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SUMMARY

Acquisition of neuronal circuit architectures, central to understanding brain function and dysfunction, re-
mains prohibitively challenging. Here | report the development of a simultaneous and sequential octuple-
sexdecuple whole-cell patch-clamp recording system that enables architectural reconstruction of complex
cortical circuits. The method unveils the canonical layer 1 single bouquet cell (SBC)-led disinhibitory
neuronal circuits across the mouse somatosensory, motor, prefrontal, and medial entorhinal cortices.
The ~1,500-neuron modular circuits feature the translaminar, unidirectional, minicolumnar, and indepen-
dent disinhibition and optimize cortical complexity, subtlety, plasticity, variation, and redundancy. More-
over, architectural reconstruction uncovers age-dependent deficits at SBC-disinhibited synapses in the
senescence-accelerated mouse prone 8, an animal model of Alzheimer’s disease. The deficits exhibit the
characteristic Alzheimer’s-like cortical spread and correlation with cognitive impairments. These findings
decrypt operations of the elementary processing units in healthy and Alzheimer’'s mouse cortices and
validate the efficacy of octuple-sexdecuple patch-clamp recordings for architectural reconstruction of

complex neuronal circuits.

INTRODUCTION

The sustained interest in neuronal circuits stems from the belief
that intricately organized circuits provide the foundation for
brain function.”? In the past decade, significant progress has
been made in our ability to decipher these circuits at the synap-
tic level with cell-type specificity, thanks to advancements in
anatomic, neurophysiological, genetic, and functional imaging
methods.>* These technical advances have allowed for cell-
type-specific circuit analysis, enabling researchers to decode
hundreds of functional neuronal circuit motifs, consisting typi-
cally of a few different types of neurons, in various animal spe-
cies. Among the various newly identified circuit motifs are the
layer 1 (L1) single bouquet cell (SBC)-led disinhibitory neuronal
circuit motifs (i.e., L1 interneurons —- L2/3 interneurons —-
L2/3 and/or L5 pyramidal neurons) found in the cortex, which
disclose a disinhibition scheme that governs the dendritic coin-
cidence detection mechanism of excitatory neurons and their
outputs.>® This cortical disinhibition mechanism has been
implicated in various high cognitive behaviors, such as percep-
tion, attention, learning, and memory.”” ' However, under-
standing the higher-order circuit organization scheme and the
overall architectural structure of complex circuits, which involve
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a large number of neurons and multiple circuit motifs, remains
extremely challenging. For example, although optogenetics
and functional imaging are effective in determining synaptic
connections between neuronal groups, the methods are less
suitable for zoom-in manipulation of compactly packed individ-
ual neurons to tease out the interconnections of neurons and to
figure out the circuit architectural organization.®* High-speed
scanning electron microscopy permits high-resolution analysis
of pre- and postsynaptic components, but the process of stitch-
ing and aligning miniature image sections to create a zoom-out
interlinking diagram of individual neurons or circuit motifs and to
see the circuit architectural design is still a daunting task.'*'*
While these approaches evolve rapidly and become increas-
ingly more powerful in illuminating the fine details of circuit mo-
tifs,’*'° they have yet to fully resolve the overall architectural
structure of complex cortical circuits. As a result, we still have
a paltry sense of architectural designs of complex cortical cir-
cuits, which are almost certainly at the heart of their operation
and function."*?

This study describes the development of a simultaneous and
sequential octuple-sexdecuple whole-cell patch-clamp
recording system, which allows for direct manipulation and
readout from individual neurons. The electrophysiology-based
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method offers the advantage of analyzing interconnections be-
tween a sufficient number of circuit elements (i.e., neurons and
associated circuit motifs) to achieve the architectural recon-
struction of complex cortical circuits. In the field of connectom-
ics, many investigators use molecular markers to identify and
classify neurons. This approach is convenient and genetically
manipulable. However, it is important to consider that geneti-
cally defined cortical cell groups display a continuum of vari-
ability in morphology and electrophysiology, which means
they may not represent biological or functional discrete en-
tities.””"'® In particular, caution should be exercised when
analyzing cortical interneuronal circuits based on four coarse
molecular subgroups, all of which consist of multiple overlap-
ping types of interneurons. For example, parvalbumin-express-
ing neurons consist of at least baskets cells (BCs) and
chandelier cells (ChCs)."®?° Somatostatin-expressing neurons
comprise both Martinotti cells (MCs) and non-Martinotti
cells.?’®* Vasointenstinal protein (VIP)-expressing neurons
are heterogeneous groups of interneurons that encompass bi-
tuft cells (BTCs), bipolar cells (BPCs), BCs, and double bouquet
cells (DBCs), and may or may not include L1 SBCs.?*’ Finally,
newly designated Id2-expressing neurons correspond to elon-
gated neurogliaform cells (ENGCs) in L1, and neurogliaform
cells (NGCs) and a small number of diverse non-NGCs outside
L1.?® This study uses the established neuroanatomical cell clas-
sification scheme to identify cortical neurons because electro-
physiology allows morphological reconstruction of >95% of
neurons after patch-clamp recordings. In the case of inhibitory
neurons, the scheme is based purely on their axonal
morphology corresponding to their postsynaptic compartment
targets and is thus presumably functionally relevant.>'929-%"

This study analyzed interconnections of morphologically
identified 6,517 interneurons and 9,089 stellate and pyramidal
neurons in the mouse somatosensory, motor, prefrontal, and
medial entorhinal cortices. The analysis disclosed the modular
architectural structure of complex L1 SBC-led disinhibitory
neuronal circuits across the cortical areas. The architectural
structure indicates that the circuits are specifically designed
to achieve the distinctive translaminar (engaging all cortical
layers), unidirectional (creating 100% dominance), minicolum-
nar (enclosing area of ~150 um in diameter), and independent
(forming 100% autonomy) disinhibition. The architectures
immediately construe the principles underlying cortical opera-
tion. One key principle is that cortical operation utilizes canon-
ical ~1,500-neuron minicolumnar circuits as basic functional
units to optimize complexity, subtlety, plasticity, variation, and
redundancy. Additionally, the study investigated the senes-
cence-accelerated mouse prone 8, an Alzheimer’s disease
model, and validated the architectural design of the disinhibi-
tory circuits. Interestingly, the architectural analysis of complex
cortical circuits in Alzheimer’s mouse brains revealed age-
dependent deficits. The deficits were circuit- and connection-
specific and occurred selectively at SBC-disinhibited synap-
ses. These synaptic deficits displayed the characteristic
cortical spread observed in Alzheimer’s disease and showed
correlations with cognitive impairments. The results suggest a
disinhibition mechanism that may contribute to the develop-
ment and progression of Alzheimer’s disease.

2 Cell Reports 42, 112904, August 29, 2023

Cell Reports

RESULTS

To interrogate complex cortical circuits comprising > 10 types of
neurons and multiple circuit motifs, we developed a simulta-
neous and sequential octuple-sexdecuple whole-cell patch-
clamp recording method. Our approach combined automated
procedural algorithms for electrode positioning with manual
operation to achieve precise gigasealing (see STAR Methods).
By utilizing automatic algorithms, we achieved high-efficiency
recordings, reducing the time to obtain individual cell recordings
to ~3-5 min (cf. Kodandaramaiah et al.*?). In the meantime, by
making manual gigasealing procedure, we achieved high-quality
recordings, preserving the high success rate of first-grade
whole-cell recordings from interneurons (>95%), and stellate
and pyramidal neurons (>99%) (cf. Jiang et al.>®). The octuple-
sexdecuple patch-clamp recording method allowed us to
effectively study constituent neurons across six cortical layers
in complex cortical circuits, as well as investigate synaptic
connections among recorded neurons (see Figure 1 as an
example).

