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ABSTRACT It is known that top-down associative inputs terminate on distal api-
cal dendrites in layer 1 while bottom-up sensory inputs terminate on perisomatic
dendrites of layer 2/3 pyramidal neurons (L2/3 PyNs) in primary sensory cortex.
Since studies on synaptic transmission in layer 1 are sparse, we investigated the
basic properties and cholinergic modulation of synaptic transmission in layer 1 and
compared them to those in perisomatic dendrites of L2/3 PyNs of rat primary visual
cortex. Using extracellular stimulations of layer 1 and layer 4, we evoked excitatory
postsynaptic current/potential in synapses in distal apical dendrites (L1-EPSC/L1-
EPSP) and those in perisomatic dendrites (L4-EPSC/L4-EPSP), respectively. Kinetics of
L1-EPSC was slower than that of L4-EPSC. L1-EPSC showed presynaptic depression
while L4-EPSC was facilitating. In contrast, inhibitory postsynaptic currents showed
similar paired-pulse ratio between layer 1 and layer 4 stimulations with depression
only at 100 Hz. Cholinergic stimulation induced presynaptic depression by activating
muscarinic receptors in excitatory and inhibitory synapses to similar extents in both
inputs. However, nicotinic stimulation enhanced excitatory synaptic transmission by
~20% in L4-EPSC. Rectification index of AMPA receptors and AMPA/NMDA ratio were
similar between synapses in distal apical and perisomatic dendrites. These results
provide basic properties and cholinergic modulation of synaptic transmission be-
tween distal apical and perisomatic dendrites in L2/3 PyNs of the visual cortex, which
might be important for controlling information processing balance depending on
attentional state.

INTRODUCTION mally located ones, although there are no general rules of local
synaptic or global integration properties among cortical areas [4].
Synaptic transmission and its neuromodulation are fundamen- Modular construction of cortical columns and hierarchical con-

tal features of the nervous system. Synaptic transmission between
excitatory pyramidal neurons constitutes a major cortical infor-
mation flow while inhibitory transmission regulates transmission
efficiency and integration properties of postsynaptic neurons [1].
In addition to a variety of cortical neurons, dendritic location of
synapses in pyramidal neurons also adds a complexity of integra-
tion of synaptic transmission in the cortical network [2,3]. Theo-
retically, synapses located in distal dendrite exert less effect on
somatic integration of all incoming synaptic activities than proxi-

nections between them, especially in the primary sensory cortex,
has been suggested as a basic framework of cortical organization.
Upstream and downstream connections between hierarchically
organized cortical areas target discrete dendritic areas located in
different cortical layers [5-7]. Thus, understanding the character-
istics of synaptic transmission in different cortical layers would
provide valuable information to understand cortical network.
Two major inputs to the primary sensory cortex come from
the thalamus and upper brain areas, that convey sensory and
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associative information, respectively. Sensory information from
the thalamus is processed via layer 4, layer 2/3, and infragranular
layers as the main excitatory intracortical connections. This input
terminates mainly in perisomatic dendrites of layer 2/3 pyrami-
dal neurons (L2/3 PyNs). Other major inputs from other brain
areas including nearby cortex terminate on distal apical dendrites
located in layer 1. This input constitutes about 25% of all synapses
in L2/3 PyNs [8]. Thus, they are well suited for integrating these
two kinds of information. It has been suggested that perisomatic
input is the main driver of cortical pyramidal neurons while dis-
tal dendritic input modulates somatic integration of synaptic ac-
tivities [9]. Since L2/3 PyNs receive sensory information from the
thalamus directly and via layer 4 neurons in the primary visual
cortex, they have been studied extensively as a model for the criti-
cal period of ocular dominance plasticity [10,11]. However, other
inputs onto distal apical dendrites in layer 1 are less studied.

Neuromodulatory control of synaptic transmission is also
layer specific [12,13]. It might differentially regulate sensory and
associative synaptic transmission [14]. Cholinergic regulation of
information flow between cortical areas during different brain
states might be critical for many cognitive functions in the brain
[15]. However, basic properties and neuromodulation of synaptic
transmission in layer 1 is largely unknown. Previously, we have
demonstrated that local stimulations of layer 1 and layer 4 mainly
activate synapses in distal apical dendrites and perisomatic den-
drites, respectively, in L2/3 PyNs of rat primary visual cortex
[14]. Using this experimental configuration, we investigated basic
properties of synaptic transmission in layer 1 of L2/3 PyNs in the
present study. Additionally, layer-specific cholinergic modulation
on different synaptic inputs was studied. Our findings provide
basic properties of synaptic transmission in layer 1. Results of this
study suggest that layer-specific differential cholinergic modula-
tion may regulate information transfer balance between sensory
and associative pathways depending on brain states.

