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Key points

e Neurons in the retrosplenial cortex (RSC), a cerebral region that connects synaptically with
various brain regions, are known to increase neuronal activity in accordance with hippocampal
sharp wave-ripples.

e Pyramidal cells in granular RSC (gRSC) layer 2/3, but not layer 5, exhibit slowly ramping
depolarization and considerably delayed spikes in response to a step-pulse current injection.

o The latencies of delayed spikes in RSC layer 2/3 pyramidal neurons were shortened by a preceding
current injection.

e This effect was mimicked by activation of axonal afferents from the subiculum, but not of
neocortical afferents.

¢ The subiculum is likely to facilitate information processing and flow in the RSC.

Abstract The retrosplenial cortex (RSC), a cerebral region involved in diverse cognitive functions, is
an anatomical hub that forms monosynaptic connections with various brain areas. Here, we report
a unique form of short-term intrinsic plasticity in mouse granular RSC layer 2/3 pyramidal cells.
These cells exhibited delayed spikes in response to somatic current injection, but the spike latencies
were shortened by a preceding brief depolarization (priming). This priming-induced sensitization is
distinct from desensitization, which is commonly observed in other cortical neurons. The facilitatory
priming effect lasted for more than 3 s, providing a time window for increased sensitivity to RSC
inputs. Based on in vitro and in vivo patch-clamp recordings following optogenetic stimulation of
axonal fibres, we found that preactivation of subicular afferents replicated the facilitatory priming
effect. The results suggest that subicular inputs to RSC layer 2/3 neurons may modulate subsequent
information integration in the RSC layer 2/3 circuits.
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Introduction

The retrosplenial cortex (RSC) is involved in multiple
cognitive functions, including spatial navigation,
sensory information processing, episodic memory, and
imagination of future events (Vann et al. 2003, 2009;
Czajkowski et al. 2014). The RSC contains place cells
(Mao et al. 2017) and head-direction cells (Chen et al.
1994) and acts as a neural hub of spatial signal processing
(Alexander & Nitz, 2017). Lesion or inactivation of the
RSC impairs performance in contextual fear conditioning
(Keene & Bucci, 2008; Corcoran et al. 2011) and encoding
of history- and value-related information (Hattori et al.
2019).

These multifaceted functions of the RSC are consistent
with anatomical evidence; the RSC makes synaptic
connections with a variety of cortical and subcortical brain
structures, including the subiculum, the parietal cortex,
the prefrontal cortex, and the limbic thalamus (Vann et al.
2009). This unique connectivity implies that the RSC
integrates and transforms different types of information
in allocentric and egocentric frameworks (Alexander &
Nitz, 2015; Nixima et al. 2017), which are associated
with the signal of place cells and grid cells (Alexander &
Nitz, 2017). Consistent with this notion, recent evidence
has demonstrated that the RSC relays hippocampal
information to the neocortex during sharp-wave ripples
(SWRs), high-frequency oscillations that contribute to
memory consolidation during behavioural immobility
and slow-wave sleep (Nitzan et al. 2020; Opalka et al.
2020).

Despite the roles of the RSC in hippocampocortical
communications, the basic electrophysiological nature
of RSC neurons remains unclear. It has been reported
that hippocampal SWRs cause layer-dependent neuro-
nal responses in the granular RSC (gRSC) (Nitzan
et al. 2020). The intrinsic properties of pyramidal cells
are also layer-specific; pyramidal cells in gRSC layer
2/3 (L2/3), but not gRSC layer 5 (L5), exhibit slowly
ramping depolarization and considerably delayed spikes
in response to a step-pulse current injection (Kurotani
et al. 2013). The late spikes are reported to be shaped by the
potassium channels Kv1.1, Kv1.4 and Kv4.3. Late-spiking
neurons can respond to persistent burst inputs with high
reliability and precision, which may allow them to encode
subicular head-direction inputs (Brennan et al. 2020).
Here, we show that the timing of the late spikes in
gRSC L2/3 pyramidal neurons is influenced by preceding
activation of the subiculum.

Methods
Ethical approval

Animal experiments were performed with the approval
of the Animal Experiment Ethics Committee at the
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University of Tokyo (approval number: P24-8, P29-9)
and according to the University of Tokyo guidelines
for the care and use of laboratory animals. These
experimental protocols were performed in accordance
with the Fundamental Guidelines for Proper Conduct of
Animal Experiment and Related Activities in Academic
Research Institutions (Ministry of Education, Culture,
Sports, Science and Technology, Notice No. 71 of 2006),
the Standards for Breeding and Housing of and Pain
Alleviation for Experimental Animals (Ministry of the
Environment, Notice No. 88 of 2006) and the Guidelines
on the Method of Animal Disposal (Prime Minister’s Office,
Notice No. 40 of 1995). All animals were housed on a
12/12 h dark-light cycle (lights on from 07.00 to 19.00) at
22 + 1°C with food and water provided ad libitum.

Inhibitors
Dendrotoxin-K  (DTX-K) was purchased from
Sigma-Aldrich (St Louis, MO, USA). 6-cyano-7-

nitroquinoxaline-6,7-dinitroquinoxaline-2,3-dione
(DNQX) and D-2-amino-5-phosphonopentanoic acid
(p-AP5) were purchased from Tocris Bioscience (Bristol,
UK). Picrotoxin was purchased from Fujifilm Wako Pure
Chemical Corporation (Tokyo, Japan).

Slice preparation

Acute slices were prepared from the hippocampi of 3-
to 5-week-old ICR mice of both sexes (SLC, Shizuoka,
Japan). The mice were briefly anaesthetized with iso-
flurane and decapitated. The brains were removed and
placed in an ice-cold oxygenated solution containing
the following (in mM): 27 NaHCOs, 1.5 NaH,POy, 2.5
KCl, 0.5 ascorbic acid, 1 CaCl,, 7 MgSOy, and 222.1
sucrose. Coronal brain blocks containing the granule
retrosplenial cortex formation were sliced at a thickness of
400 pm at a speed of 0.08 mm/s using a Leica vibratome
(VT1200S, Leica Microsystems, Nussloch, Germany).
The slices were left to recover at 35°C for at least
20 min in oxygenated artificial cerebrospinal fluid (aCSF)
containing the following (in mM): 127 NaCl, 26 NaHCOs,
1.6 KCI, 1.24 KH,PO,, 1.3 MgSOy, 2.4 CaCl,, and 10
glucose.

