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The organization of two new cortical interneuronal

circuits

Xiaolong Jiang"4, Guangfu Wang!4, Alice ] Lee!>2, Ruth L Stornetta! & J Julius Zhu!>3

Deciphering the interneuronal circuitry is central to understanding brain functions, yet it remains a challenging task in
neurobiology. Using simultaneous quadruple-octuple in vitro and dual in vivo whole-cell recordings, we found two previously
unknown interneuronal circuits that link cortical layer 1-3 (L1-3) interneurons and L5 pyramidal neurons in the rat neocortex.

L1 single-bouquet cells (SBCs) preferentially formed unidirectional inhibitory connections on L2/3 interneurons that inhibited

the entire dendritic-somato-axonal axis of ~1% of L5 pyramidal neurons located in the same column. In contrast, L1 elongated
neurogliaform cells (ENGCs) frequently formed mutual inhibitory and electric connections with L2/3 interneurons, and these L1-3
interneurons inhibited the distal apical dendrite of >60% of L5 pyramidal neurons across multiple columns. Functionally,
SBC—L2/3 interneuron—L5 pyramidal neuronal circuits disinhibited and ENGC«>L2/3 interneuron—L5 pyramidal neuronal
circuits inhibited the initiation of dendritic complex spikes in L5 pyramidal neurons. As dendritic complex spikes can serve
coincidence detection, these cortical interneuronal circuits may be essential for salience selection.

The cerebral cortex is capable of performing multifaceted high-level
cognitive tasks, a capability that is believed to reside in the intricate cor-
tical network that contains a diversity of cellular constituents, includ-
ing a number of distinct inhibitory interneurons!-6. However, exactly
how the cortical interneuronal circuits are structured to carry out
cortical functions remains elusive, largely because of the difficulty of
deciphering complex neuronal circuits, a process requiring analysis of
multi- or trans-synaptic connections and identification of cell types of
many different interconnected interneurons and pyramidal neurons”-°.
To facilitate the dissection of cortical interneuronal circuits, we devel-
oped a stable multiple (up to octuple) whole-cell recording techno-
logy that allows the recovery of the detailed morphology of >85%
of recorded interneurons and >99% of recorded pyramidal neurons.
Using this technology, we were able to decode complex transynaptic
interneuronal circuits in acute rat sensorimotor cortex slices.

L1 is likely involved in selection of attentional and salient signals,
as it receives inputs primarily from higher order thalamic relays and
higher order cortical areas!?-13. It has been shown that neurons in
these thalamic relays and cortical areas preferentially increase their
activity during attention-demanding processes (for example, atten-
tional, expectational, perceptual and working memory tasks), and
physiological or pharmacological manipulation of the activity of the
neurons interferes with attentional tasks!4-17. Strategically located in
L1 are sparsely distributed GABAergic interneurons that belong to
two general groups: one group has a heterogeneous morphological
appearance and an axon projecting to deeper layers, whereas the others
are multipolar, aspiny neurons resembling neurogliaform cells (NGCs)
with an axon ramifying densely in L1 (refs. 18-21). In vivo recordings
have shown that L1 inputs generate direct, rapid excitatory postsynaptic
potentials (EPSPs) in L1 interneurons, as well as in apical dendrites

of pyramidal neurons in deep layers!®22, and that the excitation is
selectively and markedly enhanced during attentional tasks?324. In L5
pyramidal neurons, near-synchronous L1 modulatory and L4 sensory
inputs can serve as a coincidence detection mechanism by induc-
ing dendritic complex spikes and bursts of somatic/axonal action
potentials?>2>, which secure the further processing of the signals?®27.
L1 interneurons can convert L1 inputs into inhibition to mold den-
dritic integration in pyramidal neurons!8-20-28:29 However, whether
L1 neurons may participate in more complex interneuronal circuits
and what these circuits do remains unclear.

We identified two previously unknown and distinct cortical interneu-
ronal circuits that link input-receiving L1 interneurons via L2/3
interneurons to output-producing L5 pyramidal neurons in the rat
sensorimotor cortex. One circuit involved a specific type of L1 neuron,
the SBCs, which typically formed unidirectional inhibitory connections
with all seven types of L2/3 interneurons, and these L2/3 interneurons
inhibited the entire dendritic-somato-axonal initial segment axis of a
very small number of L5 pyramidal neurons located in the same col-
umn. Thus, SBC—L2/3 interneuron—L5 pyramidal neuronal circuits
effectively enhanced dendritic complex spiking in L5 pyramidal neurons
using a disynaptic disinhibitory mechanism. In contrast, the other cir-
cuit involved a different type of L1 neuron, the ENGCs, which frequently
formed reciprocal inhibitory and electric connections with three selective
types of L2/3 interneurons, and these L1 and L2/3 interneurons inhibited
the distal apical dendrite of the majority of L5 pyramidal neurons in the
same and neighboring columns. Thus, ENGC<>L2/3 interneuron—L5
pyramidal neuronal circuits powerfully suppressed dendritic complex
spiking in L5 pyramidal neurons using a mutual inhibition- and electric
coupling-mediated synchronizing mechanism. Beyond converting L1
inputs into inhibition, these two distinct interneuronal circuits were
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Figure 4 ENGCs form inhibitory circuits across a
multiple columns. (a) Reconstruction of L1 ENGC
(green), L2 NGC (brown) and multiple L5 pyramidal 1

neurons recorded simultaneously. The double

colored dots indicate the putative synaptic contacts.

Note the putative synaptic contacts from ENGC on

terminal tuft dendrites of L5 pyramidal neurons.