METHODS
Slice preparation

Coronal slices of primary visual cortex were prepared from
Sprague-Dawley rats (Orientbio Inc., Seongnam, Korea) on their
postnatal days 21 to 27. Animal cares and surgical procedures
were performed after receiving approval of the Institutional Ani-
mal Care and Use Committee (IACUC) in the Catholic Univer-
sity of Korea (IACUC approval No. 2019-0024-01). Animals were
sedated with chloral hydrate (400 mg/kg, i.p.). After decapitation,
brains were quickly removed and then immersed in ice-cold arti-
ficial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl,
2.5 KCl, 25 NaHCO,, 1.25 NaH,PO,, 1 CaCl,, 2 MgSO,, and 10
D-glucose and aerated with a mixture of 95% O, and 5% CO,.
Coronal sections (300-pm thick) were prepared with a vibroslicer
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(HM650V; Microm, Walldorf, Germany) and allowed to recover
in a submerged slice chamber for 30 min at 37°C. These slices
were then maintained at room temperature (22°C-24°C) in the
same ACSF before use. Slices were individually transferred to the
recording chamber and superfused continuously (1-1.5 ml/min)
with the same aerated solution, except for the addition of 2 mM
CaCl, and 1 mM MgSO,. The temperature of the bath solution in
the recording chamber was maintained at 31°C-32°C.

Whole-cell patch-clamp recording

Whole-cell patch-clamp recording was performed as described
previously [12]. L2/3 PyNs of the primary visual cortex were
identified under infrared-DIC video-microscopy with an upright
microscope (BX51-WI fitted with a 40x/0.80 NA water immer-
sion objective; Olympus, Tokyo, Japan). Whole-cell recording was
obtained with a Multiclamp 700B amplifier (Molecular Devices,
Union City, CA, USA) and a pClamp 10.3 software (Axon Instru-
ments, Inc., Forster City, CA, USA). Data were low-pass filtered
at 5 kHz and sampled at 20 kHz. Patch electrodes (3-5 M) were
filled with K-gluconate based intracellular solution containing
(in mM) 130 K-gluconate, 10 KCI, 4 Mg-ATP, 10 Na,-phospho-
creatine, 0.3 Na,-GTP, and 10 N-2-hydroxyethylpiperazine-N"2-
ethanesulfonic acid (HEPES) (pH 7.25 with KOH) to record
excitatory postsynaptic current (EPSC), excitatory postsynaptic
potential (EPSP), and miniature EPSC (mEPSC). Typical access
resistance was 12-15 MQ determined by the Axoclamp bridge
balance circuitry. To record inhibitory postsynaptic current
(IPSC) and miniature IPSC (mIPSC), pipettes were filled with a
CsCl-based solution containing (in mM) 145 CsCl, 4 Mg-ATP,
10 Na,-phosphocreatine, 0.3 Na,-GTP, and 10 HEPES (pH 7.25
with CsOH). Calculated junction potentials for K-gluconate- and
CsCl-based pipette solutions were 14 and 4 mV, respectively. They
were not corrected. EPSC(P) and IPSC were evoked by applying
extracellular stimulation (0.1-ms duration) with bipolar tungsten
electrodes (100 um in diameter, SNE-100; David Kopf, Tujunga,
CA, USA) or a glass pipette (20-pum tip diameter) filled with
ACSF using a constant-current isolation unit (A360; World Preci-
sion Instruments, Sarasota, FL, USA). Stimulation intensities were
adjusted to evoke 90-200 pA of postsynaptic currents. Electrodes
for stimulation of layer 1 were positioned ~150 pm laterally to the
soma. Layer 4 electrodes were positioned 500-600 um from the
pial surface. Both mEPSC and mIPSC were recorded in the pres-
ence of tetrodotoxin (1 pM). To record IPSC and mIPSC, 6,7-di-
nitroquinoxaline-2,3-dione disodium salt (DNQX) (20 uM) and
D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5) (50 uM)
were added to ACSF. Paired-pulse ratio (PPR) was determined
as the amplitude of the second EPSC to that of the first EPSC
evoked by paired-pulse stimulation (10- to 200-ms interval). Am-
plitudes of second EPSCs were measured from single exponential
fit of first EPSCs. In some experiments, glutamate (0.3-3 mM)
was puff-applied with a Picospritzer III (Parker Instrumentation,
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Cleveland, OH, USA) every 20 sec via a glass pipette (5-um diam-
eter, 5 psi, 5-30 ms) to monitor postsynaptic response. The puff
pipette was located either near the soma (~50 um from the soma)
or in layer 1 (~100-um lateral to the soma). Miniature events
were detected based on a template response from spontaneous
signal and searched automatically using Clampfit software (Axon
Instruments, Inc.) or Mini analysis software (Synaptosoft, Inc.,
Decatur, GA, USA). Automatically selected events were visually
monitored to discard erroneous noises. Both frequency and the
amplitudes of events were analyzed.

Ratio for AMPA/NMDA receptor-mediated EPSCs and
rectification index

Neurons were recorded at -80 mV to isolate AMPA receptor-
mediated EPSC, and at +40 mV to isolate NMDA receptor-
mediated EPSC [16]. After obtaining stable EPSCs, 50 uM D-AP5
was applied to ACSF for 8 min. EPSCs were obtained again and
then 20 uM DNQX was applied additively to ACSF for 8 min.
All ACSFs contained 10 uM bicuculline to isolate EPSCs from
inhibitory component. AMPA receptor- and NMDA receptor-
mediated EPSCs were then isolated and analyzed following off-
line subtraction. The amplitude of AMPA receptor-mediated
EPSC was taken at the peak of synaptic response recorded at -80
mV. The amplitude of NMDA receptor-mediated EPSC was taken
50 ms after stimulus onset at +40 mV when AMPA-EPSC com-
ponent decayed to baseline. The ratio of AMPA/NMDA receptor-
mediated EPSC was then obtained from these values.