Basic properties of a complex L1 SBC-led disinhibitory
circuit

The initial application of octuple-sexdecuple patch-clamp re-
cordings reconstructed sufficient elements, including neurons
and their connections, leading to a connection diagram of the
L1 SBC-led disinhibitory circuit in the mouse somatosensory
cortex (Figures 1A-1C). Morphological reconstruction of re-
corded neurons revealed putative synaptic contacts under light
microscopic examination, confirming the connection diagram
disclosed by electrophysiological recordings (cf. Jiang
et al.>®). The analysis revealed that L1 SBCs inhibited interneu-
rons in deeper cortical layers from L2 to L6, but none of stellate
and pyramidal neurons in these layers (Figures 1C-1E). More-
over, the inhibited L2-6 interneurons inhibited a significant
proportion of L2-6 stellate and pyramidal neurons (Figures 2A-
2C). These results indicate that L1 SBCs establish translaminar
disinhibition on stellate and pyramidal neurons across the
deeper cortical layers through L2-6 interneurons.

Further analysis revealed the executing direction of L1 SBC-
led disinhibitory circuits. While SBCs inhibited all groups of inter-
neurons in L2-6, none of the L2-6 interneurons inhibited SBCs
(Figures 2A-2C). In comparison, L1 ENGCs inhibited L1 SBCs
(Figures 2A-2C), whereas none of SBCs inhibited ENGCs
(Figures 1C-1E). These results indicate that L1 SBCs form unidi-
rectional inhibition on L2-6 interneurons, without receiving any
reciprocal inhibition back from L2-6 interneurons. These findings
suggest that L1 SBC-led disinhibitory circuits, unlike VIP-con-
taining interneuron-mediated more mutual inhibitory-like cir-
cuits,®® predominantly execute dominative unidirectional disinhi-
bition on excitatory neurons.

The majority of L2-6 interneurons inhibited by L1 SBCs were
found within small columnar regions surrounding the SBCs
(Figures 1D and 1E). Mapping the location of SBC-inhibited
L2-6 interneurons, as well as SBC-disinhibited L2-6 stellate
and pyramidal neurons, revealed that these inhibitory and excit-
atory neurons were primarily confined to narrow circular
columnar areas with a radius of ~75 um. The SBCs were
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Figure 1. L1 SBCs lead translaminar disinhibitory circuits

(A) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons, stellate, and pyramidal neurons recorded simultaneously from a mouse acute
somatosensory cortical slice. The double colored dots indicate putative synaptic contacts.

(B) The schematic shows inhibitory synaptic connections.

(C) Single action potentials elicited in presynaptic SBC evoked ulPSPs in postsynaptic L2-6 interneurons, but not stellate or pyramidal neurons. Scale bars apply
to all recording traces.

(D) The plot shows relative distances from L2-6 interneurons, stellate, and pyramidal neurons to SBCs (horizontal distance in the x axis) and the cortical pia
surface (vertical distance in the y axis). Note filled and empty dots (interneurons), diamonds (stellate neurons), or triangles (pyramidal neurons) representing
connected and unconnected neurons, respectively.

(E) Values for the connectivity between SBC and L2-6 interneurons, stellate, or pyramidal neurons in the somatosensory cortex. Asterisks indicate p < 0.05 (chi-
squared tests). BC, basket cell; BTC, bitufted cell; CC, corticocortical neuron; ChC, chandelier cells; CP, claustrum-projecting neuron; CT, corticothalamic
neuron; ENGC, elongated neurogliaform cell; I, interneuron; MC, Martinotti cell; NGC, neurogliaform cell; P, pyramidal neuron; S, stellate neuron; SBC, single
bouquet cell.

Note —e and ® in (D) and (E) represent synaptic connection and no connection, respectively.

positioned at the top centers of these columnar areas
(Figures 1D, 1E, and 2D-2F). These findings demonstrate that
L1 SBCs establish columnar or minicolumnar-like disinhibition
on cortical L2-6 excitatory neurons through the involvement of
L2-6 interneurons.

ple-sexdecuple patch-clamp recordings, we greatly increased
the probability of obtaining simultaneous recordings from pairs
of L1 SBC-led disinhibitory circuits. This allowed us to investi-
gate whether minicolumnar circuits share common circuit ele-
ments (Figure 3). The results demonstrated that simultaneously
recorded L1 SBCs inhibited L2-6 interneurons, which in turn in-

Independence of complex L1 SBC-led disinhibitory
circuits

The functional relationship between cortical minicolumns has not
been previously explored in research.>*** By employing octu-

hibited L2-6 stellate and pyramidal neurons located within nar-
row columnar regions beneath the SBCs. These observations
confirm the expected characteristics of translaminar, unidirec-
tional, and minicolumnar disinhibitory circuits (Figures 3A-3F).
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Figure 2. L1 SBCs lead unidirectional and minicolumnar disinhibitory circuits

(A) The schematic shows inhibitory and disinhibitory synaptic connections of neurons reported in Figure 1.

(B) Single action potentials elicited in presynaptic L2-6 interneurons evoked ulPSPs in L2-6 stellate and pyramidal neurons.

(C) Values for the connectivity between SBC-inhibited L2-6 interneurons and L2-6 stellate or pyramidal neurons.

(D) Single action potentials elicited in presynaptic ENGC, but not L2-6 interneurons evoked ulPSPs in SBC. Scale bars in (B) and (D) apply to all recording traces.
(E) Values for the connectivity between SBCs and ENGCs or L2-6 interneurons. Asterisks in (C) and (E) indicate p < 0.05 (chi-squared tests).

(F) Lateral distributions of SBC-inhibited L2-6 interneurons and SBC-disinhibited L2-6 stellate or pyramidal neurons.

Note —e in (C), (E), and (F) represent synaptic connection.

Interestingly, L2-6 interneurons, stellate, and pyramidal neurons
involved in one L1 SBC-led disinhibitory circuit participated into
neither inhibition nor disinhibition of the other disinhibitory circuit
(Figures 3G and 3H). Collectively, these results indicate that L1
SBCs establish translaminar, unidirectional, minicolumnar, and
independent disinhibition on cortical L2-6 excitatory neurons
through the involvement of L2-6 interneurons in the somatosen-
sory cortex.

Modularity of complex L1 SBC-led disinhibitory circuits

The modular architecture of L1 SBC-led disinhibitory circuits in
the somatosensory cortex provides the long-sought neuronal
circuit basis supporting the “minicolumnar cortical architec-
ture” theory, which purports the existence of translaminar and
minicolumnar neuronal circuits in heterotypical cortical areas.*®
Previous studies report that L1 SBCs mediate disinhibition in
the motor cortex>® and disinhibition appears to exist in the
other cortical areas, including the prefrontal cortex.®” Octu-
ple-sexdecuple patch-clamp recordings revealed that L1
SBCs inhibited interneurons in L2-6 without being inhibited by
L2-6 interneurons in the motor and prefrontal cortex
(Figures 4A-4C, 4E-4G, S1, and S2). Furthermore, while L1
SBCs did not inhibit any pyramidal neurons in L2-6, the L1
SBC-inhibited L2-6 interneurons inhibited pyramidal neurons
in the motor and prefrontal cortex (Figures 4A-4C, 4E-4G, S1,

4 Cell Reports 42, 112904, August 29, 2023

and S2). Control experiments demonstrated that L1 ENGCs
could inhibit SBCs, but SBCs did not inhibit ENGCs in the motor
and prefrontal cortex (Figures 4A-4C, 4E-4G, S1, and S2).
Additionally, L1 SBC-inhibited interneurons and -disinhibited
L2-6 pyramidal neurons were largely confined within narrow
columnar areas of ~75 um in radius (Figures 4C, 4D, 4G-4H,
S1,and S2). These results indicate that L1 SBC-led disinhibitory
circuits in the motor and prefrontal cortex exhibit the same
translaminar, unidirectional, and minicolumnar disinhibition
seen in the somatosensory cortex, suggesting a generalized
architectural design for L1 SBC-led disinhibitory circuits across
the neocortex.