(b) Single action potentials elicited in presynaptic

ENGC and NGC evoked ulPSPs in postsynaptic

NGC, ENGC and two L5 pyramidal neurons (gray

and black). The schematic shows the synaptic L2/3
connections. Scale bars apply to all recording traces
with 80 mV and 2 mV bars applied to traces with and
without action potentials, respectively. (c) The plot
shows the relative position of L2/3 interneurons and
L5 pyramidal neurons to ENGCs and connectivity
between ENGCs and L2/3 interneurons or L5
pyramidal neurons in the same and neighboring
columns. Note the origin of x and y axes indicating
the soma location of ENGCs, filled and empty dots
representing connected and unconnected neurons,
respectively, and reduced cell density at the border
of columns. (d) Values for the connectivity of
ENGC—L2/31 (ENGC—L2/3lsame column, 22.1%,
n=126 of 570 tested connections; ENGC—L2/
3|Ne|ghboring columny 9:1%, n=11 of 121 tested L5
connections; 2 = 10.6) and ENGC—L5P
(ENGC—L5Psame column, 20.4%, n=53 of 259

tested connections; ENGC—L5Peighboring columns

5.2%, n= 6 of 116 tested connections; 2 = 14.1)

are shown. *P < 0.05 (32 tests).

L4

ENGCs had similar axonal arborizations, but differed in somatoden-
dritic properties (Supplementary Fig. 4). In particular, MaCs, NGCs
and BTCs postsynaptic to SBCs were located throughout the entire
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L2/3 with <10% of their dendritic arborization found in L1. In contrast,
MaCs, NGCs and BTCs postsynaptic to ENGCs were located in the
upper half of L2/3 with ~50% of their dendritic arborization positioned
in L1 (Supplementary Fig. 4). Collectively, these anatomical, physio-
logical and pharmacological results indicate that SBCs and ENGCs
form two anatomically and functionally distinct interneuronal circuits:
SBC— and ENGC«>L2/3 interneuronal circuits.

Interneuronal circuits differentially target L5 neurons

We then examined excitatory postsynaptic neurons targeted by SBC—
and ENGC«>L2/3 interneuronal circuits, focusing primarily on L5
pyramidal neurons, the major cortical output neurons (Figs. 3 and 4
and Supplementary Fig. 5). Simultaneous whole-cell recordings
from multiple L1-3 interneurons and L5 pyramidal neurons revealed
that SBCs did not directly inhibit L5 pyramidal neurons (Fig. 3 and
Supplementary Fig. 5). Instead, L2/3 interneurons postsynaptic to
SBCs inhibited ~9% of L5 pyramidal neurons located in the same
columns, but these L2/3 interneurons did not inhibit L5 pyramidal
neurons in neighboring columns (Fig. 3c,d and Supplementary
Fig. 5). In contrast, ENGCs directly inhibited ~20% of L5 pyramidal
neurons recorded in the same columns and they also directly inhibited
~5% of L5 pyramidal neurons recorded in neighboring columns (Fig. 4).
In addition, L2/3 interneurons postsynaptic to ENGCs inhibited

Figure 5 L2/3 interneurons exhibit distinctive axonal arborization patterns.
(a) Reconstruction of two MaCs (red), two NGCs (brown), two BTCs (dark
yellow-green), two BPCs (dark green), two BaCs (cyan), two DBCs (blue)

and two ChCs (purple) recorded in L2/3 of acute cortical slices. (b) Axonal
length density plots show significant differences in axonal density at both the
horizontal and vertical axes of L2/3 interneurons (MaC, n=15; NGC,

n=28; BTCs, n=19; BPC, n=15; BaC, n=15; DBC, n=16; ChC, n=15;
F> 185, P<0.001, ANOVA tests). Note the origin of x and y axes indicating
the soma location of interneurons and positive direction of the vertical axis
pointing to the cortical white matter. Error bars represent s.e.m.
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Figure 6 L2/3 interneurons target different a
compartments of L5 pyramidal neurons.
(a) Reconstruction of L1 SBC (magenta), L2/3 L1

NGC (brown), L2/3 BPC (dark green), L2/3 BaC —
(cyan) and two L5 pyramidal neurons (black and
gray) recorded simultaneously from an acute
cortical slice. The double colored dots indicate
the putative synaptic contacts. (b) Single action
potentials elicited in presynaptic SBC, NGC, BPC
and BaC evoked ulPSPs in postsynaptic NGC,
BPC, BaC and L5 pyramidal neurons, respectively.
The schematic shows the synaptic connections.
Scale bars apply to all recording traces with

80 mV and 4 mV bars applied to traces with

and without action potentials, respectively. =
(c) The coordinates, or the horizontal and vertical
distance of the synapses made by seven groups of
L2/3 interneurons from the soma of L5 pyramidal
neurons (MaC, lateral = 41.2 £ 4.3 um, vertical
=890.3 £ 7.4 um, n= 54 from 10 MaCs; NGC,
lateral = 28.8 £ 3.8 um, vertical = 774.3 £ 8.6 um,
n=62 from 17 NGCs; BTC, lateral =6.5+ 1.1 um,
vertical = 597.3 £ 9.9 um, n= 153 from 27 BTCs;
BPC, lateral = 14.5 £ 3.2 um, vertical = 299.5 +
14.4 um, n =35 from 8 BPCs; BaC, lateral =
11.8+1.2 um, vertical =-0.6 + 1.5 um, n=105
from 28 BaCs; DBC, lateral = 53.0 £ 2.2 um,
vertical =-19.2+ 4.3 um, n= 110 from 26
DBCs; ChC, lateral = 0.0 £ 0.0 um, vertical =
—-30.6 £ 1.6 um, n= 15 from 4 ChCs). The
coordinates not shown (MaC_gngc, lateral =41.6 £