Rectification index of AMPA receptor-mediated EPSCs was
obtained at the stage for application of D-AP5 in bicuculline

containing ACSF. Current-voltage (I-V) relationship of AMPA
receptor-mediated EPSCs was measured at various membrane
potentials (-80, —40, -20, 0, 20, 40 mV) and then plotted using
peak amplitude of EPSCs measured at each membrane potential.
Reversal potential for AMPA receptor mediated-EPSC (E,.,) was
obtained using linear fitting curve from its I-V relationship. Lig-
uid junction potential was oftline-corrected. Rectification index
(RI) was calculated using the following equation: RI = I,,,/ (40
-E.) | I, (E., + 40). In these experiments for ratio of AMPA/
NMDA receptor-mediated EPSCs and rectification index, all cur-
rents were measured using Cs-gluconate-based pipette solution
containing (in mM) 135 Cs-gluconate, 10 CsCl, 4 Mg-ATP, 0.3
Na,-GTP, 10 Na,-phosphocreatine, 10 HEPES, and 3 QX-314 (pH
7.27 by CsOH) with 50 unit/ml creatine phosphokinase.

Drugs

D-AP5, DNQX, tetrodotoxin, and N,2,3,3-tetramethylbicyc-
lo[2.2.1]heptan-2-amine hydrochloride (Mecamylamine) were
purchased from Tocris Bioscience (Bristol, UK). All other chemi-
cals were purchased from Sigma-Aldrich (St Louis, MO, USA).

Statistical analysis

Data are expressed as mean + standard error (SE). Statistical
comparisons were performed with paired or unpaired two-tailed
Student’s t-test and analysis of variance (ANOVA) using Excel
and/or SigmaStat (Systat software Inc., Chicago, IL, USA). The
level of significance was set at p < 0.05.

A B L1 L4 L1+ L4  Arithmetic sum g 150
[
J’\f' ‘kf\/ gg1oo -é—
&5
& E 50
100 pA v
20 ms & 0
L1-1L1 L4-L4
‘J’\/‘—J’\/-" $150
(]
10 23100 & 4+
58 ©
L1-L4 L4 -L1 20m5 gE 50
7
50T 11 L4

S

Fig. 1. Independency of layer 1 (L1) and L4 stimulations. (A) Experimental configuration (5x objective image) showing positions of glass and
tungsten electrodes at L1 and L4, respectively. A patch pipet recording a layer 2/3 pyramidal neuron was indicated as P. Image of biocytin-filled cell is
overlaid. Scale = 200 um. (B) Excitatory postsynaptic currents (EPSCs) evoked by combined stimulation of L1 and L4 (L1 + L4) were compared with the
arithmetic sum of each EPSC (right panel, n = 5). (C) Cross paired-pulse stimulation of L1 and L4 stimulations indicated the independency of these two
inputs. Relative EPSC amplitude was obtained from peak amplitude of the second EPSC of cross paired-pulse stimulation (L1-L4, L4-L1) versus peak
amplitude of the first EPSC of paired-pulse stimulation (L1-L1, L4-L4) (n = 6).
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Fig. 2. Kinetics of excitatory postsynaptic current (EPSC) and excitatory postsynaptic potential (EPSP) evoked by layer 1 (L1) and L4 stimula-
tions. (A) EPSCs (upper traces) and EPSPs (lower traces) were recorded with stimulations of L1 (thin trace) and L4 (thick trace). EPSC(P) traces were
normalized to the peak. (B) Summary plots of peak time and decay time constant (tau) of EPSC (n = 11) and EPSP (n = 9) evoked by stimulations of L1
(open bar) and L4 (closed bar). *p < 0.05, **p < 0.01, ***p < 0.001 compared to L1.
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Whole-cell patch-clamp recordings were performed under
either voltage- or current-clamp mode in L2/3 PyNs of the pri-
mary visual cortex from 3-week-old rats. EPSC was evoked by
extracellular stimulation of layer 1 ~150 um lateral from the soma
or underlying layer 4 as shown in Fig. 1A. We have previously
reported that these two local stimulations-activated synapses are
located mainly in distal apical dendrite in layer 1 and perisomatic
area in layer 2/3, respectively [14]. In Fig. 1 we demonstrated two
stimulations activated independent inputs. The peak amplitude of
EPSC evoked by simultaneous stimulation of layers 1 and 4 was
similar to the arithmetic sum of those evoked by each stimula-
tion (101.0  1.6%, n = 5, p = 0.587) (Fig. 1B). The amplitude of
the second EPSCs of cross-paired stimulation (L1-L4 and L4-L1)
was unchanged from that of the first EPSCs of paired stimulation
(L1-L1 and L4-L4) (L1: 98.5 + 5.4%, n = 6, p = 0.798; L4: 105.0 +
3.1%, n =6, p = 0.169) (Fig. 1C).