The medial entorhinal cortex, which acts as an interface be-
tween the hippocampus and neocortex, is involves in spatial
navigation and memory.“® Interestingly, as with the neocortex,
the medial entorhinal cortex also displays a minicolumnar-like
anatomical structure,”’ employs two coincident mechanisms
for the generation of grid cell firing patterns,*” and possesses
hallmark L1 SBCs and ENGCs (Figure S3, see also Shi et al.*®).
Octuple-sexdecuple patch-clamp recordings revealed the pres-
ence of L1 SBC-led disinhibitory circuits in the medial entorhinal
cortex (Figures 41-4K and S4). These circuits involved entorhinal
L1 SBCs disinhibiting L2-6 stellate and pyramidal neurons
through the participation of L2-6 interneurons, while no inhibitory
feedback from L2-6 interneurons to SBCs was observed
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Figure 3. L1 SBCs lead independent disinhibitory circuits

(A) Reconstruction of two L1 SBC-led disinhibitory circuits in a mouse acute somatosensory cortical slice. The double colored dots indicate putative synaptic
contacts. Note that for the simplicity, one interneuron and four pyramidal neurons recorded in the experiment but uninvolved in the disinhibitory circuits are
excluded in the drawing.

(B) The schematic shows synaptic connections.

(C-F) Single action potentials elicited in presynaptic SBCs and L2 interneurons evoked ulPSPs in postsynaptic L2/3 interneurons, or postsynaptic L2 or L5
pyramidal neurons only within the same SBC-led disinhibitory circuits. Scale bars in (E) apply to all recording traces in (C)—(F). DBC, double bouquet cell; for other
abbreviations, please see Figure 1.

(G) The plot shows relative distances from L2-6 interneurons, stellate, and pyramidal neurons to SBCs (horizontal distance in the x axis) and the cortical pia
surface (vertical distance in the y axis). Note filled and empty dots (interneurons) or triangles (stellate and pyramidal neurons) represent connected and un-
connected neurons, respectively.

(H) Values for the connectivity between SBC and L2-6 interneurons, stellate, or pyramidal neurons involved in the same or different L1 SBC-led disinhibitory
circuits. Asterisks indicate p < 0.05 (chi-squared tests). Note the average distance of pair-recorded SBCs to be 134.0 + 8.7 um (n = 8).

Note —e and ® in (G) and (H) represent synaptic connection and no connection, respectively.

(Figures 41-4K and S4). Moreover, all neuronal components of
the entorhinal L1 SBC-led disinhibitory circuit were confined
within columnar areas with a radius of ~75 pm beneath the
SBCs (Figures 4K-4L and S4). These results indicate that ento-
rhinal L1 SBC-led disinhibitory circuits exhibit the translaminar,
unidirectional, and minicolumnar disinhibition features identical
to those in the neocortex. The findings support the idea that

the modular organizational architecture is applicable across all
cortical areas.

Reconstructing sufficient elements, including both neurons
and their connections, of L1 SBC-led disinhibitory circuits across
somatosensory, motor, prefrontal, and entorhinal cortical areas
yields several generalized architectural features (Figures 4M-
4Q). First, L1 SBCs inhibit at least ~30% interneurons and
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(A) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons and pyramidal neurons recorded simultaneously from a mouse acute motor

cortical slice. The double colored dots indicate putative synaptic contacts.
(B) The schematic shows synaptic connections.

(C) The plot shows relative distances from L2-6 interneurons and pyramidal neurons to SBCs (horizontal distance in the x axis) and the cortical pia surface (vertical

distance in the y axis).

(D) Lateral distributions of SBC-inhibited L2-6 interneurons and SBC-disinhibited L2-6 pyramidal neurons in the motor cortex. See also Figure S1.
(E) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons and pyramidal neurons recorded simultaneously from a mouse acute prefrontal

cortical slice. The double colored dots indicate putative synaptic contacts.
(F) The schematic shows synaptic connections.

(G) The plot shows relative distances from L2-6 interneurons and pyramidal neurons to SBCs (horizontal distance in the x axis) and the cortical pia surface (vertical

distance in the y axis).

(H) Lateral distributions of SBC-inhibited L2-6 interneurons and SBC-disinhibited L2-6 pyramidal neurons of the prefrontal cortex. See also Figure S2.
(I) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons, stellate, and pyramidal neurons recorded simultaneously from a mouse acute

medial entorhinal cortical slice. The double colored dots indicate putative synaptic contacts.

(J) The schematic shows synaptic connections.
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disinhibit at least ~20% stellate and pyramidal neurons in L2-6 in
the cortex (Figures 4M-4N), resulting in the translaminar disinhi-
bition on excitatory neurons. Second, L1 SBCs exhibit 100% uni-
directional inhibition on L2-6 interneurons, enabling disinhibition
of L2-6 stellate and pyramidal neurons in the cortex (Figure 40),
effectively controlling the output of local pools of cortical excit-
atory neurons. Third, L1 SBCs inhibit L2-6 interneurons and
disinhibit L2-6 stellate and pyramidal neurons within narrow col-
umns of ~75 pum in radius in the cortex, establishing the spatially
restricted minicolumnar-like disinhibition (Figure 4P). Finally, L1
SBCs form disinhibitory circuits without sharing neuronal con-
stituents, creating the functionally independent disinhibition
(Figure 4Q).

Specific deficits at SBC-disinhibited synapses in
Alzheimer’s brains

A long-standing hypothesis postulates that minor impairments
confined to specific circuits or synapses within modular circuits
can disproportionately disrupt the neural function, potentially
leading to severe neurological disorders.** The role of specific
interneuronal dysfunction in the pathogenesis of Alzheimer’s dis-
ease remains controversial.*> " Given the essential role of L1
SBC-led disinhibition in Alzheimer’s-related high cognitive func-
tions,*®*° we investigated architectural organization of disinhibi-
tory circuits in the medial entorhinal cortex of senescence-accel-
erated mouse prone 8 (SAMPS8), a spontaneous accelerated
aging mouse line.°® SAMP8 mice are considered as a robust
model of sporadic Alzheimer’s disease because these mice
harbor the Alzheimer’s-like neuropathological phenotypes,
B-amyloid deposits, Tau-like neurofibrillary tangles, and behav-
ioral alterations most closely representing the Alzheimer’s
complexity.”’ Octuple-sexdecuple patch-clamp recordings
demonstrated that entorhinal L1 SBCs led translaminar, unidi-
rectional, and minicolumnar disinhibitory circuits in 2- and
10-month-old SAMP8 mice (Figures 5A-5D, S5, and S6). Quan-
titative analysis showed that while SAMP8 mice had the same
inhibitory connection from SBCs to L2-6 interneurons as wild-
type (WT) mice, there was a progressive reduction in inhibitory
connectivity from SBC-inhibited L2-6 interneurons to L2-6 stel-
late and pyramidal neurons with aging (Figure 5E). These results
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suggest age-dependent specific deficits at synapses disinhi-
bited by SBCs.

As controls, we analyzed L1 ENGC-led inhibitory circuits,
which regulate and assist L1 SBC-led disinhibitory circuits in
salient selection.>®°? No difference was detected in the inhibi-
tory connection from ENGCs to SBCs of WT and SAMP8 mice
at different ages, indicating that L1 SBC-led disinhibitory circuits
receive the same inhibitory regulation from ENGCs (Figure 5F).
Moreover, there was no difference in the inhibitory connection
between ENGCs and L2/3 interneurons, between ENGCs and
L2-6 pyramidal neurons, and between ENGC-inhibited L2/3 in-
terneurons and L2-6 pyramidal neurons in both WT and
SAMP8 mice of various ages (Figure 5G). These results suggest
that there were no deficits in L1 ENGC-led inhibitory circuits,
including no deficits at inhibitory synapses formed by ENGC-in-
hibited L2/3 interneurons on L2-6 pyramidal neurons. Together,
these results suggest that SAMP8 mice develop age-dependent,
circuit- and connection-specific deficits within L1 SBC-led disin-
hibitory minicolumnar circuits, implying their potential relevance
to Alzheimer’s disease pathology.