In vitro electrophysiological recordings

Experiments were performed in a submerged chamber
perfused at 7—9 ml/min with oxygenated aCSF at room
temperature. Whole-cell patch-clamp recordings were
obtained from small pyramidal cells in gRSC L2/3, which
were visually identified under infrared differential inter-
ference contrast microscopy and were confirmed by their
characteristic late-spiking response to somatic current
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injection. In response to suprathreshold depolarizing
current steps, late-spiking cells typically showed ramp
depolarizations and comparatively long delays before
spike train onset. Borosilicate glass pipettes (4—7 MS)
were filled with a potassium-based solution containing
the following (in mM): 120 potassium gluconate, 5 KCl,
10 HEPES, 10 disodium phosphocreatine, 2 Mg-ATP, 0.1
Na,-GTP, 0.2 EGTA and 0.2% biocytin. The signals were
amplified and digitized at a sampling rate of 20 kHz
using a MultiClamp 700B amplifier and a Digidata 1440A
digitizer that were controlled by pCLAMP 10.3 software
(Molecular Devices). The liquid junction potentials were
automatically corrected before each experiment using
the Pipette Offset mode (Molecular Devices) and not
corrected post hoc. The fast and slow time constants
of depolarization induced by current injection were
measured using a two-term exponential curve fit: f(¢) =
Apase™ Tt Agowe "/ Bov where g and Ty, represent
fast and slow time constants, and Agg and Agow
represent the amplitudes of the fast and slow exponential
components, respectively. The amplitude ratio of the slow
exponential component was calculated as the percentage
of Agow t0 (Apst + Agow). Extracellular stimulation
was applied by a concentric electrode (Unique Medical,
USK-25). For optogenetic stimulation, pulses of 473-nm
laser light were delivered through a 40x objective lens,
and the intensity of light stimulation (0.1—1.5 mW)
was adjusted to induce excitatory postsynaptic potentials
(EPSPs) with amplitudes of approximately 5 mV. The
initiation of an evoked EPSP was defined as the time
point when the rising speed of the membrane potential
first exceeded 0.1 mV/ms after the illumination onset.
After experimental procedures, the brain slices were
post-fixed in 4% (w/v) paraformaldehyde (PFA) (Wako)
solution for more than 24 h and washed 3 x 10 min
by phosphate-buffered saline (PBS (—)) containing the
following (in mM): 137 NaCl, 2.68 KCl, 8.1 Na,HPOy,
1.47 KH,POy,. To visualize the recorded neurons, the slices
were then incubated in 2 pg/ml streptavidin-Alexa Fluor
594 conjugate with 0.1 % Triton X-100 in PBS (—) for
4—6h.

In vivo electrophysiological recordings

Whole-cell recordings were obtained from postnatal
day 28 to 40 male ICR mice as previously described
(Ishikawa et al. 2014; Funayama et al. 2015). After
being exposed to an enriched environment for 30 min,
each mouse was anaesthetized with urethane (2.25 g/kg,
1.P.). Anaesthesia was confirmed by a lack of paw
withdrawal, whisker movement, and eyeblink reflexes.
The skin was subsequently removed from the head, and
a metal head fixation plate was implanted. A craniotomy
(2.0 x 1.0 mm?) centred on the point 1.5 mm post-
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erior to the bregma and 1.0 mm ventrolateral to the
sagittal suture was performed. The exposed surface was
covered with 1.7% agar at a thickness of 1.5 mm.
Whole-cell patch-clamp recordings were obtained from
neurons in the gRSC (AP: —1.0 to —3.0 mm; ML:
0.5 mm; DV: 0.5—0.9 mm) using borosilicate glass
electrodes (4—7 MS2). Pyramidal cells were identified by
their late-spiking properties and by post hoc histological
analysis. For current-clamp recordings, the intrapipette
solution consisted of the following reagents (in mM):
120 potassium gluconate, 5 KCI, 10 HEPES, 10 disodium
phosphocreatine, 2 Mg-ATP, 0.1 Na,-GTP, 0.2 EGTA (pH
7.3), and 0.2% biocytin. Recordings were not corrected
post hoc for liquid junction potential. Cells were discarded
if the mean resting potential was more positive than
—55 mV or if the action potentials were below —20 mV.
Simultaneous optogenetic stimulation at 3 mW was
delivered to the subiculum via an optic fibre, which was
implanted into the viral injection site (3.5 mm posterior
2.5 mm lateral to bregma) before patch-clamp recordings.
Virus injections were performed 2—3 weeks before the
recordings. All signals were digitized at a sampling rate
of 20 kHz using a Digidata 1440A digitizer controlled
by pCLAMP 10.3 software (Molecular Devices). After
recording, mice were perfused with cold PBS (—) followed
by 4% PFA, and the brains were quickly removed and
placed in 4% PFA for more than 24 h. Brain slices
were made by a microtome (DTK-1000N, D.S.K), and
the recorded neurons were visualized following the same
procedure as in vitro.

Virus injection

Mice aged 14-17 days were anaesthetized with
xylazine (0.01 ml/g) and pentobarbital (0.005 ml/g,
1.P.) or inhalational isoflurane (1.5%), and their heads
were fixed in a stereotaxic frame. A craniotomy was
performed above the subiculum (3.5 mm posterior
and 2.5 mm lateral to bregma) or the gRSC L5 area
(2.0 mm posterior and 0.2 mm lateral to bregma). A
bevelled glass pipette loaded with adeno-associated
virus (AAV5-CaMKIla-ChR2(H134R)-EYFP, 2.2x10'2
GC/ml) was unilaterally injected into the subiculum
(500 nl, 100 nl/min, 1.5 mm beneath the pia) or the gRSC
L5 area (250 nl, 100 nl/min, 0.6 mm deep from the pia).
After 2—3 weeks of viral injection, mice were used for
experiments.

Data analysis

The data were exported at 20 kHz and processed
with custom-made routines in MATLAB R2016a (The
MathWorks, Natick, MA, USA). Statistical analysis was
performed by Student’s ¢ test, paired ¢ test, Kruskal-Wallis
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test followed by Dunn’s post hoc test or bootstrap test for
means. Statistical values are included in the figure legends.

Results

Priming depolarization shortens first-spike latencies
in gRSC L2/3 neurons

We obtained in vitro whole-cell patch-clamp recordings
from gRSC L2/3 small pyramidal cells in mouse brain
slices (Fig. 1A, left). As reported in previous studies
(Kurotani et al. 2013), a large portion of these neurons
exhibited unique electrophysiological characteristics,
including late-spiking responses to a step pulse of
depolarizing current injection (Fig. 1B), high input
resistance (432 + 146 MS2, mean £ SD of 89 cells),
and low resting membrane potentials (—76.2 &= 5.9 mV,
mean =+ SD of 89 cells). In the present study, we used
late spiking, i.e. ramp depolarization before spike train
onset, as a physiological marker of L2/3 small pyramidal
cells (Fig. 1B) and confirmed their pyramidal cell-like
morphology through post hoc biocytin-based confocal
visualization (Fig. 1A, right).