We then compared kinetics of EPSCs and the resulting EPSPs
evoked by stimulation of layers 1 and 4 recorded in the same neu-
rons. Peak time and decay tau of EPSCs evoked by stimulation of
layer 1 (L1-EPSCs) were 5.24 + 0.35 ms (n = 11) and 10.34 + 1.17
ms, respectively. Peak time and decay tau of L4-EPSCs were 3.06
£ 0.20 ms (p < 0.001 compared with LI-EPSC) and 5.04 + 0.61
ms (p < 0.01 compared with L1-EPSC), respectively (Fig. 2). Peak
time and decay tau of L1-EPSP were 9.89 + 0.47 ms (n = 9) and
98.80 + 22.75 ms, respectively. L4-EPSP showed faster kinetics
both in peak time (6.29 + 0.46 ms, p < 0.001) and decay tau (40.68
+ 3.84 ms, p < 0.05) than L1-EPSP. This suggested that L1-EPSP
was spatially filtered by long apical dendrites of L2/3 PyNs. These
results, in addition to our previous imaging data with unloading
of FM1-43 dye [14], indicated that these two local stimulations ac-
tivated synapses of two independent sets, located in distal apical
and perisomatic dendrites, respectively.
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Fig. 3. Short-term kinetics of excitatory postsynaptic current (EPSC)
evoked by layer 1 (L1) and L4 stimulations. (A) Left panel shows rep-
resentative currents evoked by stimulations of L1 (dotted line) and L4
(solid line) recorded at holding potential of -80 mV. Middle and right
panels show representative currents measured at holding potential
of =80 mV and 0 mV, respectively, in the presence of 6,7-dinitroqui-
noxaline-2,3-dione disodium salt (DNQX) (20 uM) and D-(-)-2-Amino-
5-phosphonopentanoic acid (D-AP5) (50 uM) in bath solution (n = 3). (B)
Representative traces from paired-pulse stimulations with interstimulus
interval (ISI) of 10 to 200 ms, evoked by L1 stimulation (upper traces)
and L4 stimulation (lower traces). EPSC traces were normalized to the
first peak. (C) Summary of paired-pulse ratio (PPR) with stimulations of
L1 and L4 (n=13). *p < 0.05, **p < 0.01, ***p < 0.001 compared to L4.
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Differential paired-pulse ratio between layer 1 and
layer 4 inputs

To investigate presynaptic properties terminating on distal
apical and perisomatic inputs, we recorded PPR with various in-
terstimulus intervals (ISI) (Fig. 3). Complete inhibition of EPSCs
in the presence of DNQX and D-AP5 indicated that EPSC was
mediated by AMPAR- and NMDAR-type glutamate receptors
(Fig. 3A). Stimulus intensity was set to evoke ~90 pA in both in-
puts (n = 13, p = 0.621). PPRs of layer 1 stimulation with ISI of 10
ms (100 Hz) were depressing, while those of layer 4 stimulation
with ISI from 20 ms (50 Hz) to 40 ms (25 Hz) were facilitating
(Fig. 3B). Thus, L4-EPSC was more facilitating than L1-EPSC at ISI
< 40 ms (Fig. 3C). These results indicate that presynaptic release
probability differs between synapses terminating on distal apical
and perisomatic dendrites, implying that high frequency firing of
sensory inputs (> 25 Hz) is more facilitating to evoke action po-
tentials than that of associative inputs.

Differential cholinergic modulation of synaptic
transmission between distal apical and perisomatic
dendrites

Acetylcholine (ACh) level in the cortex released by choliner-
gic fibers originating from the basal forebrain varies depending

on brain state such as attention and sleep cycle [17]. It has been
proposed that ACh level may control information flow between
sensory and associative pathways as ACh is involved in learning
during attention and memory consolidation during deep sleep
[17]. Thus, we studied nicotinic and muscarinic modulation of
synaptic transmission between distal apical and perisomatic den-
drites (Fig. 4). Bath application of muscarine decreased L1-EPSCs
(n =8, p <0.001) and L4-EPSCs (n = 8, p < 0.001) in a concentra-
tion-dependent manner. EC;; in L4-EPSC (0.86 uM) was lower
than that in LI-EPSC (2.26 uM). On the other hand, application
of nicotine failed to change the amplitude of L1-EPSC (n = 8).
However, it increased L4-EPSC by ~20% at the concentration of 0.1
uM (p < 0.05), which was maintained up to 10 uM (n = 9). Non-
specific cholinergic agonist carbachol showed inhibitory effect
similar to that of muscarine between two inputs (L1: n = 12, ECy,
=491 uM; L4: n = 14, EC,, = 4.19 uM). These results indicate that
muscarinic activation can potently decrease synaptic transmis-
sion in both pathways with lower EC;, in sensory pathway while
nicotinic activation can efficiently increase synaptic transmission
specifically in sensory pathway. Thus, cholinergic stimulation
may differentially modulate sensory and associative pathways.
Measurement of PPR could provide an indirect evidence of pre-
or post-synaptic mechanism of neuromodulators. Thus, PPR was
measured in the presence or absence of muscarine. PPR (50-ms
interval) was changed by bath application of muscarine from 0.89
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Fig. 4. Cholinergic modulation of excitatory postsynaptic current (EPSC) evoked by layer 1 (L1) and L4 stimulations. EPSCs were evoked by
stimulations of L1 (A) and L4 (B) with bath application of cholinergic agonists at various concentrations. Representative traces of EPSC at various con-
centrations (uM) of muscarine and nicotine are shown in the right panel. All drugs were applied into bath solution and effects were analyzed at 5 min
after application of the drugs (n = 8-14). EPSCs were decreased by non-specific cholinergic agonist carbachol and muscarinic receptor agonist mus-
carine in a concentration-dependent manner. However, nicotinic receptor agonist nicotine increased L4-EPSC at concentrations lower than 1 uM. *p <