We then extended our analysis to other cortical areas in
SAMP8 mice to examine the specific deficits at SBC-disinhibited
synapses. Octuple-sexdecuple patch-clamp recordings re-
vealed a sequential development of age-dependent specific def-
icits in L1 SBC-led disinhibitory minicolumnar circuits across
different cortical areas in SAMP8 mice. The deficits initially
emerged in the medial entorhinal cortex during the first 2 post-
natal months, followed by the prefrontal cortex (at 4-6 months)
and sensorimotor cortices (at 8-10 months) (Figures 5E
and 6F). These deficits progressively worsened with age
(Figures 5E and 6F). These results indicate a pattern of sequential
development and spread of age-dependent specific deficits in
L1 SBC-led disinhibitory minicolumnar circuits, reminiscent of
the progressive spread of pathology observed in Alzheimer’s
disease.

The spread of deficits of SBC-disinhibited synapses from the
medial entorhinal cortex to the prefrontal and other cortical areas
appears to correlate with the development of Alzheimer’s cogni-
tive impairments early in spatial navigation, learning, and mem-
ory, and later in complex attentional, executive, and other func-
tions.>*** Hence, we used fear conditioning and Morris water

(K) The plot of relative distances from L2-6 interneurons, stellate, and pyramidal neurons to SBCs (horizontal distance in the x axis) and the cortical pia surface
(vertical distance in the y axis). Note in (C), (G), and (K), filled and empty dots (interneurons) or triangles (pyramidal neurons) represent connected and unconnected
neurons, respectively.

(L) Lateral distributions of SBC-inhibited L2-6 interneurons and SBC-disinhibited L2-6 stellate and pyramidal neurons in the medial entorhinal cortex. See also
Figure S4.

(M) Average values for the connectivity between SBCs and L2-6 interneurons, stellate, or pyramidal neurons in the somatosensory, motor, prefrontal, and medial
entorhinal cortices.

(N) Average values for the connectivity between SBC-inhibited L2-6 interneurons and L2-6 stellate or pyramidal neurons in the somatosensory, motor, prefrontal,
and medial entorhinal cortices.

(O) Average values for the connectivity between SBCs and ENGCs or L2-6 interneurons in the somatosensory, motor, prefrontal, and medial entorhinal cortices.
Asterisks in (M)-(O) indicate p < 0.05 (chi-squared tests).

(P) Lateral distribution of SBC-inhibited L2-6 interneurons and SBC-disinhibited L2-6 stellate or pyramidal neurons in the somatosensory, motor, prefrontal, and
medial entorhinal cortices.

Note —e and ® in (C), (D), (G), (H), (K), (L), and (M)—(P) represent synaptic connection and no connection, respectively.

(Q) Model for modular cortical translaminar, unidirectional, minicolumnar, and independent disinhibitory circuits. Note the minicolumnar architecture enclosing an
area of ~75 pm in radius, enough to accommodate roughly a set of dendritic bundle (~30-60 um in dimeter), a set of axonal bundle (~15-30 um in dimeter), and
the associated L2-6 neurons at any of its radial direction (and up to ~6-8 sets in all directions) or ~1,500 neurons.*%°
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Figure 5. Selective deficits in L1 SBC-led modular disinhibitory circuits in SAMP8 mice

(A) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons, stellate, and pyramidal neurons recorded simultaneously from an acute medial

entorhinal cortical slice of A 2-month-old SAMP8 mouse. The double colored dots indicate putative synaptic contacts.
(B) The schematic shows synaptic connections.

(C) Reconstruction of L1 SBC (pink), ENGC (green), and multiple L2-6 interneurons, stellate, and pyramidal neurons recorded simultaneously from an acute

medial entorhinal cortical slice of A 10-month-old SAMP8 mouse. The double colored dots indicate putative synaptic contacts.
(D) The schematic shows synaptic connections.

(E) Values for the connectivity between SBCs and L2-6 interneurons (WT-2M [SI]: 16.09%, n = 348; WT-2M [MEC]: 16.36%, n = 55, % = 0.0026, p = 0.959; WT-
10M (MEC): 15.71%, n = 70, %2 = 0.0062, p = 0.937; SAMP8-2M [MEC]: 14.49%, n = 207, %2 = 0.2535, p = 0.615; SAMP8-10M [MEC]: 13.33%, n = 120, x® =

(legend continued on next page)
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maze hidden-platform tests to evaluate the cognitive function of
WT and SAMP8 mice. During fear conditioning, both SAMP8 and
WT mice displayed similar responses to the tone and footshock,
as well as comparable levels of freezing during the training phase
(Figures 6A and 6B). However, during the memory testing con-
ducted 24 h after fear conditioning, SAMP8 mice exhibited a
gradual reduction in freezing behavior compared with WT mice
as they aged (Figure 6B), indicative of an age-dependent impair-
ment in associative memory.

To verify the findings, we conducted the Morris water maze
hidden-platform tests. Over the course of the training period,
WT mice displayed a significant decrease in the latency required
to find the hidden platform, indicating improved spatial learning,
whereas SAMP8 mice consistently showed longer escape la-
tencies with less improvement (Figures 6C and 6D). During the
probe trial on day 7, when the platform was removed from the
swimming pool, WT mice spent more time in the target quadrant
where the platform had previously been placed, whereas SAMP8
mice spent relatively more similar amounts of time in all four
quadrants (Figure 6E), indicating an impairment in spatial mem-
ory. Older SMAP8 mice exhibited more pronounced impair-
ments in spatial learning and memory (Figure 6E). Importantly,
the severity of specific deficits at SBC-disinhibited synapses in
cortical minicolumnar circuits showed a linear correlation with
the degree of learning and memory impairments in SAMP8
mice as they age (Figures 6F-6H). This correlation supports
the notion that the circuit- and connection-specific deficits at
SBC-disinhibited synapses are closely associated with Alz-
heimer’s-like cognitive impairments in SAMP8 mice. Taken
together, the observed age dependence, spread of cortical pa-
thology, and correlation with cognitive impairments indicate
that the circuit- and connection-specific deficits at SBC-disinhi-
bited synapses in cortical minicolumnar circuits are closely
correlated with Alzheimer’s-like cognitive impairments in
SAMP8 mice.

DISCUSSION

This study reports the development of a simultaneous
and sequential octuple-sexdecuple whole-cell patch-clamp
recording system that enables interconnection analysis of alarge
number of neurons and multiple associated circuit motifs to
achieve architectural reconstruction of complex cortical circuits.
Architectural reconstruction of L1 SBC-led disinhibitory neuronal
circuits in the mouse somatosensory, motor, prefrontal, and
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medial entorhinal cortical areas unveils a modular cortical
elementary processing circuit. The modular cortical circuit fea-
tures the translaminar, unidirectional, minicolumnar, and inde-
pendent disinhibition (Figure 4Q). Moreover, architectural recon-
struction of L1 SBC-led disinhibitory minicolumnar circuits in
senescence-accelerated mouse prone 8 validates the modular
cortical circuit architecture and discloses the specific deficits
at SBC-disinhibited synapses in this Alzheimer’s mouse model.
The circuit- and connection-specific deficits exhibit properties
characteristic Alzheimer’s disease, suggesting a disinhibition
mechanism associated with this condition. These results vali-
date the applicability of octuple-sexdecuple patch-clamp re-
cordings in deciphering complex cortical circuits in healthy and
diseased brains.