In general, the first-spike latencies of neurons are
crucial for information transmission and encoding
(Gautrais & Thorpe, 1998; Chase & Young, 2007), and the
late spike responses of gRSC L2/3 neurons are believed
to contribute to unique synaptic integration (Kurotani
et al. 2013; Nixima et al. 2013, 2017). We first examined
whether late-spike latencies are modulated by the history
of activity of gRSC L2/3 neurons. After a brief (200-ms)
depolarizing current was injected into a current-clamped
gRSC L2/3 neuron to evoke a spike (priming), the main
(500-ms) depolarizing current was injected (Fig. 1C,
left). The intensities of the injected currents were set
to induce a single action potential during the 200-ms
priming stimulus, and the intensities of the main current
injection were set to be identical to those of the priming
stimulation. In control experiments, only the main
current was injected without priming (Fig. 1C, left).
We alternated ‘without (w/o0) priming’ and ‘with (w/)
priming’ trials. The latencies of the first spikes evoked
by the main current injection were significantly shorter
in the w/ priming trials than in the w/o priming trials
(Fig. 1C, right; n = 10 trials each; **P = 8.5 x 1078,
Student’s t test). We repeated these experiments for
a total of eight cells in eight slices and obtained the
same results (Fig. 1D). In experiments involving current
injection, spike times may be determined by two factors
of membrane potential: (1) the spike threshold to which
a membrane potential must be depolarized to initiate an
action potential and (2) the depolarization speed at which
the membrane potential reaches the action potential
threshold. The priming current injection did not alter
either the action potential threshold (Fig. 1E). Moreover,
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the resting membrane potentials immediately before
the priming current injection were the same as those
before the main current injection in the w/ priming trials
(before the priming current: —81.9 & 7.3 mV; before the
main current: —81.9 £ 7.5 mV; mean £ SD summarized
from 66 trials from 7 cells; P = 0.94, t; = 0.077, paired
t test). In addition, the membrane potentials before the
main current injection exhibited no significant difference
between w/o and w/ trials (w/o trials: —81.8 £ 7.4 mV;
w/ trials: —81.9 & 7.5 mV; mean £ SD summarized from
66 trials from 7 cells; P = 0.55, t, = —0.64, paired ¢ test).
Therefore, the prior baseline of membrane potentials
cannot explain the facilitatory effect of the priming effect.
Interestingly, the priming effect did not require an action
potential. When the priming current was reduced to 80%
of the current defined above, which was below the spike
threshold, a brief depolarization alone was sufficient to
shorten the first-spike latencies (Fig. 1F), although the
effect was slightly weaker than that of the spike-inducing
priming stimulus (Fig. 1G). Priming currents with the
same conditions occasionally elicited multiple spikes, and
priming currents that generated more action potentials
produced larger priming effects (Fig. 1H). Thus, gRSC
L2/3 neurons are sensitized depending on the history of
their own depolarization.

To examine the possible mechanism of the priming
effect, we conducted bath-application of DTX-K, a potent
blocker of Kvl channels, since the late-spiking property
of gRSC L2/3 neurons was reported to be shaped by
potassium channels including Kv1.1, Kv1.4 and Kv4.3
(Kurotani et al. 2013). We conducted the w/o and w/
priming trials in gRSC L2/3 neurons in ACSE, and then
bath-applied ACSF with 5 nM DTX-K for more than
5 min and repeated the priming protocols in the same
cells. Durations of the priming and main currents were
set to be 100 ms and 500 ms, respectively, and the inter-
val between the current injections was 500 ms. Treatment
of DTX-K significantly attenuated the extent of shortening
of the first spike latencies, as measured as the percentage
of the first spike latencies of w/ priming trials versus
w/o trials (Fig. 11), although the priming effect remained
significant in the presence of DTX-K (P = 2.9 x 1077,
ty = —6.51, one-sample ¢ test vs. 100%). This result
indicates that the activity of Kvl channels may partly
serve as a candidate mechanism for the priming effects.
We also compared the priming effect obtained in normal
ACSF and during the application of blockers of synaptic
transmission (10 uM DNQX, 50 uM p-AP5, and 20 uM
picrotoxin) (Fig. 1]). In both groups, the durations and
intensities of the current injection were set to be the same
as Fig. 1C. Bath treatment with the synaptic transmission
inhibitors did not significantly influence the extent of the
priming effect.

We characterized the facilitatory effect of the priming
current injection on the first-spike latencies of gRSC L2/3

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Figure 1. Brief priming depolarization shortens first-spike latency in gRSC L2/3 neurons

A, left: a schematic drawing of a coronal section of the mouse brain and a fluorescence microscopic image of a
Nissl-stained brain, in which the white box indicates a recording site (gRSC). A, right: representative confocal
photograph of a gRSC L2/3 pyramidal cell after biocytin visualization. The recording was conducted using a
biocytin-loaded patch-clamp pipette. B, voltage responses to step-pulse current injection with different amplitudes
ranging from —50 to 70 pA. gRSC L2/3 neurons exhibited a long latency from the onset of current injection to the
first evoked spike. C, left top: voltage response of a gRSC L2/3 late-spiking neuron to current injection. The current
amplitude was set to induce a moderate first-spike latency of approximately 150 ms (w/o priming trial). C, left
bottom: voltage response of the same neuron to the same current injection but preceded by another depolarizing
current injection of the same amplitude (w/ priming trial). C, right: first-spike latencies were compared between the
w/o and w/ priming trials. The two trial types were alternated for a total of ten trials each. The presence of priming
significantly shortened the first-spike latency. The summarized data are presented as the mean + SD of 10 trials.
P =85 x 10-8, t;3 = 8.61, Student’s t test, D, data from 8 gRSC L2/3 neurons from 3 mice are summarized.
The data are presented as the means + SD of 8—10 trials. P= 2.3 x 107, t; = 19.5, paired t test for the average

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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latencies. E, comparison of the spike threshold values between w/o and w/ priming trials. The maximal positive peak
in the second derivative of the membrane potential was identified as a spike threshold. There was no significant
difference in spike thresholds. Data from 8—10 trials each from 7 gRSC L2/3 neurons from 3 mice are summarized.
P=0.41, ts = 0.895, paired t test. F, subthreshold priming without spikes shortened the first spike latencies. Data
are summarized from 4—11 trials each in 10 gRSC L2/3 neurons from 3 mice. *P=2.2 x 107, tg = 13.9, paired t
test. G, comparison of the first-spike latency between trials with subthreshold priming and spike-inducing priming.
Data from 4—11 trials each from 10 gRSC L2/3 neurons from 3 mice are summarized. *P = 2.2 x 1072, tq_ 2.76,
paired t test. H, a priming current of the same duration but that induced more spikes had stronger priming effects
on first-spike latency. A 200-ms priming current was delivered 50 ms before the following main current. Data from
10 trials each from 9 gRSC L2/3 neurons from 3 mice are summarized. n = 11, 32, 37 and 10 trials for groups with
1, 2, 3 and 4 spikes, respectively. P values were determined by the Kruskal-Wallis test followed by Dunn’s post hoc
test. **P = 1.5 x 10~3 for group 1 versus 3; **P = 3.0 x 10~3 for group 1 versus 4. The P value was 3.1 x 104,
as determined by the Kruskal-Wallis test. /, comparison of the priming effect in ACSF and during bath-perfusion
with 5 nM DTX-K. The extent of the priming effect was measured as the percentage of first-spike latencies in w/
priming trials to those in w/o trials in each group. The priming current was 100 ms in duration. Data points of the
same cells are connected by dashed lines. Data are summarized from 4-10 trials each in 5 gRSC L2/3 neurons from
5 mice. *P=4.7 x 1072, t, = —2.84, paired t test. J, comparison of the priming effect in ACSF and during bath
application of blockers of synaptic transmission (10 M DNQX, 50 ©M p-AP5, and 20 M picrotoxin). The priming
current was 200 ms in duration. Data are summarized from 7-10 trials each in 8 and 9 gRSC L2/3 neurons from 3
mice, respectively. P = 0.35, t;5 = —0.97, Student'’s t test. [Colour figure can be viewed at wileyonlinelibrary.com]