L2/3

o (SR, "
AL -
e m—————r 2 o & 8o
i e 800 1° s & s
—_— L% n»sza. 2 ot °
o g%u:: e
80 mV ;h".
4 mV (%4
200 mS10 na 600 fi s
€ . ® MaC (n=54)
El O NGC (n = 62)
— 8 40§ ° o @ BTC (n=153)
K oe o <& BPC (n =35)
. ; 2 ° W BaC (n = 105)
inj oo o 0 DBC (n = 110)
\e, s A ChC (n=15)
l l 2007 °
o L5P S
1 In 5 E .
0% S P
e oo ® 150
Distance (um)
e om
S .
R —200

7.5 um, vertical = 898.2 + 8.3 um, n = 14 from 3 MaCs; NGC,_gnge, lateral = 32.1 + 5.3 um, vertical = 783.6 £ 11.5 um, n =38 from 11 NGCs; BTC_gnae,
lateral = 8.0 £ 1.8 um, vertical = 601.8 + 24.0 um, n= 38 from 7 BTC; ENGC, lateral = 70.8 £ 7.6 um, vertical = 937.2 + 5.1 um, n= 27 from 6 ENGCs).

~20% of L5 pyramidal neurons in the same column (Fig. 4c,d and
Supplementary Fig. 5). Together, these results suggest that SBCs form
disynaptic disinhibitory connections with L5 pyramidal neurons via
L2/3 interneurons in single columns, whereas interconnected ENGCs
and L2/3 interneurons form direct inhibitory connections with L5
pyramidal neurons in the same and/or neighboring columns.

To determine whether distinct L2/3 interneurons may be differen-
tially involved in SBC— and ENGC«>L2/3 interneuron—L5 pyramidal
neuronal circuits, we further analyzed the inhibitory synaptic connec-
tions formed between distinct L2/3 interneurons and L5 pyramidal
neurons. Notably, light microscopic examination revealed that each
of seven types of L2/3 interneurons contacted a specific, largely non-
overlapping subcellular compartment of L5 pyramidal neurons with
multiple synaptic boutons and, together, they subdivided the entire
membrane surface of the dendritic-somato-axonal initial segment
region (Fig. 6 and Supplementary Table 2). Specifically, the synaptic
boutons of MaCs were on terminal tuft dendrites, those of NGCs were
on secondary and tertiary tuft dendrites, those of BTCs were on distal
dendritic trunks and primary tuft dendrites, those of BPCs were on
middle dendritic trunks and oblique dendrites, those of BaCs were on
somata and proximal dendrites, those of DBCs were on middle and dis-
tal basal dendrites, and those of ChCs were on axonal initial segments
of L5 pyramidal neurons. At times, we recorded two (n = 16) or three
(n = 4) distinct L2/3 interneurons innervating the same postsynaptic L5
pyramidal neurons, and morphological reconstruction showed that the
synapses from distinct L2/3 interneurons did not intermingle in their
target areas of L5 pyramidal neurons (Fig. 6a,b). Subsequent electron
microscopic serial section examination confirmed that the majority of
light microscopically identified synaptic boutons were actual synapses
(~80%, n = 69 of 89 boutons from 15 interneurons) with symmet-
ric membrane densities (Supplementary Fig. 6 and Supplementary

Table 2), consistent with the notion that light microscopically identified
synaptic boutons are reliable indicators of synapses3®31. Collectively,
these results suggest that L1-3 interneurons form distinct interneu-
ronal circuits; that is, SBC— and ENGC<«>L2/3 interneuron—L5
pyramidal neuronal circuits differentially control distinct subcellular
compartments of L5 pyramidal neurons.