Architectural reconstruction of complex circuits

The central tenet of connectomics is to reconstruct sufficient
neuronal constituents with their synaptic connections of a neural
circuit to reveal its architectural organization that dictates basic
principles of brain operation. ' However, existing techniques
struggle in interconnection analysis of a large number of neurons
and multiple circuit motifs to reconstruct architectural schemes
of complex cortical circuits, even though they are effective inillu-
minating the fine details of cortical circuit motifs.'“~'® This report
shows that octuple-sexdecuple patch-clamp recordings enable
interconnection analysis among a large number of neurons and
associated circuit motifs in complex cortical circuits. The anal-
ysis yields the architectural structure of a cortical complex cir-
cuit—the modular L1 SBC-led disinhibitory minicolumnar circuit.
The architectural scheme reveals that individual L1 SBCs con-
nect multiple disinhibitory circuit motifs mediated by distinct
types of interneurons (i.e., L2-6 MCs, NGCs, BTCs, BPCs,
BCs, DBCs, and ChCs) and excitatory neurons (i.e., L2-6 stellate
and pyramidal neurons). The disinhibitory circuit motifs are par-
allelly linked, forming complex circuits that achieve translaminar,
unidirectional, minicolumnar, and independent disinhibition. The
findings validate the capable of octuple-sexdecuple patch-
clamp recordings in elucidating architectures of complex cortical
circuits. The knowledge, which bridges the gap between the
properties of cortical neurons or circuit motifs and the operation
of the cortex, contributes to a better understanding of the
neural basis of behavior. Moreover, the discovery of cortical
architectural designs holds promise for advancements in artifi-
cial intelligence.? The rudimentary knowledge of cortical circuit
organization and operational design has already inspired the

0.5216, p = 0.470) and between SBC-inhibited L2-6 interneurons and L2-6 stellate or pyramidal neurons (WT-2M [Sl]: 19.10%, n = 377; WT-2M [MEC]: 18.00%,
n =50, %2 =0.0346, p = 0.852; WT-10M [MEC]: 18.07%, n = 83, %2 = 0.0467, p = 0.829; SAMP8-2M [MEC]: 12.83%, n = 226, %2 = 3.9788, p = 0.046; SAMP8-10M
[MEC]: 3.97%, n = 126, %2 = 16.6744, p < 0.0005).

(F) Values for the connectivity between ENGCs and SBCs (WT-2M [SI]: 37.50%, n = 16; WT-2M [MEC]: 36.84%, n = 19, %2 = 0.0016, p = 0.968; WT-10M [MEC]:
36.00%, n =25, %> = 0.0095, p = 0.923; SAMP8-2M [MEC]: 36.36%, n = 22, %> = 0.0051, p = 0.943; SAMP8-10M [MEC]: 35.00%, n = 20, ® = 0.0241, p = 0.877).
(G) Values for the connectivity between ENGCs and L2/3 interneurons (WT-2M [SI]: 20.73%, n = 632; WT-2M [MEC]: 20.24%, n = 588, %2 = 0.0448, p = 0.832; WT-
10M [MEC]: 20.97%, n = 434, % = 0.0090, p = 0.925; SAMP8-2M [MEC]: 20.15%, n = 402, %2 = 0.0505, p = 0.822; SAMP8-10M [MEC]: 19.00%, n = 379, %° =
0.4421, p = 0.506), between ENGCs and L2-6 pyramidal neurons (WT-2M [SI]: 16.40%, n = 372; WT-2M [MEC]: 15.54%, n = 354, %% = 0.1002, p = 0.752; WT-10M
[MEC]: 15.66%, n = 249, 2 = 0.0597, p = 0.807; SAMP8-2M [MEC]: 16.67%, n = 306, % = 0.0088, p = 0.925; SAMP8-10M [MEC]: 14.50%, n = 274, 2 = 0.3873,
p = 0.534), and between ENGC-inhibited L2/3 interneurons and L2-6 pyramidal neurons (WT-2M [SI]: 13.79%, n = 319; WT-2M [MEC]: 14.44%, n = 187, x® =
0.0407, p = 0.840; WT-10M [MEC]: 13.62%, n = 257, %2 = 0.0037, p = 0.952; SAMP8-2M [MEC]: 12.09%, n = 215, %2 = 0.3259, p = 0.568; SAMP8-10M [MEC]:
11.388, n = 202, * = 0.3984, p = 0.528) in the somatosensory cortex of 2-month-old wild-type mice, medial entorhinal cortex of 2-month and 10-month-old wild-
type mice, and medial entorhinal cortex of 2-month and 10-month-old SAMP8 mice. Asterisks indicate p < 0.05 (chi-squared tests).
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Figure 6. Selective deficits in L1 SBC-led modular disinhibitory circuits in SAMP8 mice

(A) The schematic shows associative learning test.

(B) Left, freezing time of 10-month-old wild-type mice (7.55% + 0.88%, n=12, U=73.0, p = 0.979), and 2-month-old (7.67% + 1.08%, n=12, U =75.5, p = 0.862),
4-month-old (7.77% + 0.82%, n =12, U = 73.0, p = 0.977), 6-month-old (7.90% + 0.77%, n =12, U = 77.0, p = 0.795), 8-month-old (7.96% + 0.84%, n=12, U =
75.0, p = 0.885), and 10-month-old (8.28% + 1.00%, n = 12, U = 75.5, p = 0.862) SAMP8 mice compared with control 2-month-old wild-type mice (7.44% +
0.84%, n = 12) during conditioning. Right, freezing time of 10-month-old wild-type mice (54.11% + 3.82%, n=12, U =57.0, p = 0.403), and 2-month-old (47.87% +
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development of convolutional neural networks (CNNs) and CNN-
based machine learning.>>*° Similarly, the insights gained from
the intricate architectural design of cortical minicolumns may
further revolutionize artificial neural networks.

Disinhibitory circuits

The reported disinhibitory circuit motifs, led by either VIP-ex-
pressing neurons or L1 SBCs, appear to be conserved across
various cortical areas.>®'%143357=61 However, it is important
to note that VIP-expressing neurons exhibit heterogeneity in their
constituent cell types, which can contribute to differences in the
specific circuit motifs they form. In many cases, VIP cells form
mutual inhibitory connections with other interneurons,'#*>>°
although there are exceptions.'* Additionally, some VIP cells
are known to directly inhibit excitatory neurons.*® Finally, the
relationship between L1 SBCs and VIP cells is still not fully un-
derstood, and it remains uncertain whether L1 SBCs belong to
a subset of VIP cells.?® This indicates that further investigation
is necessary to determine whether all VIP cells or only a specific
subset of them are involved in achieving disinhibition and the
mechanisms by which disinhibition is achieved.

This study provides new insights into the mechanism by which
L1 SBC-led disinhibitory circuits achieve salient selection.
Salient selection is a process that develops postnatally and relies
on dendritic calcium spikes,®>®® which is also postnatally devel-
oped and functions as a coincidence detection mechanism gov-
erning the output of excitatory neurons.®>545° |1 SBC-led disin-
hibitory circuits relieve a small number of excitatory neurons
from the powerful, widespread inhibition mediated by L1
ENGC-led inhibitory circuits. By doing so, the disinhibitory cir-
cuits enable this small number of excitatory neurons to carry
out coincidence detection of salient information.>® In turn, L1
ENGC-led inhibitory circuits terminate the disinhibition and coin-
cidence detection by inhibiting L1 SBCs.*°? Thus, SBC-led dis-
inhibitory circuits and ENGC-led inhibitory circuits work as a
consummate team to effectively filter out “noise” in the incoming
information and enhance attention to salient signals. In this
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neurons in the deeper cortical layers (from L2 to L6) in a unidirec-
tional manner, without inhibiting any stellate or pyramidal neu-
rons within the layers. This finding confirms the dominant
control exerted by SBCs over excitatory neurons. Further archi-
tectural analysis reveals that L1 SBCs establish translaminar,
unidirectional, minicolumnar, and independent disinhibitory cir-
cuits that are conserved across different cortical areas. This
modular design supports a model that the same salient selection
circuitry is employed to achieve diverse information processing
in various cortical areas. Furthermore, it provides an explanation
for the involvement of L1 SBC-led disinhibitory circuits in varied
higher cognitive functions such as perception, attention, spatial
navigation, learning, and memory.””'>*? In summary, the study
sheds light on how L1 SBC-led disinhibitory circuits contribute
to salient selection in cortical circuits. The modular circuitry
observed suggests a common mechanism for achieving salient
selection across different cortical areas, providing insights into
the role of these circuits in various cognitive behaviors.