neurons by modifying three parameters of the priming
current injection: (1) the interval period between the
offset time of the priming current injection and the onset
time of the main current stimulation (interval), (2) the
duration of the priming current injection (duration),
and (3) the amplitudes of the priming current (strength)
(Fig. 2A). To control the experimental conditions, we
changed one parameter while keeping the other two
parameters constant. Specifically, the interval, duration,
and strength were set to 50 ms, 200 ms, and 100%,
respectively, unless otherwise specified; note that the
strength represents the percentage of the priming current
amplitude to the main current amplitude. The strength
was normalized to 100% before data pooling because
it was optimized to produce a single action potential
during the priming current injection for each cell; the
mean amplitude of the priming current was 94 & 8 pA
(mean £ SEM of 18 cells). In each experimental cycle,
different conditions for the priming current injection
were tested in mixed orders. In the interval range of
50 ms to 3 s, shorter intervals caused shorter first-spike
latencies in gRSC L2/3 neurons (Fig. 2B). The mean inter-
val to produce 50% of the maximal facilitatory effect was
316 + 156 ms (mean £ SD of 10 cells). In the range
of durations between 50 and 300 ms, longer durations
caused shorter first-spike latencies, but the priming effect
became saturated at a duration of approximately 100 ms
(Fig. 2C). The strength was examined in the range of
—100% and 120%, where negative values indicate hyper-
polarizing currents and zero represents w/o priming
trials. Only depolarizing currents shortened the first-spike
latencies, while hyperpolarizing currents failed to affect
the first-spike latencies (Fig. 2D).

Using a two-term exponential curve fit, we compared
the time constants during the depolarization induced
by the main stimulation for the w/o and w/ priming
trials (Fig. 3A; root mean square error = 2.53 + 1.22,

mean =+ SD of 123 trials from 7 cells). The fast time
constants (Tgg) were not significantly different between
the two groups (Fig. 3B). However, the slow time constants
(Tsow) were significantly decreased by the priming current
injection, although the amplitude ratios of the slow
component were not significantly changed (Fig. 3C).
Thus, in response to the main stimulation, the slow time
constant serves as a critical factor in shortening the spike
latencies. We next injected a brief ramp current instead of
a step current as the main stimulation to investigate the
minimum current intensity that was necessary to induce
spikes in gRSC L2/3 neurons (Fig. 3D). The duration of
the ramp current injection was set to 50 ms. The ramp
current was of increasing intensity from 0 to about 250 pA
(277 £ 44 pA, mean = SD of 10 cells) to evoke 2—3 spikes.
In w/ priming trials, the intensities of the priming current
were set to induce a single action potential during the
200-ms stimulus (84.5 &£ 22.5 pA, mean + SD of 10 cells),
and the interval between the current injections was set
to 500 ms. The spike timing in w/o priming trials tended
to be more delayed than the w/ trials (Fig. 3D, inset).
During the ramp current injection, timing of the maximal
positive peak in the second derivative of the membrane
potential was identified as the initiation of the first spike.
Based on the timing of spike initiation, we measured
the minimum current intensity that could evoke the first
spike as a threshold intensity and compared the intensities
for w/o and w/ priming trials (Fig. 3E). The threshold
intensities are significantly lower in w/ priming trials,
suggesting that the spike response was facilitated by the
priming stimulation in gRSC L2/3.

We also monitored the input resistances of gRSC
L2/3 neurons by injecting brief hyperpolarizing step
currents (—50 pA for 50 ms) 50 ms before the priming
and main depolarizing current injections (Fig. 4). The
interval between the offset time of the priming current
and the onset time of the main current was set as 200, 500,

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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or 1000 ms (Fig. 4A). The input resistance was calculated
as AV/I, where AV and I represent the membrane
potential change caused by a hyperpolarizing step current
and the step current magnitude (herein, I = —50 pA).
No significant change was found before and after the
priming current (Fig. 4B), and the input resistance was not
significantly correlated with the first spike latency during
the main current injection (Fig. 4C, Table S1).

Subiculum gates retrosplenial information flow
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To determine whether facilitatory priming effects are
a common phenomenon in the brain, we examined four
other types of pyramidal cells in L5 of the gRSC, L2/3
of the anterior cingulate cortex (ACC), the hippocampal
CAl area and L6 of the perirhinal cortex (PRC) using
the same experimental protocol with three parameters
(Fig. 5). The amplitudes of the current injection were set to
induce spikes after a latency of approximately 100 ms; the
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Figure 2. Characterization of priming-induced sensitization in gRSC L2/3 neurons

A, schematic illustration of the three parameters tested in the experiments. The priming procedure is a current
injection procedure prior to the main current injection (‘stimulation’) for which first-spike latencies were measured.
Unless otherwise specified, the interval and duration were set as 50 ms and 200 ms, respectively. For each cell,
the strength of stimulation was optimized so that the neurons fired a single action potential during a 200-ms
priming current injection, and this strength was normalized to 100%. B, representative traces (left) are shown.
First-spike latencies (middle left), spike numbers (middle right), and spike rates during current injection (right) were
measured for different intervals. The data are presented as the mean £ SD of 10 cells from 3 mice (4—11 trials
per cell). The Kruskal-Wallis test was followed by Dunn’s post hoc test. P = 9.7x10~'° (middle left), 1.3x10~2
(middle right) and 0.97 (right), as determined by the Kruskal-Wallis test. The results of Dunn’s test compared to
the control (w/o priming trials) are indicated above the data points. *P < 0.05, **P < 0.01. C and D, the same
as B, measured after different durations (C) or strengths (D) of priming currents. In the x-axis in the panel D, the
strength of the priming stimulation is shown as the percentage of priming current amplitude to the main current
amplitude. Negative values represent hyperpolarizing currents, whereas zero represents w/o trials. The data are
presented as the means = SD of 9 cells from 4 mice (10 trials per cell). P = 1.6x10=> (middle left), 0.43 (middle
right) and 0.84 (right) in C: P = 6.2x10~° (middle left), 0.93 (middle right) and 0.99 (right) in D), as determined
by the Kruskal-Wallis test. The results of Dunn’s test compared to the control (in C, w/o priming trials; in D, trials
with the priming current strength = 0) are indicated above the data points. *P < 0.05, **P < 0.01. [Colour figure

can be viewed at wileyonlinelibrary.com]
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mean currents were 98 &+ 5 pA for gRSC L5, 124 &+ 10 pA
for ACC L2/3, 54 + 3 pA for the hippocampal CAl
region and 85 £ 5 pA for PRC L6 (means + SEMs
of 8,9, 9 and 11 cells, respectively). In all pyramidal
cells, the priming effect was in contrast to that observed
in gRSC L2/3 neurons (except for one late-spiking cell
in PRC L6): the priming current injection tended to
prolong the first-spike latencies. These results suggest
that pyramidal cells are basically self-desensitized upon
preceding excitation. In general, such autosuppression
is thought to act as a negative feedback mechanism
that protects the operation of the system against over-
excitement (Ha & Cheong, 2017). Another important
difference is that the suppressive priming effect persisted
for only a short time; it disappeared within 150 ms of the
priming current injection.