Interneuronal circuits regulate dendritic complex spiking

To determine the possible functional roles of SBC— and ENGC«>
L2/3 interneuron—L5 pyramidal neuronal circuits, which seem to
target multiple distinct dendritic-somato-axonal compartments in
L5 pyramidal neurons?”-32-34, we examined their effects on dendritic
and somatic spiking (Fig. 7). As with previous reports?>2°, simulta-
neously injecting currents in the shape of an EPSP at the dendrite
and soma of L5 pyramidal neurons evoked a dendritic complex spike
and a burst of two to three somatic action potentials in the neurons
(Fig. 7b,e). The dendritic complex spikes consisted of a sequence of
events, including an initial soma/axon-initiated back-propagating
action potential, followed by a dendrite-initiated slow action potential
and an additional one or more soma/axon-initiated action potential(s)
(Fig. 7b), indicative of an interaction between somatic/axonal and
dendritic action potential zones?”. Depolarizing L2/3 interneurons in
either SBC— or ENGC«>L2/3 interneuron—L5 pyramidal neuronal
circuits with continuous current injection elicited tonic firing of
single action potentials in interneurons, which induced uIPSPs in the
dendrite and soma of L5 pyramidal neurons, and suppressed com-
plex dendritic spiking and somatic bursting in L5 pyramidal neurons
(Fig. 7c.e), consistent with previous findings?®. Notably, action poten-
tials in SBCs evoked by short depolarizing pulses effectively abolished
the depolarization-elicited firing in all L2/3 interneurons, blocked
L2/3 interneuron-mediated ulPSPs, and reversed the suppression of
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complex dendritic spiking and somatic bursting in L5 pyramidal neu-
rons (n =9 neurons; Fig. 7d,e). There was a slight increase in incidence
of dendritic complex spikes after current injection in both SBCs and
their postsynaptic L2/3 interneurons (Fig. 7e), suggesting that addi-
tional L2/3 interneurons of the same disynaptic circuits are located
in the same compact columnar areas (Fig. 3). In sharp contrast, short
pulse-evoked action potentials in ENGCs consistently synchronized
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the depolarization-elicited tonic firing in all L2/3 interneurons,
potentiated L2/3 interneuron-mediated uIPSPs, and enhanced the
suppression of complex dendritic spiking and somatic bursting in L5
pyramidal neurons (n = 10 neurons; Fig. 7d,e). These results suggest
that activation of SBC—L2/3 interneuronal circuits disinhibits and
activation of ENGC«>L2/3 interneuronal circuits inhibits the initia-
tion of complex dendritic spikes in L5 pyramidal neurons.
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Figure 7 SBC— and ENGC«>L2/31—L5 pyramidal neuronal circuits serve different functions. (a) Reconstruction of L1-3 interneurons and L5 pyramidal
neurons recorded simultaneously from an acute cortical slice. The double colored dots indicate the putative synaptic contacts. The schematic shows the
synaptic connections and dendritic recording sites. (b—d) The effects of continuous (in L1 interneurons) or brief (in L2/3 interneurons) depolarizing current
injections on the dendritic complex spikes evoked by simultaneous near-threshold current injections from the dendritic and somatic recording electrodes
in the shape of an EPSP. Scale bars apply to all recording traces in b—d with 80 mV and 2 mV bars applied to traces with and without action potentials,
respectively. Note the reduced number of somatic action potentials after activation of L2/3 interneurons (Ngefore; 2.3 + 0.1; Nagter, 1.0 £0.0; n =19,
Z=4.0, P<0.005, Wilcoxon test) and NGC firing-evoked spikelets in ENGC. Insets in b show the sequences of soma/axon—-dendrite-soma/axon-initiated
events in the dendritic complex spikes at a timescale expanded by a factor of 2.5; arrows indicate the timing of initiation of the dendritic slow potentials and
second somatic action potentials. (e) The incidences of dendritic complex spikes after current injections in L1-3 interneurons. Values for the incidences in
SBC (/inj in LBP, 56.9 + 6.6%; fip; in L2/31 and L5P, 1.4 +1.3%; Z=2.7; I;5; in SBC, L2/31 and L5P, 70.8 + 6.3%; Z= 2.0, n=9) and ENGC (/;,; in L5P,
62.5 + 5.3%; lipj in ENGC and L5P, 13.8 £5.1%; Z=2.9; fip;in L2/31 and L5P, Z= 2.8, 2.5 + 1.7%,; I;5; in ENGC, L2/31 and L5P, 0.0 +0.0%, Z=2.8;

n = 10) interneuronal circuits are shown. Note that larger ulPSPs were induced by the synchronized firing in ENGCs and their targeting L2/3 interneurons
(recorded in L5 pyramidal neurons at resting membrane potentials) (ENGC«>L2/31: 0.55 £ 0.07 mV; ENGC: 0.25 + 0.04 mV; Z=2.8; L2/31: 0.33 £

0.05 mV; Z=2.8; n=10, P< 0.01, Wilcoxon tests). *P < 0.05 (Wilcoxon tests). Error bars represent s.e.m.
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Figure 8 SBC— and ENGC«L2/31-L5 a
pyramidal neuronal circuits differ in function

in vivo. (a,b) Reconstruction of L1 SBC (magenta) L1
or L1 ENGC (green) and L5 pyramidal neurons
(black or gray) recorded simultaneously in
intact animals. Note that the recording

traces are aligned by spontaneous somatic
action potentials or whisker stimulation,

and arrowheads indicate the time of initiation
of spontaneous somatic action potentials in =
simultaneously recorded L1 interneurons and

dots indicate the dendritic complex spikes in L4
L5 pyramidal neurons. (c) The average traces \
revealed that the firing in a SBC promoted and -
that in an ENGC suppressed the initiation of

dendritic complex spikes (appeared as spikelet- L5
like events as a result of averaging) recorded

in L5 pyramidal neurons. Scale bars in a—¢
apply to all recording traces with 80 mV and

4 mV bars applying to traces with and without
action potentials, respectively. (d) Connectivity
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Note the SBC- and ENGC-mediated spontaneous and whisker-evoked effects (open dots) and current pulse-evoked effects (filled dots), and the time
of somatic action potential initiation in L1 interneurons (indicated by the upward arrow). Note that ENGC-mediated GABAg responses, although small,
were effective in inducing a prolonged suppression of dendritic complex spiking, consistent with employment of a calcium conductance-suppression
mechanism®0, *P < 0.05 (U = 0.0, Mann-Whitney rank sum tests). Error bars represent s.e.m.