Cortical modular minicolumnar circuits

The minicolumnar-like parcellation of the cortex has been a
prominent model for understanding cortical function and the
subject of debate since its introduction in 1957.%°” Based on
a collection of anatomical, physiological, and metabolism activ-
ity work that supports the existence of cortical periodicity,
Mountcastle and others brought together a bold minicolumnar
hypothesis. The Mountcastle model postulates that a tightly knit-
ted local pool of neurons in cortical minicolumns form a concen-
trated circuitry that serves as the cortical elementary processing
unit of cortex.®® Recent studies have identified a few circuit mo-
tifs that could potentially function as components of minicolum-
nar circuits.’*®%®® However, due to the technical challenges
involved in revealing the overall structure of canonical neuronal
circuits within cortical minicolumns, the legitimacy of the minico-
lumnar theory remains unverified. As a result, our understanding
of whether modular minicolumnar circuits exist in the cortex and,
if they do, how they are designed to operate and accomplish

study, the new data show that L1 SBCs selectively inhibit inter-  complex behaviors remains limited.3#-%>:8:69

2.92%,n=12,U=36.0, p = 0.040), 4-month-old (30.02% + 3.26%, n=12, U =6.0, p < 0.001), 6-month-old (22.26% + 3.37%, n =12, U = 3.0, p < 0.001), 8-month-
old (18.72% + 2.33%,n=12, U= 0.0, p < 0.001), and 10-month-old (12.78% + 2.11%, n= 12, U = 0.0, p < 0.001) SAMP8 mice compared with control 2-month-old
wild-type mice (59.32% =+ 3.92%, n = 12) in contextual learning tests.

(C) The schematic shows MWM spatial learning test.

(D) Escape latency of 10-month-old wild-type mice (23.1 £ 1.7 s, n = 14, U = 134.5, p = 0.098), and 2-month-old (30.3 + 2.8 s, n = 14, U = 163.0, p = 0.003),
4-month-old (37.1 £ 2.2 s, n = 14, U = 184.0, p < 0.001), 6-month-old (39.8 + 2.4 s, n = 14, U = 185.5, p < 0.001), 8-month-old (42.9 + 2.0 s, n = 14, U = 194.0,
p < 0.001), and 10-month-old (47.9 + 2.3 s, n = 14, U = 196.0, p < 0.001) SAMP8 mice compared with control 2-month-old wild-type mice (20.3 + 1.8 s, n = 14)
during Morris water maze tests on day 7.

(E) Relative swimming time in each quadrant of 2-month-old (T: 50.2% + 3.2%, R: 17.1% + 2.6%, O: 18.0% + 2.6%, L: 14.7% + 1.9%,n=14,3.0 < U < 5.0,
p < 0.001) and 10-month-old (T: 48.2% + 4.5%, R: 18.6% + 2.3%, O: 16.2% + 2.3%, L: 17.0% + 2.6%, n=14,4.0 < U < 5.0, p < 0.001) wild-type mice and of
2-month-old (T: 38.9% + 3.9%, R: 19.1% + 2.1%, 0: 21.6% + 2.2%, L: 24.6% + 2.8%,n=14,21.0 < U < 23.0, p < 0.002), 4-month-old (T: 36.6% + 3.0%, R:
21.0% +2.5%, 0: 23.0% +2.2%, L: 19.3% + 3.0%, n=14,27.0 < U < 32.5, p < 0.003), 6-month-old (T: 31.7% + 2.7%, R: 23.2% + 2.7%, 0: 23.4% + 1.4%, L:
21.7% £ 1.7%,n=14,34.0 < U < 57.0, 0.004 < p < 0.063), 8-month-old (T: 30.2% = 3.1%, R: 23.5% + 1.9%, O: 23.8% + 1.8%, L: 22.5% + 3.2%, n = 14,
61.0 < U < 69.0, p > 0.05), and 10-month-old (T: 28.2% + 2.7%, R: 24.8% + 2.5%, O: 23.4% +2.1%, L: 23.6% + 3.3%,n=14,71.5 < U < 77.0, p > 0.250)
SAMP8 mice in probe trials on day 7. Data are represented as mean + SEM in (B), (D), and (E). Asterisks indicate p < 0.05 (Mann-Whitney Rank Sum tests).
(F) The plot shows progressive deficits in inhibitory connection between SBC-inhibited L2-6 interneurons and stellate or pyramidal neurons in the medial en-
torhinal, prefrontal, and sensorimotor cortices of SAMP8 mice at different ages.

(G) The plot shows correlations between cognitive impairments, including associative memory (n = 6; normality test passed, p = 0.67; constant variance test
passed, p=0.06;r=0.974, F=75.0, p <0.001), spatial learning (n = 6; normality test passed, p = 0.75; constant variance test passed, p =0.06; r=0.985, F = 128.5,
p < 0.001), or spatial memory (n = 6; normality test passed, p = 0.16; constant variance passed, p = 0.06; r = 0.993, F = 208.4, p < 0.001), and specific deficits at
SBC-disinhibited synapses in the medial entorhinal cortex of SAMP8 mice at different ages.
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The architectural reconstruction of L1 SBC-led modular disin-
hibitory circuits provides valuable insights into the design and
operational principles of cortical minicolumnar circuits. One
key aspect addressed by the reconstruction is the involvement
of L1 neurons in the formation and operation of minicolumns,
which is unanswered in the minicolumnar model due to lack of
experimental data.’® The reconstruction here shows that L1
SBCs epicentrally lead the translaminar canonical disinhibitory
circuits, underscoring the vital role of cortical L1 neurons and
the participation of neurons across all cortical layers. The trans-
laminar architectural design permits the canonical circuits to uti-
lize and coordinate inputs and outputs from all layers, adding
complexity to cortical processing.

Another important architectural feature revealed by the recon-
struction is that L1 SBCs form unidirectional inhibition on L2-6 in-
terneurons, and execute unidirectional disinhibition on L2-6 stel-
late and pyramidal neurons. The dominative architectural design
allows L1 SBCs to diminish the autonomy of other neurons in ca-
nonical circuits and dominate the output of minicolumns. Such
cooperation among a large number of neurons within minicol-
umns facilitates the attainment of subtlety and plasticity in
cortical processing.

The reconstructed L1 SBC-led disinhibitory circuits span an
area of ~75 pum in radius (Figure 4Q). This size is sufficient to
accommodate dendritic (~30-60 um in dimeter) and axonal
bundle (~15-30 um in dimeter) as well as associated L2-6 neu-
rons in ~6-8 radial directions. Assuming the number of neurons
involved in single sets of dendritic and axonal bundles being
~180 (cf. Jones®®), the estimated number of neurons housed
in single cortical minicolumns is ~1,260. This estimation closely
matches the estimated ~1,660 neurons per minicolumnar area
based on cortical neuron density (cf. Carlo and Stevens®).
Considering the standard sizing of cortical columns as slightly
elongated hexagons with a diameter of ~300-400 pm in diam-
eter,®® this information suggests that each cortical column con-
sists of ~7 minicolumns arranged in presumably hexagonal
structures (Figure 4Q). The average distance of pair-recorded
SBCs is ~140 um (Figure 3). This suggests that individual mini-
columnar disinhibitory circuits are likely led by single SBCs.
Finally, the reconstruction answers another unresolved issue
of whether minicolumnar circuits function independently.
Simultaneous recordings show that SBC-led disinhibitory cir-
cuits do not intermingle, indicating independent operation be-
tween minicolumns. The minicolumnar and independent archi-
tectural schemes enhance variation and redundancy in cortical
processing.