0.05, **p < 0.01, ***p < 0.001 compared with normal bath solution.
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+0.04t0 1.05+0.04in L1 (n =8, p < 0.01) and 1.01 + 0.04 to 1.19
+0.07 in L4 (n = 8, p < 0.05), respectively. This result supports
presynaptic nature of muscarinic modulation.

Although visual cortical slices were disconnected from the
basal forebrain, cholinergic axons in these slices might modulate
baseline transmission in control condition. We examined these
possibilities with bath application of atropine (10 uM) and the
non-specific nicotinic antagonist mecamylamine (30 pM) for 10
min. These procedures did not change baseline synaptic trans-
mission evoked by stimulation of LI-EPSC or L4-EPSC (data not
shown). Muscarinic inhibition of synaptic transmission appears
to be presynaptic via M2/M4 receptor subtypes. We confirmed
this with puff-application of glutamate (Fig. 5). A glass pipette (5
um in diameter) for puff application of glutamate was positioned
in layer 1 and near the soma to stimulate synapses in distal apical
and perisomatic dendrites, respectively (Fig. 5A). Amplitude of
EPSC evoked by puff-applied glutamate was set to be similar to
that by extracellular stimulation as shown in Fig. 1 (~90 pA). Bath
application of the cholinergic agonist carbachol (10 pM), musca-
rine (10 uM), and nicotine (10 uM) failed to affect the amplitude

of EPSC evoked by puff application of glutamate (0.3-3 mM) in
layer 1 or perisomatic area (n = 5). Provided that puff application
substantially caused dilution in local milieu of brain slice and that
it affected glutamate-induced EPSC, decay kinetics for glutamate-
evoked EPSC might have been changed. However, there was no
difference in decay time constant for glutamate-evoked EPSC be-
tween control and ACh derivatives by puff application (L2/3: 62.2
+ 6.9 ms in control, 74.1 + 7.8 in muscarine, p = 0.218, n = 7; LL:
73.1 £ 25.3 ms in control, 69.5 + 21.7 ms in muscarine, p = 0.390,
n = 5). Thus, possible dilution effect of puff application could be
excluded. We then examined the inhibitory effect of muscarine
on mEPSC in the presence of tetrodotoxin (1 uM). As shown in
Fig. 5D and E, the amplitude of mEPSC (11.1 + 0.8 pA to 10.7 + 0.8
pA, n = 10, p = 0.246) was not changed by the application of mus-
carine (10 uM) while the frequency of mEPSC was decreased by
36% (5.0 £ 0.6 Hz to 3.2 + 0.4 Hz, n = 11, p < 0.001). Thus, musca-
rinic and nicotinic modulation of synaptic transmission as shown
in Fig. 4 was caused by exclusively presynaptic effect.
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Fig. 5. Presynaptic effect of cholinergic modulation on excitatory postsynaptic current (EPSC). (A) Experimental configuration showing posi-
tions of glass puff-pipettes (layer 1 [L1] and L2/3) and a recording patch pipet with an L2/3 pyramidal neuron. (B) Inward currents were evoked by puff
application of glutamate (0.3-3 mM) in L1 and L2/3 (perisomatic area). Puffs were applied every 20 sec at 5 psi for 5-30 ms using a glass pipet (bars on
traces). Muscarine (10 uM, 5 min) was applied into the bath solution. Upper traces show representative average EPSCs taken at indicated time period
(2 min). (C) Summary plot for effects of various cholinergic agonists (10 uM) on amplitude of EPSCs evoked by puff application of glutamate (n = 5)
recorded at the end of application (CCh, carbachol; Mus, muscarine; Nic, nicotine). (D) Representative traces of muscarine (10 uM) application on min-
iature EPSCs (MEPSCs) recorded in the presence of tetrodotoxin (1 uM). (E) Summary plots of muscarine effects on mEPSCs amplitude and frequency (n
=11). *¥*p < 0.001 tested with ANOVA.
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Layer-specific cholinergic modulation of inhibitory
transmission in L2/3 PyNs

