSF. Each trace
is averaged from all the neurons in each experimental group. E, Quantification of the peak amplitude of evoked NMDAR currents shows that
NMDAR currents were similar between GFP+ and GFP— neurons in either HET (5 mice) or HOM (5 mice) UT animals. The average level of
NMDAR current in HOM UT mice is lower than that in HET UT mice. Two-way ANOVA, genotype effect, £, 55 = 6.054, p = 0.0185; GFP
cell-type effect, £, 35, = 3.266,p = 0.0786. Neuron numbers: HET UT GFP—, 10; HET UT GFP+, 10; HOM UT GFP—, 12; HOM UT GFP +,
10. All the data are mean == SE.

Table 2. Intrinsic membrane properties of neurons from untrained mice
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motor-training-induced Arc expression,
Arc may interact with other motor-
training-induced molecular changes to
enhance NMDAR function in individual
Arc-expressing neurons, thereby promot-
ing persistent firing patterns. Previous bio-
chemical studies reported the association
of Arc protein with the NMDAR complex
in the postsynaptic density (Husi et al,,
2000), but whether Arc modulates
NMDAR function remained unknown.
This study therefore reveals a hitherto
unrecognized Arc-dependent molecular
pathway by which gene—experience inter-
action regulates the NMDAR-mediated
persistent firing patterns in specific neu-
ronal populations.

In contrast to the relatively little work
done previously on Arc and NMDAR
function, extensive research has focused
on Arc’s role in regulating AMPARs.
Those studies showed that Arc protein in-
teracts with the endocytic vesicle proteins
dynamin and endophilin, promotes the
endocytosis of AMPAR, and weakens the
synaptic AMPAR response (Chowdhury
et al., 2006; Rial Verde et al., 2006; Shep-
herd and Bear, 2011). Despite these find-
ings, it is difficult to predict the overall
level of AMPAR function in Arc-
expressing neurons, which is influenced
by a variety of experience-regulated fac-
tors other than Arc. Those factors may
promote increases in AMPAR function
and counteract Arc’s effects (Yassin et al.,
2010; Okuno et al., 2012; Jakkamsetti et
al., 2013). In our own experiments, we
found that while AMPAR function is al-
tered in HOM mice compared with HET
mice, the distribution of AMPAR current
levels between GFP+ and GFP— neurons
from HET and HOM mice does not cor-
relate with that of persistent firing pat-
terns. These findings suggest that it is
unlikely that Arc regulates persistent fir-
ing patterns through AMPARSs.

Persistent neuronal activity is associ-
ated with a variety of cognitive functions
(such as attentional selection, working
memory, response preparation, and memory
consolidation), whether as a means of keep-

HET untrained  HET untrained HOM untrained  HOM untrained
GFP— GFP+ GFP— GFP+
Resting potential (mV) —66.6 =06 —66.6 =06 —6591+08 —66.9=* 0.6
Threshold foraction ~ —40.6 £ 1.1 —405+14 —411£07 —407 =11
potential (mV)
Input resistance (M€)) 1742 =149 1815117 1767 =10.6 1903 = 12.9
Rheobase current (pA) 130 =143 136 = 16.6 135 =89 125 = 8.7
Cell number 9 10 10 1

The intrinsic membrane properties of GFP + and GFP — neurons prepared from Arc HET (6 mice) or HOM (5 mice)
untrained animals were comparable among groups. One-way ANOVA, resting potential, F; 35 = 0.6606, p =
0.5817; threshold for action potential, 5 35) = 0.08243, p = 0.9692; input resistance , F 55 = 0.2665, p =
0.8491; rheobase current, F; 3¢ = 0.1377, p = 0.9368.

ing current information readily accessible or reactivating infor-
mation stored in brain circuits (Fuster, 2001; Miller and Cohen,
2001; Egorov et al., 2002; Major and Tank, 2004; Takehara-
Nishiuchi and McNaughton, 2008; Hahn et al., 2012). To mod-
ulate persistent activity and cognition, it is important to
understand the underlying molecular mechanisms. Investigating
these mechanisms during cognitive tasks in vivo remains a significant
technical challenge (Williams and Goldman-Rakic, 1995; Wang et
al,, 2013). Although reduced brain slice systems do not fully re-
capitulate network conditions i1 vivo, the key molecular players and
microcircuitry components are preserved and can be studied under
better-controlled experimental conditions (Major and Tank, 2004;
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Haider and McCormick, 2009). It is possible that additional net-
work mechanisms based on long-range feedback connections
may contribute to some of the more prolonged persistent activity
observed in vivo yet absent from slice preparations, but the mo-
lecular mechanisms related to NMDAR-mediated persistent ac-
tivity generated in local microcircuitry can be examined in this
slice preparation.

To mimic the natural environment for frontal neurons and to
initiate persistent firing, we used NMDA and D1R agonist in the
slice medium, as reported in several earlier studies (Seamans and
Yang, 2004; Tseng and O’Donnell, 2005; Stewart and Plenz, 2006;
Durstewitz and Gabriel, 2007). Our study reveals a new molecu-
lar pathway in which Arc regulates the enhancement of NMDAR-
mediated persistent firing patterns in frontal neurons after
training. It remains to be investigated in future research whether
training experience and Arc will affect persistent activity gener-
ated under other experimental conditions (Major and Tank,
2004; Haider and McCormick, 2009). In addition, our findings
raise interesting questions about the projection targets of those
Arc-expressing neurons and the endurance of their firing pattern
changes. Because the GFP construct in the Arc-GFP knock-in
mouse line was destabilized to capture the dynamics of Arc gene
regulation, Arc-GFP fluorescence does not light up axons or last
into the next day (Wang et al., 2006). New genetic-labeling tools
that ensure both low baseline expression and stable induction
after behavioral training may help address those questions about
Arc-expressing neurons (Guenthner et al., 2013). At the behav-
ioral level, the impairment of long-term motor learning we ob-
served in Arc HOM mice implies a role of Arc, and possibly
persistent firing, in consolidating motor memory. Our study sug-
gests that molecular genetic strategies targeting the function of
the Arc gene or Arc-expressing neurons (Silva et al., 2009;
Guenthner et al., 2013) may be used to modulate persistent ac-
tivity and dissect its contributions to cognitive functions.

Deficits in NMDAR-signaling pathways and frontal persistent
activity have long been implicated in the pathophysiology of psy-
chiatric disorders (Meyer-Lindenberg and Weinberger, 2006;
Castner and Williams, 2007; Lewis and Gonzélez-Burgos, 2008).
More recently, NMDAR-signaling and Arc-signaling complex
have been shown as the prime targets of mutations in psychiatric
disorders, such as schizophrenia (Fromer et al., 2014; Purcell et
al.,, 2014). Shedding new light on the Arc protein’s role in
NMDAR-mediated persistent activity may therefore provide an
important step toward the identification of new therapeutic tar-
gets for the treatment of neuropsychiatric diseases. Our experi-
mental framework, in which behavioral training is combined
with ex vivo slice physiology and optical imaging, may facilitate
the identification and validation of new candidate molecular
targets.
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