Overall, the architectural analysis of the elementary process-
ing circuit within cortical minicolumns provides new insights
into operational principles of the cortex. Within cortical minicol-
umns, 1,500-neuron canonical circuits, which harness the power
of local pools of large numbers of cortical neurons, serve as
basic functional units for complex tasks with precision and plas-
ticity. This high-density local neuronal connectivity design is ad-
vantageous in terms of physical organization and efficiency. Be-
tween cortical minicolumns and cortical areas, the cortex utilizes
multiplied canonical circuits in parallel to effectively handle
diverse tasks and maintain resilience to the loss of a large
cortical area, such as in hemispherectomy, due to redundancy.
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Clinical implication

The advantageous architectural design of L1 SBC-led modular
disinhibitory circuits may make them susceptible to relatively
minor impairments that could disrupt cortical operation in a
disproportionate manner.** Inspired by this possibility, we
examined the architectural organization of L1 SBC-led disinhi-
bitory circuits in an Alzheimer’s mouse model. The analysis dis-
closes relatively minor, circuit- and connection-specific deficits
in minicolumnar disinhibitory circuits, which take place at SBC-
disinhibited synapses made by SBC-inhibited L2-6 interneu-
rons on L2-6 stellate and pyramidal neurons, but not at SBC-in-
hibited synapses. On the other hand, in L1 ENGC-led inhibitory
circuits, no deficits are observed at inhibitory synapses made
by ENGCs on SBCs, on L2/3 interneurons, and L2-6 pyramidal
neurons, as well as those made by ENGC-inhibited L2/3 inter-
neurons on L2-6 pyramidal neurons. Quantitative analysis
shows that the specific deficits at SBC-disinhibited synapses
exhibit characteristic Alzheimer’s-like age-dependent patterns,
cortical spread, and correlation with cognitive impairments
(Figures 6F and 6G), suggesting a disinhibition-mediated mech-
anism that may contribute to the development of Alzheimer’s
disease.

The specific deficits at SBC-disinhibited synapses, but not
other inhibitory synapses, account for the disinhibition seen in
Alzheimer’s brains and help to explain many conflicting effects
of global inhibitory manipulations on cognitive impairments
associated with the disease.**™’ Similar disinhibition-like syn-
aptic pathology is observed in the other two widely used Alz-
heimer’s mouse models, ApoE4 and Tau(P301S) transgenic
mice.”®"%"2 It would be intriguing in the future to investigate
whether specific deficits at SBC-disinhibited synapses repre-
sent a generalized, converging pathogenic mechanism at the
neuronal circuit level for multiple genetic forms of Alzheimer’s
disease.

Furthermore, minor alterations in modular cortical circuits
could contribute to other disorders, such as autism, schizo-
phrenia, depression, and epilepsy.** The use of octuple-sexde-
cuple patch-clamp recordings allows quantitative analysis of
complex cortical circuit architectures, facilitating the effort of
causally linking complex cortical circuit properties with physio-
logical actions, clinical symptoms in diseases, and therapeutic
benefits.

Limitations of the study

Despite the integration of automatic procedures, octuple-sex-
decuple patch-clamp recordings still require manual operation
for the delicate gigasealing step, making it still a skill-
demanding approach. This is due in part to the need for a
high-quality seal between the recording electrode and the
target neuron’s membrane, which is essential for rigorous con-
nectivity analysis. Regarding the specific deficits identified at
SBC-disinhibited synapses, further experiments are necessary
to determine the precise nature of these deficits. It is impor-
tant to investigate whether the disinhibitory deficits are spe-
cific to certain presynaptic interneuron types (such as MCs,
NGCs, BTCs, BPCs, BCs, DBCs, and/or ChCs), specific
postsynaptic excitatory neuron populations, and/or specific
cortical layers.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Biocytin Sigma-Aldrich Cat No: 576-19-12
Spermine Sigma-Aldrich Cat No: 71-44-3
Sodium phosphocreatine Sigma-Aldrich Cat No: 19333-65-4
Na,ATP Sigma-Aldrich Cat No: 987-65-5
MgATP Sigma-Aldrich Cat No: 74804-12-9
Na,GTP Sigma-Aldrich Cat No: 36051-31-7
Tetrodotoxin citrate (TTX, Na channel Calbiochem Cat No: 554412
blocker)

Experimental models: Organisms/strains

Mouse: C57BL/6 Jackson Laboratory Stock No: 000664;
RRID:IMSR_JAX:000664
Mouse: SAMP8 Envigo (formerly Harlan) Stock No: SAMP8/TaHsd

RRID:IMSR_ENV:HSD-954

Software and algorithms

Igor Pro 6 Wavemetrics http://www.wavemetrics.com/

PEPOI; an Igor-based operation and Home-made”® Contact UVA Patent Foundation (https://
analysis program for simultaneous Ivg.virginia.edu/) for the end user license
Electrophysiology, Optogenetics & Imaging

experiments

Neurolucida BMF Bioscience https://www.mbfbioscience.com/

products/neurolucida/
Multiple simultaneous automatic patch- Luigs & Neumann GmbH https://www.luigs-neumann.org/
clamp procedures integrated in the remote
control SM10%°°" system

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents can be directed to and will be fulfilled by Dr. Julius Zhu (jzhu@
virginia.edu).

Materials availability
This study did not generate unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® The original codes for data generation and analysis will be shared by the lead contact upon request. These codes have also
been deposited and publicly available at University of Virginia Patent Foundation and/or Luigs & Neumann GmbH as of the
date of publication. The links to access are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Adult male and female C57BL/6J and senescence-accelerated mouse prone 8 (SAMP8) mice (> postnatal 42-day-old or P42) were
used in this study. The animals were housed in the animal facilities under controlled conditions. They were kept in a temperature-
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controlled room with a 12-h light and 12-h dark cycle. Food and water were available ad libitum. All procedures for animal surgery and
maintenance were performed following protocols approved by the Animal Care & Use Committee of the University of Virginia and in
accordance with US National Institutes of Health guidelines.

METHOD DETAILS

Parallel brain slice preparation

Decoding complex neuronal circuits often requires the analysis of large datasets of neurons and their synaptic connections. This
analysis is most effectively conducted using brain tissue slice or tissue block preparations.®>*'® Simultaneous whole-cell patch-
clamp recording method is advantageous over high-speed electron microscopy in deciphering functional neuronal circuits. However,
unlikely optogenetic approaches, the patch-clamp method requires the presence of all elements of the circuit in single tissue slices.
Hence, we focused our effort on preparing the healthiest slices that preserved sufficient neurons and their connections. Acute cortical
slices were made from ~2 to 10-month old animals following our previous studies.®®"* In brief, animals were deeply anesthetized by
xylazine-ketamine, decapitated, and then the brain was quickly removed and placed into cold (0—4°C) oxygenated physiological so-
lution containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCO3, 1 MgCl,, 25 dextrose, and 2 CaCl,, pH 7.4. Different slicing
techniques were employed to optimize the preparation process. For the motor-prefrontal and somatosensory cortical slices, the
mouse brain was severed into two hemispheres with a straight middle cut, and then, the right brain hemisphere was laid down on
a ramp with an angle of 22° or 27° in a slicing chamber, respectively.®>”° The entorhinal cortical slices were made by optimizing a
previous preparation.’® Specifically, separation of the right brain hemisphere was made with a cut at an angle of 9° along the ante-
rior-posterior axis and an angle of 4.5° along the dorsal-ventral axis, and the right brain hemisphere was then laid down on the flat
bottom of the slicing chamber. Horizontal or sagittal brain slices 400-um thick were cut from the hemispheres with a microslicer (DTK-
1000; Dosaka, Kyoto, Japan), which is essential for preparing healthy tissue slices.””