Local inhibitory interneurons control synaptic integration and
excitability of cortical neurons. Axons from specific types of in-
hibitory interneurons innervate subcellular region of pyramidal
neurons depending on cortical layers [18]. Thus, we also investi-
gated layer-specific characteristics and neuromodulation of in-
hibitory transmission in L2/3 PyNs. In contrast to PPR of EPSCs,
PPR was similar in IPSCs evoked by layer 1 and layer 4 stimula-
tions (Fig. 6). Although PPR was depressed at ISI of 10 ms, paired
pulse failed to change the second IPSCs in both inputs at ISI of >
20 ms. Application of nicotine failed to change the amplitude of
IPSCs evoked by layer 1 and layer 4 stimulations (Fig. 7). Applica-
tion of muscarine inhibited IPSCs in a concentration-dependent
manner (p < 0.001). This effect was similar between layer 1 and
perisomatic synapses. Application of carbachol also inhibited
IPSCs evoked layer 1 and layer 4 stimulations in a concentration-
dependent manner. Frequency (52 £ 0.7 Hz to 41 £ 0.6 Hz, n =
8, p < 0.001) but not amplitude (25.6 £ 2.2 pA to 25.1 £ 2.7 pA, p
= 0.817) of mIPSC was changed by the application of muscarine
(10 uM), implying presynaptic inhibition of probability of vesicle
release. Thus, in contrast to EPSCs, there was no layer-specific
cholinergic modulation in inhibitory synaptic transmission of
L2/3 PyNs.

AMPA/NMDA currents in distal apical and perisomatic
synapses

Composition of AMPA and NMDA receptor subtypes and
AMPA/NMDA ratio can change with postnatal maturation in
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Fig. 6. Short-term kinetics of inhibitory postsynaptic current (IPSC)
evoked by layer 1 (L1) and L4 stimulations. IPSCs were evoked by
paired-pulse stimulation with various interstimulus interval (ISI) with L1
and L4 stimulations in the presence of 6,7-dinitroquinoxaline-2,3-dione
disodium salt (DNQX) (20 uM) and D-(-)-2-Amino-5-phosphonopenta-
noic acid (D-AP5) (50 uM). (A) Representative IPSCs evoked by paired-
pulse stimulations with ISI of 10 to 200 ms, evoked by L1 stimulation
(upper traces) and L4 stimulation (lower traces). IPSC traces were
normalized to the first peak. (B) Summary plot shows paired-pulse ratio
(PPR) with L1 stimulation (n = 14) and L4 stimulation (n = 16). *p < 0.05,
**p < 0.01 tested with ANOVA.
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Fig. 8. Properties of glutamatergic synapses activated by layer 1 (L1) and L4 stimulations. (A) Excitatory postsynaptic currents (EPSCs) were
evoked by L1 stimulation (left panel) or L4 stimulation (middle panel) at holding potential of either 80 or +40 mV. Amplitude of AMPA receptor-me-
diated EPSC was analyzed at peak of synaptic response recorded at -80 mV (dotted line). Amplitude of NMDA receptor-mediated EPSC was analyzed
50 ms after stimulus onset at +40 mV (solid line). Ratio of AMPA/NMDA receptor-mediated EPSCs was obtained from these values (right panel, n = 5-7).
(B) AMPA receptor-mediated EPSCs were measured at various membrane potentials. Current-voltage (I-V) curve of L1 (left panels) and L4 stimulation
(right panels) are plotted. Rectification index of AMPA receptor-mediated EPSCs was calculated using the following equation: /,,,/ (40 = E,.,) / Ly (Ee,
+ 40). Reversal potential for AMPA receptor mediated-EPSC (E,.,) was obtained from its -V relationship.

the primary sensory cortex [19,20] which is responsible for critical
period of the primary visual cortex [21]. Since ocular dominance
and synaptic plasticity are also layer specific, we investigated
differences in properties of glutamatergic transmission between
layer 1 and perisomatic synapses. GluR2-lacking AMPA recep-
tors expressed during early postnatal ages are calcium permeable.
Inward rectification is a characteristic feature of those receptors.
There was no rectification in distal apical (rectification index =
1.04 + 0.02, n = 5) or perisomatic synapses (rectification index =
1.03 £ 0.04, n = 7, p = 0.895) in L2/3 PyNs from 3-week-old rats
(Fig. 8). Reversal potential was similar between distal apical (2.4
+ 1.6 mV) and perisomatic (0.3 + 0.5 mV) synapses (p = 0.207).
Membrane expression of AMPA receptors in NMDA receptors-
abundant silent synapses is also important for postnatal matu-
ration of glutamatergic synapses. As shown in Fig. 8A and B,
AMPA/NMDA ratios did not differ between distal apical (1.72
+ 0.43, n = 5) and perisomatic (1.70 + 0.35, n = 7) synapses in
3-week-old rats (p = 0.979). These results indicate that molecular
compositions of AMPA and NMDA receptors are similar be-
tween distal apical and perisomatic dendrites in L2/3 PyNs of the
primary visual cortex.
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DISCUSSION