The low resting membrane potentials of gRSC 12/3
neurons are distinct from the other neuron types. We
examined whether the facilitatory priming effect is
induced in other neurons when their membrane voltages
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were hyperpolarized. We applied the priming protocols
(same as in Fig. 1C) to gRSC L5 under the normal
condition in which no current was injected except for the
priming and main stimuli (Fig. 6A4) and under the hyper-
polarized condition in which a hyperpolarizing current
was constantly injected into the neurons to maintain
their membrane potentials more negative than —75 mV
(Fig. 6B). The resting membrane potentials of gRSC
L5 neurons were —67.1 & 0.8 mV under the normal
condition (mean =+ SD of 6 cells) and —79.6 + 3.0 mV
under the hyperpolarized condition (mean £ SD of 8
cells). No significant priming effect was induced under
either of the conditions, suggesting that low membrane
potentials cannot account for the priming effect.

Optogenetic activation of subicular axons mimics
facilitatory priming effects

In the experiments above, we injected artificial electrical
currents into cell bodies as priming stimuli. We wondered
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Figure 3. Priming current injection decreases the slow time constant of depolarization and lowers the

necessary spiking threshold intensity

A, left: representative membrane voltage responses to current injection for w/o priming (grey) or w/ priming (black)
trials. The two traces overlapped in an early rising phase. A, right: an example trace (grey) and the fitted curve
with a two-term exponential model (red). The function of the fitted curve was f(t) = Ag,ge~ !/ ast + Ay, €/ Tslow B,
comparison of fast time constants (z,;) between w/o and w/ priming trials. Data are summarized from 7 gRSC L2/3
neurons from 3 mice (4—10 trials per cell). P= 0.38, tg = —0.948, paired t test. C, left: same as B, but for the slow
time constants (Tggw). **P=5.0 x 1074, ts = —6.80, paired t test. C, right: comparison of the amplitude ratios of
the slow exponential component calculated as the percentage of Aoy t0 (Aast+Agiow)- P=6.2 x 1072, tg = 2.29,
paired t test. D, top: voltage response of a gRSC L2/3 late-spiking neuron to a brief ramp current injection. The
current was of increasing intensity, and the amplitude was set to evoke 2—3 spikes during the 50-ms stimulus
(w/o priming trial). D, bottom: voltage response of the same neuron to the same current injection after a priming
current injection (w/ priming trial). Inset, the membrane voltage responses to the ramp current injection for w/o
priming (grey) or w/ priming (black) trials. £, comparison of the minimum current intensity (threshold intensity)
to evoke the first spike during the ramp current injection. Data from 10 gRSC L2/3 neurons from 3 mice (6—10
trials per cell) are summarized. Data points of the same cells are connected with dashed lines. **P = 9.0 x 1073,
tg = 3.32, paired t test. [Colour figure can be viewed at wileyonlinelibrary.com]
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whether synaptic activation by stimulation of afferent
fibres but not somatic injection of currents would produce
asimilar priming effect in gRSC L2/3 neurons. We selected
two upstream brain areas that project to gRSC L2/3
neurons, namely, the dorsal subiculum (Cembrowski et al.
2018; Yamawaki ef al. 2019a) and gRSC L5. We injected
AAV5-CaMKII-ChR2-EYFP into one of the two areas
(Fig. 7A and D). After 2 weeks, we prepared brain slices
and investigated ChR2-expressing axons using a confocal
microscope. ChR2-EYFP signal was found in gRSC L2/3
of mice that had received AAV injection into the sub-
iculum (Fig. 7B and C) and in gRSC L1 and L5 of mice that
had received AAV injection into gRSC L5 (Fig. 7E and F).

We investigated the priming effect of optogenetic
stimulation of these ChR2-expressing axons on the
first-spike latencies of gRSC L2/3 neurons. We illuminated
slices with 2-ms blue light pulses through a 40x objective
lens 500 ms or 1 s before the 500-ms main current
injection. The light intensity was set to evoke EPSPs
with amplitudes of approximately 5 mV (which was
nearly maximal under our illumination conditions). The
latencies from the illumination onset to the initiation of
the evoked EPSPs were 3.9 & 0.5 ms for subicular inputs
and 3.6 £ 0.6 ms for gRSC L5 inputs (mean + SEM
of 6 cells each). Compared to no priming, activation of
subicular projections at an interval of 500 ms, but not
1 s, reduced first-spike latencies (Fig. 84 and B). Thus,
optogenetic priming of subicular afferents mimicked the
facilitatory priming effect of the brief somatic current
injection. When priming stimulation by illumination and
priming stimulation by 200-ms somatic current injection
were alternated in the same cells, the optical priming
induced significantly smaller effects than the current
injection (Fig. 8C), possibly because the current injection
directly stimulated the soma and caused larger membrane
potential changes with a spike. On the other hand, the
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priming of gRSC L5 was suppressive, prolonging the
first-spike latencies (Fig. 8D and E); however, a facilitatory
effect was observed when slices were perfused with 10 uM
CGP52432, a GABAg receptor antagonist (Fig. 8F). We
speculate that endogenous synaptic inputs from the sub-
iculum and gRSC L5 shorten the first-spike latencies in
gRSC L2/3 neurons but that the facilitatory effect of gRSC
L5 priming is masked by GABAj receptor activity under
normal conditions.

Subicular priming enhances spiking and synaptic
responses of gRSC L2/3 neurons

We examined whether optogenetic subicular priming
also modulates the responses of gRSC L2/3 neurons to
subsequent synaptic activation. A concentric stimulating
electrode was placed deeper in the gRSC L2/3 areas than
the patch-clamped gRSC L2/3 neurons (Fig. 9A). For each
cell, the stimulation intensity of a single 50-us electrical
pulse was set to induce a spike with a probability of
approximately 40% (ranging between 20 and 60%); note
that stimulation at the same intensity induced either a
spike or an EPSP in the same cell. The mean spike latency
was 4.3 + 0.6 ms, and the mean half-width of the spikes
was 1.60 £ 0.03 ms (mean + SEM of 277 trials in 17
cells). Thus, the spikes were likely to be synaptically
initiated by the stimulation, but it did not reflect an
antidromically arrived spike. The field stimulation was
delivered 500 ms after optogenetic priming of subicular
axons (Fig. 9B, left), and the w/ and w/o priming
trials were repeated alternatively. The electrical pulse
after optogenetic priming increased the firing probability
(Fig. 9B and C). The same procedures were also conducted
for brain slices prepared from mice that had received
AAV injection into the gRSC L5 inputs (Fig. 9D), and
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Figure 4. Priming current injection does not affect input resistance