Typically, 4-5 brain slices were collected, and incubated at 37.0 + 0.5°C in oxygenated physiological solution for ~30—60 min prior
to recordings. Visual inspection was made to select one brain slice that retained intact apical dendrites of large layer 5-6 (L5-6) py-
ramidal neurons in L1-2. This slice, with the dendrites (and axons) best aligned to the slice surface and thus more intact transsynaptic
circuits retained, was chosen for the experiment. Nevertheless, it is important to acknowledge that slice sectioning amputated a sig-
nificant amount of neuronal connections, leading to underestimated connectivity values reported in the study. During the recording,
the slices were submerged in a chamber and stabilized with a fine nylon net attached to a platinum ring.

Electrophysiology

Simultaneous whole-cell patch-clamp in vitro recordings were obtained as previously described.>° Briefly, patch recording pipettes
(4—7 MQ) were filled with intracellular solutions containing (mM): 135 cesium methanesulfonate, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0.4
Naz;GTP, 10 sodium phosphocreatine, 0.6 EGTA, 0.1 spermine and 0.5% biocytin, at pH 7.25 for current recordings, or 120 potas-
sium gluconate, 10 HEPES, 4 KCI, 4 MgATP, 0.3 Na,GTP, 10 sodium phosphocreatine and 0.5% biocytin, at pH 7.25, for voltage
recordings. The recording system consisted of eight Axopatch 200B and/or Axoclamp 2A/B amplifiers (Molecular Devices, Sunny-
vale, CA), eight JUNIOR Compact motorized manipulators (Lugis & Neumann Feinmechanik and Elektrotechnik, Ratingen, Germany).
The recording system was interfaced with two ITC-18 interface boards (HEKA Instruments Inc, Bellmore, NY) and multiple DAQ
boards (National Instruments Corporation, Austin, TX) custom-modified to achieve simultaneous A/D and D/A conversions of current,
voltage, and command and triggering signals for eight amplifiers, as well as operational control of eight motorized manipulators and a
Zeiss microscope.

In the recorded neurons, the presynaptic single action potential-evoked ulPSCs or ulPSPs in >4-week old cortical neurons were
highly reliable and often exhibited no transmission failure. This reliability enabled the unambiguous identification of inhibitory synaptic
connections after online monitoring of the average responses of short-latency ulPSPs for > 20 episodes.”® Unless otherwise spec-
ified, 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 typically averages of 20-200 consecutive episodes.

Octuple-sexdecuple recording system

To develop a system capable of handling >10 neurons, we initially incorporated 16 Luigs and Neumann JUNIOR Compact manip-
ulators (Luigs and Neumann GmbH, Ratingen, Germany), which was minimized to 49 mm in width,”® in our recording system. Yet, our
tests proved this design ineffective because including >8 manipulators in the setup congested the working space, which made the
task more challenging and prone to human errors. Additionally, the increased setup complexity led to longer recording times required
to obtain individual recordings, which averaged from ~6 to 8 min in an octuple setup to ~8—11 min in a sexdecuple setup. Frequently,
after obtaining patch-clamp recordings from the ~10" neurons, the first-recorded neurons and/or brain slices started to deteriorate,
leaving little time for rigorous connectivity analysis.

To address these challenges, we reset the system back to eight manipulators and implemented an alternative sequential recording
strategy to record >10 neurons (cf.?%). We developed automatic procedural algorithms to operate microscope and manipulators.
Iterative algorithm evolution optimized automatic procedures, which performed image analysis, identified suitable neurons for tar-
geted recording, assigned targeted neurons to appropriate manipulators (with optimized approaching angles), set up recording
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orders, and positioned patch electrodes next to targeted neurons. Investigators manually performed the delicate gigasealing step, as
it demanded rapid and experienced reactions to accommodate the diverse neuronal responses to the approaching and gigasealing
of patch pipettes.

The filling of patch pipettes with internal solution was facilitated by with semiautomatic apparatuses developed previously,®® and
the replacement of pipettes was assisted by the Luigs and Neumann ultra-stable guide-rail electrode exchange system.”® This hybrid
automatic and manual recording system optimized high-throughput and high-quality, reducing the average time of obtaining record-
ings from individual cells to ~3—5 min (cf.*?). Importantly, this system maintained high success rates of high-quality whole-cell re-
cordings from interneurons (>95%), and stellate and pyramidal neurons (>99%). Quantitative analysis showed no difference in con-
nectivity measurements between the initial and sequential multiple recordings (Figure S7, cf; *78), validating the effectiveness of
octuple-sexdecuple patch-clamp recording system. The mechanical, electronic, and algorithmic improvements pertaining to the
octuple-sexdecuple patch-clamp recording method have been communicated to Luigs and Neumann GmbH in Germany. The com-
pany has enhanced and incorporated these ideas into their user-friendly SM10%U°" system, aiming to the dissemination of the tech-
nique within the broader research community.

Morphology reconstruction

Light microscopic examination followed our previous procedures.”° In brief, after in vitro recordings, the slices were fixed by immer-
sion in 3% acrolein/4% paraformaldehyde in 0.1 M PBS at 4°C for 24 h, and subsequently processed with the avidin-biotin-perox-
idase method to reveal cell morphology. Morphologically recovered cells were examined, drawn, and analyzed with the aid of a mi-
croscope equipped with a 100x oil immersion objective and a computerized reconstruction system Neurolucida (BMF Bioscience,
Williston, VT). Recent taxonomy has classified cortical cells into a very large number of neuron groups, yet it remains unclear whether
the choice represents biologically'” or functionally'® discrete entities. Here, we grouped recorded neurons into the traditionally
described cortical cell types and layers based on the established criteria.”®"**% More than 85% of recorded interneurons and
95% of recorded excitatory neurons had their axonal arborization largely recovered and could thus be unambiguously classified
into these general cortical cell groups.

Behavioral analysis

Fear conditioning and Morris water maze paradigm tests are conducted following our previous protocols.?*~%° Briefly, the standard
fear conditioning is performed in an isolated shock chamber (Coulbourn Instruments, Wilmette, IL). The standard fear conditioning
training consists of a 3 min exposure of mice to the conditioning box (context) followed by a foot shock (2 s, 0.8 mA) after a preceding
tone (30 s, 3 kHz, 75 dB). The memory test is performed 24 h later by re-exposing the animals for 5 min to the conditioning context.
The water maze with hidden platform paradigm is performed in a circular tank (diameter 1.8 m) filled with opaque water. A platform
(11 x 11 cm) is submerged below the water’s surface in the center of the target quadrant. For each training trial, the mice are placed
into the maze consecutively from one of four random points of the tank. During the memory test (probe test), the platform is removed
from the tank, and the mice are allowed to swim in the maze for 60 s. These behavioral tests are imaged, and analyzed offline with fully
automated MTALAB-based algorithms.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All results were reported as mean + sem. Animals, slices, or cells were randomly assigned, and investigators are blinded to exper-
iment treatments to minimize bias. Based on the effect size d calculated from previous and preliminary data, the sample size was
estimated to be >~8—-25/group to attain the desired power of >80% with statistical significance set as o < 0.05. Statistical signif-
icance of the means was determined using non-parametric tests such as Wilcoxon and Mann-Whitney Rank Sum for paired and non-
paired samples, respectively. Chi-squared tests were used for categorical data. Statistical significance of the linear relationships of
two data groups was determined using linear regression t test (p < 0.05) provided the normality and constant variance tests passed.
The data collected from male and female animals were compared to explore possible sex-dependent differences. All the data were
pooled together for final analysis since no difference was detected. For the animals used for the behavioral tests, they were subse-
quently prepared for the electrophysiology study as well. Additional animals were included specifically for the electrophysiology ex-
periments. The electrophysiological data obtained from animals with and without the behavioral tests were pooled together for final
analysis since no difference was detected.
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