To confirm the functions of SBC— and ENGC«>L2/3 interneuron—
L5 pyramidal neuronal circuits in intact brains, we made simultane-
ous dual recordings from SBCs or ENGCs and L5 pyramidal neurons
in vivo (Fig. 8). Simultaneous somatic recordings from SBCs and
dendritic recordings from L5 pyramidal neurons showed numerous
spontaneous or whisker-evoked events, which occasionally reached
threshold and triggered somatic action potentials in SBCs and den-
dritic complex spikes in L5 pyramidal neurons. Correlation analysis
revealed that, in some paired recordings (n = 3 of 18 pairs), initiation
of action potentials in SBCs enhanced dendritic complex spiking in
L5 pyramidal neurons for ~200 ms (Fig. 8a,e). To confirm the causal
effect, we elicited action potentials in SBCs by directly injecting short
depolarizing pulses. The evoked action potentials in SBCs enhanced
dendritic complex spiking in L5 pyramidal neurons in the same three
paired recordings (Fig. 8c,e). Consistent with our in vitro results, the
evoked action potentials in SBCs did not induce uIPSPs in L5 pyrami-
dal neurons (n = 0 of 18 pairs; Fig. 8c,d). Similarly, paired record-
ings showed that spontaneous and whisker-evoked events sometimes
reached threshold and triggered somatic action potentials in ENGCs
and dendritic complex spikes in L5 pyramidal neurons. However,
in the majority of paired recordings (n = 7 of 8 pairs), spontaneous
and whisker-evoked action potentials in ENGCs suppressed dendritic
complex spiking in L5 pyramidal neurons for ~400 ms (Fig. 8b,e).
In the same seven paired recordings, the short pulse-evoked action
potentials in ENGCs induced uIPSPs and blocked dendritic complex
spiking in L5 pyramidal neurons (Fig. 8c,e), suggesting a direct causal
effect. Notably, recordings from many ENGCs, but none of the SBCs,
displayed spikelet-like events, some of which seemed involved in the
initiation of action potentials in ENGCs (Supplementary Fig. 7), sug-
gesting a contribution of electric synapses in synchronizing firing in

ENGC«L2/3 interneuronal circuits. Collectively, these in vitro and
in vivo results suggest that SBC—L2/3 interneuron—L5 pyramidal
neuronal circuits serve to disinhibit and, in a complementary fashion,
ENGC«L2/3 interneuron—L5 pyramidal neuronal circuits function
to inhibit dendritic complex spiking in L5 pyramidal neurons.

DISCUSSION

Here, we deciphered the architecture of two interneuronal circuits that
link L1-3 interneurons and L5 pyramidal neurons in the neocortex
(Supplementary Fig. 8). L1 SBCs preferentially formed unidirectional
inhibitory connections with all seven types of L2/3 interneurons and
trans-synaptically controlled inhibition along the entire dendritic-
somato-axonal axis of a few L5 pyramidal neurons in single columns.
In contrast, L1 ENGCs frequently formed mutual inhibitory and elec-
tric connections with only three selective types of L2/3 interneurons,
and, together, they regulated inhibition at the distal apical dendrite
of many pyramidal neurons across multiple columns. Functionally,
SBC—L2/3 interneuron—L5 pyramidal neuronal circuits disinhib-
ited and ENGC«>L2/3 interneuron—L5 pyramidal neuronal circuits
inhibited the initiation of dendritic complex spikes in L5 pyramidal
neurons. Given that dendritic complex spiking can serve as a coinci-
dence detection mechanism?22>, these two interneuronal circuits may
be important for selecting and processing salient information.

Organization of cortical interneuronal circuits

We identified two cortical interneuronal circuits, SBC— and ENGC«>
L2/3 interneurons—L5 pyramidal neuronal circuits, which exhibit
distinct architecture (Supplementary Fig. 8). Previous in vitro and
in vivo recordings have shown that L1 SBCs fire adapting non-
late-spiking action potentials, whereas L1 ENGCs fire non-adapting
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late-spiking action potentials'®1°. However, a recent study reported
a few exceptions?!. We analyzed a large number of L1 interneurons
and found that there were actually many exceptions. Thus, instead of
relying on firing patterns, we classified L1 interneurons on the basis of
their visually distinguishable axonal arborization patterns, which were
quantitatively confirmed with axonal length density analysis (Fig. 1b),
as well as with Sholl and polar analyses (data not shown). Notably,
SBCs preferentially formed unidirectional inhibitory circuits with
L2/3 interneurons and they produced GABA 4 receptor-mediated fast
inhibition, whereas ENGCs frequently formed mutual inhibitory and
electric circuits with L2/3 interneurons and generated GABA, and
GABAgp receptor-mediated slow inhibition.