A, example traces of three trials at different intervals (200, 500, or 1000 ms). An input resistance test was conducted
before each depolarizing current injection (arrows). The input resistance was measured by a hyperpolarizing
current injection of —50 pA for 50 ms conducted 50 ms before each depolarizing current. B, comparison of input
resistances before (w/o) and after the priming current at different intervals. n = 8 cells (4—6 trials for each interval
for each cell). P values were determined by the Kruskal-Wallis test followed by Dunn’s post hoc test. P = 0.96,
as determined by the Kruskal-Wallis test. C, the first-spike latencies after various priming current injections were
plotted against the input resistance after priming. n = 8 cells. The data were z-standardized with 24—36 data

points from each cell.
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Figure 5. Priming effects in different types of neurons

A, first-spike latencies were measured at different conditions in pyramidal neurons from gRSC L5. Aa, location of
the measured area in a brain slice. Ab, example traces of a trial without priming (top) and a trial with a 200-ms
priming current injection at an interval of 200 ms (middle) or an interval of 50 ms (bottom) in the same cell. The
time of the first spike in the w/o trial is indicated by the red dotted line. Ac, first-spike latencies during main
current injection were measured for different intervals (top), durations (middle) and priming current strengths
(bottom). The data are presented as the mean =+ SD of 9 cells from 6 mice (10 trials per cell). The Kruskal-Wallis
test was followed by Dunn'’s post hoc test. The results of Dunn’s test compared to the control (w/o priming trials)
are indicated above the data points. *P < 0.05, **P < 0.01. The P values determined by the Kruskal-Wallis test
were 0.11 (top), 4.4 x 10~2 (middle), and 3.3 x 10~* (bottom). B-D, the same as A but in the anterior cingulate
cortex (ACC) L2/3 (B), the hippocampal CA1 area (C) and the perirhinal cortex (PRC) L6 (D). In B and C, the data
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are presented as the means 4 SD of 9 cells from 2 or 4 mice (10 trials per cell). In Bc, the P values determined by
the Kruskal-Wallis test were 0.27 (top), 1.2 x 10=% (middle), and 9.1 x 10~ (bottom). In Cc, the P values were
0.12 (top), 2.2 x 102 (middle), and 7.3 x 10~* (bottom). In D, the data are presented as the means + SD of
eight cells from 3 mice (top) or 6 cells from 2 mice (middle, bottom) (10 trials per cell). In Dc, the P values were
0.15 (top), 0.42 (middle), and 0.58 (bottom). [Colour figure can be viewed at wileyonlinelibrary.com]

optogenetic priming reduced the firing probabilities of
gRSC L2/3 neurons (Fig. 9E). Moreover, the intensity of
electrical field stimulation was set to depolarize gRSC
L2/3 neurons by approximately 5 mV, and these sub-
threshold EPSPs were compared between trials w/o and
w/ optogenetic priming. Consistent with the results of
firing probabilities, the EPSP amplitudes were increased
or decreased by optogenetic priming of subicular inputs
and gRSC L5 inputs, respectively (Fig. 9F).

In these experiments, however, we employed electrical
stimulation to evoke EPSPs; thus, we could not rule out

A Not hyperpolarized n.s.
w/o priming J z é %07 oo
5o
65 mV 200 ms S 40 + : ,,L3+
E ‘..
r .
w/ priming 2 20
»
ﬁL/UJ\_,_JUmK, S
10 9"‘“(\:\ v(\‘“‘“g
Wl
B Hyperpolarized n.s.
- @ 60
w/o priming J 2 £
B3
76 mV 200 ms % 404
©
$
w/ priming 8 204
2
76 mV L
o v"‘“ﬁ?w\“““g
W

Figure 6. Hyperpolarization of gRSC L5 neurons does not
replicate the faciliatory priming effect

A, left: example traces of a trial without priming (top) and with
priming (bottom) recorded from a gRSC L5 neuron. Timing of the
first spike in the w/o trial is indicated by red dotted line. The
durations of the priming and the main current were set to be 200
and 500 ms, respectively, and the interval between the two currents
was 500 ms. No current injection was conducted except for the
priming and main depolarizing currents. A, right: comparison of the
first spike latency for trials without priming or with priming. Data
points of the same cells are connected by dashed lines. Data are
summarized from 6 gRSC L5 neurons from 2 mice (5—8 trials per
cell). P=0.15, ts = —1.69, paired t test. B, same as A, but the
membrane potentials were maintained more negative than —75 mV
by injecting a hyperpolarizing current, except for the priming and
main current. The traces were recorded from the same cell as in A.
Data are summarized from 8 gRSC L5 neurons of 2 mice (5—11 trials
per cell). P=7.9x1072, t; = —2.06, paired t test. [Colour figure can
be viewed at wileyonlinelibrary.com]
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the possibility that optogenetic priming-enhanced EPSPs
arose from paired-pulse facilitation induced by repeated
stimulation of the same presynaptic fibres. We thus
recorded excitatory postsynaptic currents (EPSCs) evoked
by a pair of blue light pulses. Two pulses of 2-ms light
illumination were delivered at an interval of 100, 250, or
500 ms to ChR2-expressing subicular (Fig. 10A) or gRSC
L5 inputs (Fig. 10B). In both cases, we observed a tendency
towards paired-pulse depression; the second EPSCs were
smaller than the first EPSCs, particularly at an inter-
val of 500 ms. Therefore, paired-pulse light stimulation
was not able to reproduce the facilitatory priming effect.
These results indicate that subicularly enhanced EPSPs
in gRSC L2/3 neurons reflect intersynaptic interplay;
that is, activation of subicular inputs to gRSC L2/3
neurons increases their responsiveness to other synaptic
inputs.

Subicular priming augments in vivo synaptic activity
in gRSC L2/3 neurons

To examine whether the facilitatory effect of optogenetic
subicular priming occurs under more physiological
conditions, we obtained in vivo whole-cell patch-clamp
recordings from gRSC L2/3 late-spiking neurons and
monitored spontaneous synaptic activity rather than
artificially evoked EPSPs (Fig. 11A). Mice that had been
injected with AAV5-CaMKII-ChR2-EYFP into the dorsal
subiculum were anaesthetized with urethane, and an optic
fibre was implanted into the injection site (Fig. 11B).
Then, the gRSC was targeted obliquely, and gRSC L2/3
pyramidal cells were current clamped at 0 pA (Fig. 11C).
The mean recording time was 748 £ 97 s (mean + SEM
of 5 cells) and ranged from 395 to 940 s. Membrane
potential and input resistance were —74.4 + 3.5 mV and
266.9 + 31.2 MQ (mean + SEM of 5 cells). A 100-ms
pulse of blue light was delivered every 5 s through the
optic fibre, reliably evoking a postsynaptic potential (PSP)
with an amplitude of 22.7 + 0.3 mV (mean £+ SEM of 380
trials in 5 cells) and a mean area under the curve (AUC)
of 1.75 + 0.50 mV s (Fig. 11D; mean =+ SD of 380 trials in
5 cells). The mean latency from light stimulation onset to
the evoked EPSP peak was 65.7 &+ 1.4 ms (mean + SEM
of 380 trials in 5 cells). We then focused on the 700-ms
periods before (baseline) and after light illumination
and calculated the AUC of spontaneous PSPs (Fig. 11D,
top). The AUCs were significantly greater after sub-
icular priming than during the baseline periods (Fig. 11E,
Table S2).
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Discussion are modulated in gRSC L2/3 neurons. In the present
study, we reported a unique priming effect in gRSC
L2/3 late-spiking neurons. Prior depolarization of gRSC
L2/3 neurons shortened the latencies of the first action
potentials and promoted the spike responses in response