We investigated differential properties and cholinergic modu-
lation of excitatory and inhibitory synaptic transmission between
distal apical and perisomatic dendrites in L2/3 PyNs of the rat vi-
sual cortex. EPSC evoked by local electrical stimulation of layer 1
activating distal apical synapses showed slower kinetics than that
by layer 4 stimulation activating perisomatic dendrites. Excitatory
synapses in distal apical dendrites showed presynaptic depression
while those in perisomatic dendrites were facilitating. In contrast,
IPSCs showed similar PPR between layer 1 and layer 4 stimula-
tions with depression only at 100 Hz. Cholinergic stimulation
induced presynaptic depression by activating muscarinic recep-
tors in excitatory and inhibitory synapses to similar extents in
both inputs. However, nicotinic stimulation enhanced excitatory
synaptic transmission by ~20% only in inputs activated by layer
4 stimulation. Molecular compositions of AMPA receptors and
AMPA/NMDA ratio were similar between synapses in distal api-
cal and perisomatic dendrites. These results provide basic proper-
ties and cholinergic modulation of synaptic transmission between
distal apical and perisomatic dendrites in L2/3 PyNs of the visual
cortex.
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Basic synaptic properties located in different dendritic
compartments

Cortical pyramidal neurons are major excitatory neurons locat-
ed in all six cortical layers except layer 1. Among them, L2/3 and
layer 5 (L5) are characterized by long apical dendrites extending
to layer 1, where they branch richly and form the so called apical
tuft [22]. Perisomatic dendrites including basal dendrites consti-
tute another dendritic domain [4]. Due to the long distance from
the soma up to 1 mm in rat cortex in the case of L5 PyNs, apical
dendritic synapses appear to act as modulating inputs in contrast
to perisomatic inputs [9]. In the present study, we applied local
electrical stimulations at layers 1 and 4 to activate synapses locat-
ed in distal apical and perisomatic dendrites, respectively, which
was confirmed in our previous study [14]. In the present study, we
further confirmed that these two stimulations activated indepen-
dent inputs (Fig. 1) and that L1-EPSC and L1-EPSP showed slower
kinetics than L4-EPSC and L4-EPSP (Fig. 2). This indicated that
L1-EPSC was electrotonically more filtered than L4-EPSC due
to long apical dendrites. Paired-pulse stimulation with various
interstimulus intervals in L1 showed short-term depression while
that in L4 exhibited short-term facilitation (Fig. 3). Generally,
short-term facilitation is a characteristic feature of low-probability
synapses while short-term depression is a property of synapse
with high release probability [23]. Thalamocortical synapses hav-
ing high release probability tend to show short-term depression
in layer 4 neurons in mouse somatosensory cortex [24]. Although
layer 4 stimulation appears to activate thalamocortical synapse in
the present study, the discrepancy might be due to different areas
and pyramidal neurons in different layers. Different temporal
summation profiles in response to repetitive presynaptic activities
between distal apical and perisomatic dendrites suggest different
release probability, which may affect dendritic integration prop-
erty between associative and sensory information [25-28].

Different sets of inhibitory interneurons are innervated in dif-
ferent dendritic compartment of cortical pyramidal neurons [18].
In contrast to excitatory synaptic transmission, however, IPSC
evoked by layer 1 and layer 4 stimulations showed paired-pulse
depression to a similar extent (Fig. 6). Although inclusion of in-
hibitory synaptic transmission in our stimulations was minimal
(Fig. 3A), if any, these results also corroborated our results (Fig.
4) showing that the difference in paired-pulse response of EPSC
between layer 1 and 4 stimulation was not resulted from changes
in inhibitory transmission.

Differential cholinergic modulation of synaptic
transmission between distal apical and perisomatic
dendrites