SBC— and ENGC«>L2/3 interneuronal circuits also differed in how
they connected with L5 pyramidal neurons (Supplementary Fig. 8).
L5 pyramidal neurons have two general input-receiving domains, an
apical dendritic domain and an oblique/basal dendritic-somato-axonal
domain?23335, which receive primarily modulatory and sensory inputs,
respectively!3. Our analysis revealed that seven types of L2/3 inter-
neurons (that is, MaCs, NGCs, BTCs, BPCs, BaCs, DBCs and ChCs)
synapsed on different subcellular compartments of L5 pyramidal
neurons and, together, their synapses subdivided the entire membrane
surface of the dendritic-somato-axonal initial segment region. SBCs
controlled both the apical and oblique/basal dendritic domains of L5
pyramidal neurons via inhibition of all seven types of L2/3 interneu-
rons (Figs. 3 and 7), whereas ENGCs regulated only the apical den-
dritic domain of L5 pyramidal neurons via direct inhibition (Figs. 4
and 7) or via output synchronization with MaCs, NGCs and BTCs
(Fig. 7). In particular, SBCs never inhibited L5 pyramidal neurons.
Instead, SBCs inhibited 13.0% of L2/3 interneurons, and these L2/3
interneurons inhibited 8.7% of L5 pyramidal neurons in the same
columns (Fig. 3 and Supplementary Fig. 5). Thus, we estimate that
SBC—L2/3 interneuron—L5 pyramidal neuronal circuits may pro-
vide disinhibition on dendritic complex spiking in a small percentage
(P =13.0% x 8.7% = 1%) of disynaptically connected L5 pyramidal
neurons. In contrast, ENGCs inhibited 20.4%, and MaC, NGC and
BTC L2/3 interneurons postsynaptic to ENGCs inhibited 7.1, 33.3 and
15.8% of L5 pyramidal neurons in the same columns (Supplementary
Fig. 5). These L1-3 interneurons may fire alone and independently
inhibit L5 pyramidal neurons. Alternatively, when activated together,
they may fire in synchrony and more effectively inhibit L5 pyramidal
neurons (Fig. 7). The synchronization of outputs in these interneurons
seems dependent on their frequent mutual inhibitory and electrical
synapses, as these synapses were able to cooperate (complementarily
and synergistically) in synchronizing firing in interneuronal networks,
whereas electric gap junctional potentials (or spikelets) promote co-
initiation of action potentials when inhibition fades (acting as an exci-
tatory force), and inhibitory synaptic potentials rapidly curtail spikelets
and suppress initiation of action potentials during their presence (act-
ing as an inhibitory force)>3%37. Thus, we calculate that ENGC+>L12/3
interneuron—L5 pyramidal neuronal circuits may inhibit the
majority (P=100% — (100 — 20.4%) x (100 — 7.1%) x (100 — 33.3%) x
(100 - 15.8%) = 60%) of monosynaptically connected L5 pyramidal
neurons located in the same columns alone. Together, these results sug-
gest that SBC—L2/3 interneuron—L5 pyramidal neuronal circuits are
structured to disinhibit a small population of L5 pyramidal neurons,
whereas ENGC«>L2/3 interneuron—L5 pyramidal neuronal circuits
are organized to inhibit a large population of L5 pyramidal neurons.

Functional implications of cortical interneuronal circuits
Our results indicate that SBC— and ENGC<«>L2/3 interneuron—L5
pyramidal neuronal circuits function beyond transforming L1 inputs

ARTICLES

into inhibition. Instead of suppressing spiking, SBCs enhanced den-
dritic complex spiking in L5 pyramidal neurons by inhibiting L2/3
interneurons that are spontaneously active in intact brains?428:38,39,
Thus, SBC—L2/3 interneuron—L5 pyramidal neuronal circuits use
a di-synaptic disinhibitory mechanism to permit the initiation of
dendritic complex spikes in a few L5 pyramidal neurons in a small
area, which nonlinearly amplifies the selected signals. Conversely,
ENGC«>L2/3 interneuron—L5 pyramidal neuronal circuits employ
a mutual inhibition- and electric coupling-mediated synchronizing
mechanism to synchronize the firing of interneurons. These interneu-
rons can then supply powerful inhibition to suppress dendritic com-
plex spiking in many L5 pyramidal neurons over a broader area, which
effectively increases the signal-to-noise ratio by reducing background
noise and sharpens the receptive field by suppressing surrounding
activity. Moreover, SBCs have a smaller receptive field with higher
acuity than ENGCs!?, which may produce a much smaller supra-
threshold field*0-42. Finally, SBCs receive the earliest L1 inputs and
they are rapidly inactivated after their initial activation!®, presum-
ably as a result of inhibition from ENGCs!®20 and from MaCs, NGCs
and BTCs targeted by ENGCs (Supplementary Table 1). Together,
these results suggest that SBC— and ENGC«>L2/3 interneuron—L5
pyramidal neuronal circuits may work together to select and nonlin-
early amplify a very few spatially and temporally defined signals.

We found a few other architectural features of SBC— and ENGC«»
L2/3 interneuron—L5 pyramidal neuronal circuits that may also be
important to function. For example, SBCs innervated fewer (<10%)
MaCs, NGCs, BaCs and DBCs, but more BTCs (14.6%) and ChCs
(17.3%), and many more BPCs (27.9%) (Supplementary Table 1).
Whereas BTCs and ChCs targeted the dendritic and axonal action
potential initiation zones, respectively, BPCs targeted the middle
dendritic trunk critical for interaction of the dendritic and axonal
action potential initiation zones in L5 pyramidal neurons?>43. Thus,
we speculate that SBC—L2/3 interneuronal circuits may be par-
ticularly effective at controlling the initiation of dendritic complex
spikes, which requires the interaction of dendritic and axonal action
potentials?>*3. In addition, although MaCs, NGCs and BTCs involved
in different circuits had the same axonal anatomy, they differed in
dendritic branching patterns. In particular, MaCs, NGCs and BTCs
targeted by ENGCs had their dendrites ramifying extensively into
L1 (Supplementary Fig. 4), and they may receive direct L1 inputs!!,
enabling them to directly convert L1 inputs into inhibition in L5
pyramidal neurons. These results also suggest that MaCs, NGCs and
BTCs may be further divided into functional subgroups, which is con-
sistent with other evidence supporting the possibility of functionally
subdividing 12/3 interneurons (that is, BaCs and NGCs)#4-46. One
obvious question that remains to be addressed is how distinct groups
and/or subgroups of L2/3 interneurons may differentially contribute
to cortical functions and whether they alter their activity coordinately
and/or independently during different information processing tasks
and behavioral states in unanesthetized animals?®3%47,