Although the late spike responses of gRSC L2/3 neurons
are thought to be associated with unique synaptic
integration (Kurotani et al. 2013; Nixima et al. 2013,
2017), it is not known whether or how late-spike latencies
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P & A, schematic illustration of the sites of
i AAV5-CaMKII-ChR2-EYFP injection (subiculum) and
whole-cell patch-clamp recordings (gRSC L2/3). B,
representative image showing the expression of
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Figure 8. Optogenetic priming of afferents from the subiculum or gRSC L5 oppositely modulates the
first-spike latencies of gRSC L2/3 neurons

A, optogenetic priming with a 2-ms blue light pulse to activate subicular inputs 500 ms before the current injection
shortened the first-spike latencies in a gRSC L2/3 neuron. Top, an example trace without optical priming. Bottom,
an example trace with a 2-ms optical priming stimulus delivered 500 ms before the main current injection. The
light-evoked EPSP is magnified in the inset. B, the first-spike latencies are summarized for three conditions: without
(w/o) priming and with priming by a blue light pulse at intervals of 500 and 1000 ms. The latencies were normalized
to the average for w/o priming trials for each neuron. n = 6 cells from 5 mice, 10—14 trials for each interval.
*P=0.0241, ts = —3.1971, paired t test. C, comparison of first spike latency for trials without priming or with
optogenetic priming or current injection priming. n = 5 cells from 3 mice. Each type of priming was performed 4—8
trials for each cell. *P=0.0104, t; = 4.55, paired t test. D and E, the same as A and B for AAV injection into gRSC
L5. First-spike latencies were delayed upon blue light priming at an interval of 500 ms compared to upon AAV
injection into the subiculum. In E, n = 6 cells from 4 mice, 6-10 trials for each interval. *P = 0.0174, t5 = 3.4938,
paired t test. F, blue-light stimuli were applied to slices from mice that had received AAV injection into the gRSC
L5, while CGP52432 was bath-applied at a concentration of 10 uM. n =7 cells from 5 mice, 10-11 trials for each
interval. *P = 1.8x 1072, ts = —3.23, paired t test. [Colour figure can be viewed at wileyonlinelibrary.com]
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to current injection. In the other four types of pyramidal
cells tested, the same protocols caused the opposite effects:
prior depolarization retarded the generation of the first
action potential. In general, neurons function homeo-
statically or adaptively through feedback inhibition.
A typical example is spike-frequency adaptation, a
progressive reduction in action potential frequencies

A Subiculum B

w/o priming

AP probability

0
10 9(‘“&:?9““(\“%
K

Subiculum gates retrosplenial information flow

3163

during an extended period of depolarization, which
may be mediated by calcium-activated potassium or
chloride channels (Ha & Cheong, 2017). This process
enables the neuron to respond selectively to stronger
inputs, filtering the information it receives from other
neurons. Desensitization in gRSC L5, ACC L2/3,
hippocampal CA1 and PRC L6 neurons represents
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Figure 9. Optogenetic priming of the subiculum, but not gRSC L5, increases the firing probabilities and
EPSP amplitudes of gRSC L2/3 neurons

A, schematic illustration of the sites of AAV5-CaMKII-ChR2-EYFP injection (subiculum), whole-cell patch-clamp
recordings (gRSC L2/3), and extracellular electrical stimulation (QRSC L2/3 was deeper than the patch-clamp site).
B, left: experimental design of a w/o priming trial (top) and a w/ priming trial (bottom). In the w/ priming trial, a
2-ms blue light pulse was delivered 500 ms before extracellular electrical stimulation. The strength of the electrical
stimulation was set to induce an action potential in gRSC L2/3 neurons at a moderate probability of approximately
40%. B, right: responses of a gRSC L2/3 neuron to electrical stimulation in w/o and w/ priming trials (alternating,
17 of each type). Representative trials with (top) and without (bottom) an action potential are magnified in the
inset. C, the firing probabilities in 11—18 w/o and w/ priming trials for 9 cells from 7 mice are summarized.
#p=23x 107°, tg =8.71, paired t test. D and E, the same as A and C but for AAV injection into the gRSC L5.
n = 10-21 trials for 8 cells from 6 mice. **P = 5.2 x 1073, t; = 3.99, paired t test. F, priming-induced changes in
the amplitudes of EPSPs evoked by subthreshold electrical stimulation. Data were obtained from 10 and 7 neurons
from 8 and 5 mice injected with AAV into the subiculum and the gRSC L5, respectively (10—15 and 8—12 trials
each). The error bars represent the SDs. **P < 0.001 versus 1, bootstrap test for means.

[Colour figure can be viewed at wileyonlinelibrary.com]

A Subiculum

Figure 10. Paired-pulse light stimulation fails
to induce synaptic facilitation

A, left: representative traces of voltage-clamp
recordings from gRSC L2/3 neurons in response to
paired-pulse blue light stimulation at
interstimulation intervals of 100, 250 and 500 ms
in a brain slice prepared from a mouse that had
received AAV injection into the subiculum. A, right:
summary of paired-pulse ratios in 7 cells from 4
mice. *P = 0.011 versus 1 for 100 ms, P = 0.47 for
250 ms and **P < 0.001 for 500 ms, bootstrap
test for means. B, the same as A but in slices
prepared from mice that received AAV injection
into the gRSC L5. n = 4 cells from 2 mice.

**P < 0.001 for 100, 250 and 500 ms. [Colour 1
figure can be viewed at wileyonlinelibrary.com]
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a similar adaptation, emphasizing the sensitization
observed in gRSC L2/3 neurons as an exceptional
property. Because paired-pulse stimulation did not
apparently facilitate the second EPSCs in gRSC L12/3
neurons, the facilitatory priming effect is likely to depend
on postsynaptic mechanisms. One possible mechanism
is the involvement of calcium-activated ion channels
in gRSC L2/3 late-spiking neurons, such as BK (‘big
potassium’) channels, which are gated by depolarization
and increased intracellular calcium concentrations, and
ANO?2 (anoctamin 2) channels, which mediate chloride
ion influx in hippocampal neurons (Huang et al. 2012)
and the cerebral cortex (Vocke et al. 2013). Both types
of ion channels are known to modulate the process of
spike-frequency adaptation. In gRSC L2/3 late-spiking
neurons, the extent of spike-frequency adaptation was
much smaller than that observed in regular-spiking
cells (Kurotani et al. 2013), suggesting that gRSC 12/3
neurons have a lower level of expression of BK and ANO2
channels. Thus, unlike that of other cells, the membrane
excitability of gRSC L2/3 late-spiking neurons may not
be decreased by prior depolarization. These channels
modulate membrane excitability and action potential
timing by interacting with Kv1.1, Kv1.4, and Kv4.3, which
shape the late-spiking properties of gRSC L2/3 neurons
(Kurotani et al. 2013). In the present study, we found that
Kvl channels seem to contribute, at least in part, to the
priming effect based on pharmacological experiments