Synaptic transmission in the brain is regulated by neuromodu-

lators that vary with brain state [29]. It has been hypothesized that
different acetylcholine levels control balance between sensory
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and associative information flow [15]. In the hippocampus and
neocortex, high acetylcholine level during attention enhances
input to encode while low acetylcholine level during deep sleep
enhances feedback to consolidate [30]. The entire cerebral cortex
including the hippocampus is diffusely innervated by cholinergic
fibers from the basal forebrain [31,32]. Muscarinic and nicotinic
receptors are distributed in all cortical layers [28,33,34]. In the
present study, cholinergic agonist carbachol and muscarine simi-
larly decreased excitatory synaptic transmission in distal apical
and perisomatic dendritic compartments. Muscarinic suppres-
sion of EPSC and IPSC was likely to be presynaptic (Fig. 5), in
agreement with previous finding showing that presynaptically
located M2/M4 subtypes suppressed neurotransmitter release
probability [33]. We analyzed rise time of mEPSC in both control
and muscarine condition to identify the layer specific nature of
mEPSC. Rise time of mEPSC was distributed from 0.2 ms to
1.5 ms, which was not changed after application of muscarine.
However, rise time of mEPSC could not be a parameter for layer-
specific localization of synapses because distal basal dendrites
are long enough as apical dendrites. Thus, we could not pursue
the origin of mEPSC or their layer-specific modulations with
rise time of mEPSC. Meanwhile, nicotinic activation increased
EPSC amplitude by ~20% only in perisomatic dendritic area. In
a previous study, similar muscarinic and nicotinic modulations
of transmission between intracortical and thalamocortical syn-
apses in the barrel cortex were found [24]. Both intracortical and
thalamocortical excitatory synapses were depressed by activation
of muscarinic receptors. Nicotine was slightly enhanced thala-
mocortical input. In olfactory cortex, intrinsic synaptic response
was strongly reduced by muscarinic activation whereas afferent
input was not affected [35]. Although muscarine inhibited both
thalamocortical and intracortical inputs, intracortical input was
more susceptible than thalamocortical input in auditory cortex
[36]. In vivo experiment, muscarine depressed both intracortical
and sensory input while nicotine enhanced only sensory input
by stimulating whiskers in barrel cortex [37]. Although nicotinic
activation enhanced excitatory transmission only in perisomatic
inputs even at a low concentration (0.1 pM), synaptic transmis-
sions were potently suppressed by carbachol. Since acetylcholine
acts on both nicotinic and muscarinic receptors simultaneously,
acetylcholine may not enhance synaptic transmission in periso-
matic sensory inputs via nicotinic activation only in vivo. Beside
this short-term regulation of synaptic transmission, long-term
synaptic plasticity is also critical in setting information flow bal-
ance between sensory and associative pathways in the cortex. In
our previous study, cholinergic stimulation induced long-term
potentiation (LTP) or long-term depression (LTD) depending
on Ca” release from stores in basal dendrites, but only LTD was
induced in distal apical dendrites without Ca* release [12]. In
addition, serotonin related to mood evoked short-term facilita-
tion in inhibitory transmission only in layer 1 inputs [38]. Thus,
studies on cellular and molecular mechanisms involving layer-
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specific modulation of synaptic transmission are warranted in
the future. Excitation and inhibition balance (E-I balance) in
synaptic transmission might be important for information flow
in cortical circuit [39,40]. Endogenously released ACh amplifies
the dominance of inhibitory drive but decreases excitability and
sensory responsiveness of layer 5 pyramidal neurons [41]. Studies
about cholinergic effects on E-I balance are also warranted in the
future.

Molecular composition of glutamate synapses in
layer 1

Stratum radiatum interneurons in the hippocampus express
GluR2-deficient AMPA receptors that are Ca”*-permeable. They
can also induce long term synaptic plasticity [42]. In the neo-
cortex, GluR2-lacking AMPA receptors can switch to GluR2-
containing AMPA receptors during early postnatal development
[43]. This maturation of AMPA receptors is also layer dependent
around postnatal day 13 to 15 in the primary somatosensory
cortex of rats [19]. Expression of AMPA receptors into NMDA
receptor-only silent synapses is also developmentally regulated,
coinciding with switch of GluR2-lacking AMPA receptors:
NMDA/AMPA ratio in basal dendrites of L2/3 PyNs from rat
somatosensory cortex decreases around postnatal day 12 [44].
These developmental changes have been studied in major corti-
cal circuits involving sensory processing (thalamus > layer 4 >
layer 2/3 > layer 5). However, properties of synaptic transmission
in cortical layer 1 sending associative inputs remain unclear. In
the present study, we investigated rectification index for GluR2-
lacking synapses and NMDA/AMPA ratio for AMPA receptor
incorporation in distal apical and perisomatic dendrites of L2/3
PyNs. However, there was no rectification in distal apical or peri-
somatic synapses in L2/3 PyNs from 3-week-old rats (Fig. 8). Re-
versal potential and AMPA/NMDA ratios were similar between
distal apical and perisomatic synapses. These results indicate that
molecular compositions of AMPA and NMDA receptors are sim-
ilar between distal apical and perisomatic dendrites in L2/3 PyNs
of the primary visual cortex. However, since we investigated these
properties at the third week of age, age profiles of these properties
needs to be studied in the future.

Physiological implication

Long-term synaptic plasticity is one of candidate mechanisms
of critical period associated with ocular dominance plasticity,
which is a model for postnatal development of the sensory cortex.
LTP and LTD in the primary visual cortex are layer dependent
[45,46]. LTP and LTD in layer 4 neurons are lost shortly after eye
opening while those in layer 2/3 continued beyond puberty in
layer 2/3 in mice [47]. In our previous experiment, extracellular
stimulation recruiting the less inhibitory influence could induce
LTP and LTD in supragranular layer (layer 2/3) of 5-week-old rats
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at the end of critical period [48]. Modular architecture of cortical
areas as a column is also characterized by hierarchical organiza-
tion with higher cortical areas [6]. Top-down associative connec-
tions between cortical areas are important for brain functions
such as priming and prediction [5]. These associative inputs are
known to mainly terminate in layer 1 where distal apical den-
drites of L2/3 and L5 PyNs receive synaptic terminals [49]. We
have also reported that endocannabinoid signaling mediates mus-
carinic-induced LTD in perisomatic dendrites, but not in distal
apical dendrites in 12/3 PyNs of the rat visual cortex [14]. These
layer-specific properties and modulation of synaptic transmission
in single pyramidal neurons adds more complexity to synaptic
integration of concomitant associative and sensory information
depending on neuromodulators associated with brain state [29].
Results of the present study should provide valuable information
for layer-specific regulation of cortical information transfer.
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