We propose that SBC— and ENGC«>L2/3 interneuron—L5 pyram-
idal neuronal circuits control the filtering of information, which is
supported by several lines of evidence. First, SBC— and ENGC«>
L2/3 interneuron—L5 pyramidal neuronal circuits control the ini-
tiation of dendritic complex spikes, which can function as a coinci-
dence detection mechanism to select salient inputs>??°. Second, the
primary L1 inputs come from feedforward connections from higher
order thalamic relays and feedback connections from higher order
cortical areas'%-13, and the neuronal activity in these thalamic relays
and cortical areas initiates selection of salient information!%1>17:48,
Third, theoretical and experimental findings suggest that attentional
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influence consists of both the signal augmenting and receptive field
sharpening processes'>!7. Consistent with this concept, SBC—L2/3
interneuronal circuits enhanced dendritic complex spiking in a small
spatially and temporally restricted population of L5 pyramidal neu-
rons and ENGC«L2/3 interneuronal circuits suppressed dendritic
complex spiking in the majority of L5 pyramidal neurons over a large
area, effectively augmenting the signal-to-noise ratio and sharpen-
ing the receptive field. Finally, salience selection is central to many
attention-demanding high-level cognitive behaviors, and accumulat-
ing evidence indicates that a number of neurological, mental and/or
psychiatric disorders associated with attention deficits exhibit impair-

ments of interneuronal function (for example, see refs. 15,49).

METHODS

Methods and any associated references are available in the online

version of the paper.
Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Animal preparation. Young and adult male and female Sprague Dawley rats
(=postnatal, 20 d old), whose cortical inhibitory neurons and circuits are largely
mature and relatively stabilized**>!, were used for in vitro (postnatal day 20-41
(P20-41) with ~90% of them to be P20-28, n = 1,104) and in vivo (P27-70,
n =172) experiments. All procedures for animal surgery and maintenance were
performed following protocols approved by the Animal Care and Use Committee
of the University of Virginia and in accordance with US National Institutes of
Health guidelines. For in vitro experiments, the sensorimotor cortical brain slice
preparation followed our previous studies?>%2. In brief, animals were deeply
anesthetized by sodium pentobarbital (90 mg per kg of body weight) and decap-
itated. The brain was quickly removed and placed into cold (0-4 °C) oxygen-
ated physiological solution containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH,PO,, 25 mM NaHCO3, 1 mM MgCl,, 25 mM dextrose and 2 mM CaCl,,
pH 7.4. Parasagittal slices (350 um thick) were cut from the tissue blocks with a
microslicer, at an angle (<~4°) closely parallel to apical dendrites of L5 pyramidal
neurons, which retained the majority of distal ascending and descending axonal
trees of L1-3 interneurons that project into L1 and L5-6. These slices were kept
at 37.0 £ 0.5 °C in oxygenated physiological solution for ~0.5-1 h before record-
ings. During the recording the slices were submerged in a chamber and stabilized
with a fine nylon net attached to a platinum ring. The recording chamber was
perfused with oxygenated physiological solution containing additional AMPA
and NMDA receptor antagonists 20 UM DNQX and 100 uM pr-AP5. The half-
time for the bath solution exchange was ~6 s, and the temperature of the bath
solution was maintained at 34.0 + 0.5 °C. All antagonists were bath applied. For
in vivo experiments, animals were initially anesthetized by an intraperitoneal
injection of sodium pentobarbital (60 mg per kg) as previously reported?238-3°,
Supplemental doses (10 mg per kg) of sodium pentobarbital were given as needed
to keep animals free from pain reflexes and in a state of light slow-wave general
anesthesia, as determined by monitoring the cortical electroencephalogram, and
arelatively steady membrane potential, which were ideal for observing dendritic
complex spikes!*2238, All pressure points and incised tissues are infiltrated with
bupivacaine. Body temperature (rectal) was monitored and maintained within
372103 °C.

Histology and electron microscopy. Light and electron microscopic examinations
were carried out following the procedures of our previous reports?>%3. In brief,
after in vitro recordings, the slices were fixed by immersion in 3% acrolein/4%
paraformaldehyde in 0.1 M phosphate-buffered saline at 4° for 24 h, and then
processed with the avidin-biotin-peroxidase method to reveal cell morphology.
Some of the slices were subsequently sectioned into 60-pum sections, postfixed in
1% OsOy, counterstained with 1% uranyl acetate, and flat embedded into resin to
carry out electron microscopic examination. The morphologically recovered cells
were examined, drawn and analyzed with the aid of a microscope equipped with
a computerized reconstruction system Neurolucida (MicroBrightField). Axonal
length density plots and maps were calculated per voxel (50 x 50 x 350 pm)
using a custom-made program following a previous report>*. The pyramidal
neurons were normalized according to the soma and the main branch point of
their apical dendrites??. For electron microscopic examination, the small areas of
interest (~50 x ~50 pm), each containing putative synaptic boutons from single
presynaptic neurons, were embedded in resin, carefully excised and resectioned
into 80-nm serial ultrathin sections using an ultramicrotome. No excision and
resection was made if synaptic boutons originated from different presynaptic
neurons that were too close to be separated. The serial ultrathin sections were
examined in sequence with a JEOL-1230 transmission electron microscope
(Japan Electron Optic) following the labeled dendrites, which typically led to
all light microscopic-identified synapses (except a very few synapses destroyed
during electron microscopic processing or hidden behind the grids) at the order
predicted by Neurolucida reconstruction. Inhibitory synaptic contacts were deter-
mined on the basis of generally accepted criteria®, including the presence of
membranes with parallel alignment forming synaptic clefts that are wider in the
middle and close up at one or both edges, the absence of a prominent postsynaptic
density, and the presence of multiple flattened synaptic vesicles with at least one
docked at the presynaptic membrane.