A B

gRSC L2/3

subiculum

Baseline After

__|1omv

200 ms

RPN
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utilizing DTX-K. It is possible that either the blockage
of other subtypes of Kv channels or the application of
higher concentration of DTX-K completely abolishes
the priming effects. Some Kv channels are known to be
differentially activated by repetitive depolarizing stimuli.
For example, in response to a double-pulse protocol,
activation kinetics of Kv1.2 during the second pulse
was accelerated (Rezazadeh et al. 2007), whereas Kv1.4
currents tended to become inactivated, and the complete
recovery may need up to several seconds, possibly
modulated by CaMKII phosphorylation (Roeper et al.
1997). Distinct expression levels of Kv channels in gRSC
L2/3 neurons may cause a difference in the intensity of
K* efflux in response to repetitive depolarization based
on their inactivation properties, thereby resulting in the
unique facilitatory priming effect. Meanwhile, in our
experiments, the baseline membrane potential was not
significantly altered before the priming stimulus and
the main stimulus. This may be regulated by activity
of multiple subtypes of Kv channels or other potassium
channels, including Ca’"-activated K™ (Kc,) channels
regulated by [Ca’"]; residues. Further research on the
influence of the priming stimulation or repetitive stimuli
on Kv1 currents and possible involvements of other types
of Kv channels that are highly expressed in gRSC L2/3
remain necessary.

We demonstrated that prior activation of subicular
inputs shortened the first-spike latency and increased

50 um

ChR2 Biocytin DAPI

15
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10

PSP AUC (mV - s)

5
0

Figure 11. Activation of the subiculum increases subsequent spontaneous PSPs in gRSC L2/3 in vivo

A, schematic illustration of in vivo whole-cell patch-clamp recording from a gRSC L2/3 neuron in an anaesthetized
mouse that had received injection of AAV5-CaMKII-ChR2-EYFP into the subiculum and blue light stimulation of
the subiculum through an optic fibre. B, a confocal image showing ChR2-EYFP fluorescence and an optic fibre
track (white arrowhead) in a coronal brain section. C, biocytin-based post hoc visualization of a patched gRSC
L2/3 pyramidal cell in DAPI-counterstained slices from the same mouse, as shown in B. D, top: a representative
membrane potential trace of the neuron shown in C before and after 100-ms blue light stimulation of the sub-
iculum. The charges of spontaneous PSPs (the area under the curve) were measured for two 700-ms periods before
(baseline) and after a light stimulus (—1.0 to —0.3 s and 0.3-1.0 s relative to the stimulus onset). D, bottom: the
average response (black) of a total of 120 consecutive trials (grey) in the same cell, as shown in the top panel in
D. E, the EPSP charges are compared between before (baseline) or after the light stimuli. n = 380 trials in 5 cells
(5—135 trials each) in 5 mice. *P = 3.4 x 1072, ty5g = 2.12, Student’s t test. [Colour figure can be viewed at

wileyonlinelibrary.com]
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the firing probability of gRSC L2/3 neurons, whereas
activating gRSC L5 inputs exerted the opposite effects.
Subicular projections are reported to excite the somata
of gRSC L2/3 neurons via vGlutl- or vGlut2-expressing
bursty pyramidal cells (Yamawaki et al. 20194). Thus, our
somatic current injection might mimic somatic inputs
from bursty pyramidal cells. Under our experimental
conditions, optogenetic activation of subicular inputs did
not induce an action potential in gRSC L2/3 neurons, but
gRSC L2/3 neurons were significantly sensitized.

Optogenetic stimulation of gRSC L5 inputs elicited
EPSPs in gRSC L2/3 neurons, but it did not facilitate
the responses of the neurons to subsequent current
injection or synaptic activation. The facilitatory effect
of gRSC L5 priming was observed only when GABAjg
receptors were inhibited. GABAjp receptor-mediated
feedforward inhibition is widely found in the cerebral
cortex and regulates cortical microcircuit operation
(Isaacson & Scanziani, 2011). Therefore, gRSC L5
neurons probably recruited some class of inhibitory
interneurons and masked the facilitatory priming effect
via GABAjp receptor-mediated feedforward inhibition.
For instance, gRSC L2/3 late-spiking neurons frequently
receive inhibitory inputs from neighbouring fast-spiking
interneurons, suggesting that gRSC L2/3 involves an
inhibition-dominated network containing predominantly
feedforward inhibition (Brennan et al. 2020). Another
explanation is that ongoing background activity of
GABAg receptors masked the effect of gRSC L5 priming
independently of feedforward inhibition. Based on our
results, excitatory projections from the subiculum directly
target and excite the somata of gRSC L2/3 neurons, while
excitatory inputs from gRSC L5 possibly modulate L2/3
neurons via dendrites that extend into L1. Because the
process of activating gRSC L2/3 neurons differs under the
two conditions, the extent of influence by GABAp, activity
may also differ due to dendritic inhibition mediated by
GABAGg receptors (Tamas et al. 2003).

The subiculum is anatomically related to the
hippocampus and constitutes a relay point between
the hippocampus and the gRSC. In the present research,
we observed increased excitability of gRSC L2/3 neurons
following the activation of subicular inputs based on
in vivo patch clamp recordings, which was probably
generated by the activity of Kvl channels. Hippocampal
SWRs increase neuronal activity in gRSC L2/3 (itzan
et al. 2020), whereas gRSC L5 neurons receive inhibitory
projections from the hippocampus (Yamawaki et al.
2019b) and are likely to be suppressed after hippocampal
SWRs (Opalka et al. 2020). Hippocampal SWRs represent
synchronized activity of hippocampal neuron populations
and are strong candidates for the synchronization of sub-
icular activity, which resembles optogenetic activation of
the subiculum. Therefore, it is possible that hippocampal
SWRs induce the responsiveness of gRSC L2/3 neurons.
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Although inhibitory neurons in the gRSC also exhibit
associated responses to hippocampal SWRs (Nitzan et al.
2020; Opalka et al. 2020), no direct evidence suggested
that the overall activity of gRSC L2/3 neurons was
suppressed via these inhibitory neurons. In contrast,
gRSC L2/3 pyramidal cells mostly exhibit rapid increases
in unit responses to SWRs (Nitzan et al. 2020). Because
the gRSC is a brain network hub, hippocampal SWRs may
facilitate information transmission through the gRSC.
Moreover, because SWRs often emerge as consecutive
chains of multiple SWRs that persist for hundreds of
milliseconds (Davidson et al. 2009), the unique properties
of gRSC L2/3 neurons may allow them to respond more
sensitively to multiple SWR chains and facilitate the
propagation of hippocampal SWRs to the neocortex,
contributing to memory consolidation.
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