Electrophysiology. Simultaneous whole-cell in vitro and in vivo recordings were
obtained from cortical neurons as described previously?>383%56, Briefly, patch

recording pipettes (4—7 M) were filled with intracellular solutions containing
135 mM cesium methanesulfonate, 10 mM HEPES, 2.5 mM MgCl,, 4 mM
Na,ATP, 0.4 mM Na;GTP, 10 mM sodium phosphocreatine, 0.6 mM EGTA,
0.1 mM spermine and 0.5% biocytin (pH 7.25) for current recordings, or 120 mM
potassium gluconate, 10 mM HEPES, 4 mM KCl, 4 mM MgATP, 0.3 mM Na;GTP,
10 mM sodium phosphocreatine and 0.5% biocytin (pH 7.25) for voltage record-
ings. Whole-cell recordings were made with up to eight Axopatch 200B and/or
Axoclamp 2A/B amplifiers (Molecular Devices). To get a relatively unbiased
population sample of each type of L2/3 interneuron in cortical slices, we randomly
recorded all L2/3 neurons, except pyramidal neurons with an obvious apical den-
drite. L5 pyramidal neurons were typically targeted after L1-2/3 interneuronal
connections were established. As described previously??383°, in vivo dual record-
ings were targeted to neurons with the same receptive field. Dendritic recordings
from L5 pyramidal neurons in intact brain were identified by their characteristic
complex spikes, the recording sites were estimated from the distance that the
micromanipulator had advanced, taking into account the angle that the electrode
formed with the surface of the barrel cortex, and subsequently confirmed with
the reconstructed electrode penetration pathways that were revealed after histol-
ogy processing®®. An ITC-18 interface board (HEKA Instruments) was custom-
modified to achieve simultaneous A/D and D/A conversions of current, voltage,
command and triggering signal for up to eight amplifiers. Custom-written Igor-
based programs were used to operate the recording system and perform online and
offline data analysis. Motorized manipulators (Lugis & Neumann Feinmechanik
and Elektrotechnik) were custom-improved in stability to improve morphological
recovery of axonal arborization of the recorded interneurons. More than 85% of
recorded interneurons had their axonal arborization well-recovered and could
be unambiguously classified into anatomical groups. These interneurons were
included in the analysis. Neurons located in the same and neighboring columns
were targeted by referring their relative locations to the barrels (if barrel cortical
slices were used)®’, and/or more often to the characteristic clusters of ~10-20
closely packed large L5 pyramidal neurons located just inside of the columnar
borders®>*8. As no difference was found in general interneuronal circuit organiza-
tion between the sensory and motor cortices (Supplementary Tables 3 and 4),
the data were pooled in analysis. The presynaptic single action potential-evoked
ulIPSCs or ulPSPs in >3-week-old cortical neurons are highly reliable and often
show no transmission failure>0. Thus, inhibitory synaptic connections could
be unambiguously identified after online monitoring of the average responses
of short latency uIPSPs for >50 episodes. Unless otherwise specified, IPSCs and
IPSPs were measured with membrane potentials of postsynaptic cells clamped or
held at -55 mV and —55 * 3 mV, respectively. Recording traces shown were aver-
ages of 50—200 consecutive episodes and the averages were also used to calculate
the basic properties and kinetics of evoked uIPSCs and uIPSPs, such as synaptic
latency, 10-90% rise time and decay time constant. Given that interneurons in
acute slices seldom fired spontaneous action potentials, to achieve the maximal or
near maximal suppression of dendritic complex spikes in L5 pyramidal neurons,
we injected continuous depolarizing currents to induce tonic firing at ~5-15 Hz
in L2/3 interneurons (Fig. 7). We then injected short depolarizing pulses at
~7-10 Hz in SBCs and ENGC:s to evoke action potentials. The action potentials
in SBCs blocked and those in ENGCs synchronized (to the same ~7-10 Hz) the
firing in their connecting 1.2/3 interneurons (Fig. 7). Because the interaction of
chemical and electric synapses is both necessary and effective in inducing stable
firing synchronization in interneuronal networks3®37, the mutual chemically and
electrically connected ENGC and L2/3 interneuron pairs, the predominant con-
nection configuration of the neurons (Supplementary Fig. 3), were selected to
carry out the experiment in Figure 7.

Statistical analysis. Statistical results were reported as mean *s.e.m. The sample
size (n) represents the number of neurons, unless otherwise indicated. Statistical
significances of the means (P < 0.05, two sides) were determined using Wilcoxon
and ANOVA, Mann-Whitney rank sum nonparametric or )? tests for paired and
unpaired samples, respectively.
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CORRIGENDA

Corrigendum: The organization of two new cortical interneuronal circuits

Xiaolong Jiang, Guangfu Wang, Alice J Lee, Ruth L Stornetta & J Julius Zhu
Nat. Neurosci. 16, 210-218 (2013); published online 13 January 2013; corrected after print 3 March 2013

In the version of this article initially published, in Figure 8a under L1 Spontaneous, the last 400 ms of trace 4 was a duplicate of trace 3; for Figure 8c,
the legend referred to a scale bar of 2 mV instead of 4 mV; in Figure 8e, incidence on the y axis was plotted in units of 0-0.8 Hz instead of 0-4%; and in
Figure 7b the insets were not described. The insets show the sequences of soma/axon-dendrite-soma/axon-initiated events in the dendritic complex
spikes at a timescale expanded by a factor of 2.5, with arrows indicating the timing of initiation of the dendritic slow potentials and second somatic
action potentials. The errors have been corrected in the HTML and PDF versions of the article.
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