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Introduction 3. Anatomical cell typing of inhibitory neurons 6. Motif groups organize inhibition in upper and lower layers
. ] ] ] ] . Dendritic
The tremendous diversity of intermingled cell types is one of the hallmarks of mammalian a D compartments soma proc ot avea Each motif group has a characteristic output pattern
: : : : _ Svnantic 12/ ] a Mean output distribution b Mean input fraction
cortex. Recent studies have surveyed the transcriptomic, molecular, morphological, and elec i L43 o " _ across target types. Motif groups distribute their
trophysiological characteristics of neurons within and across regions, sometimes with multiple ealures proimal | §888899888588383 §8888399884288882  output across 1-3 dominant a-types (a). Many but
modalities per neuron using techniques such as Patch-seq. Perhaps the most important differ- " S°”;1(<Q"”“’ o 11@0. - not all motif groups are responsible for a significant
- - - - i I 0 10 0 100 0 100 0 100 O 100 1> 000" | I " 12} i
ences relate to how cells communicate with one another, but it remains difficult to comprehen- To generate structural analogues of classical cell L5 Synam Synm Syn i Sy fm Syn slece.. - 3 fraction of the mapped inhibitory input onto target
. . . . . . “ onnectivity-base ike orphological an g’ - o o ° o g’ S .
sively map the rules underlying which neurons connect to which and how strongly. Here, we types often defined by molecular properties (e.g. ¢ nhiviory Newons g O s aories 3 3]...0:® . . 8 ¢ cells (b)
illimet le elect i | f isual cortex to densel SST or VIP neurons), we measured how each of . sone NN NN (R5ne) Gostihed | 3 6 s*e: :
use a millimeter-scale electron microscopy volume of mouse visual cortex to densely re- the 164 interneurons distributes synapess across  nasror. — N g8t e - 8 In layers 2—4, each a-type recieves inhibition from
construct the anatomy of neurons across more than 1300 cells in all layers, produce a target neurons (a). We split excitatory neurons Fr:;a:pfi’;: STy el g 11 et g @ g ié two or three motif groups that have distinct but over-
data-driven analysis of anatomical cell types, and map the precise patterns of synaptic into four somatic and dendritic compartments and ~ frac nnio | B ey () € 141 [vean Bt TR lapping combinations of targets (¢). Some are spe-
connectivity of inhibitory neurons. Collectively, these results find pervasive specificity in treated inhibitory neurons as a de facto fifth com- e tulism - TR S 18] | OuputFraction - @G @B . 16 cific within a layer (counting layer 2 and 3 as dis-
. 2 . tment (b). Together with a measure of frequen- Frac Clumped - VRN TG 7 rergetng cen Multipolar Cells (VIP) SN P . e2% 18 tinct), while others cross layer boundaries. In con-
early sensory cortex and and new principles of inhibitory connectivity. par D). 109 | 9 ® 0.15-0.30 3 . .
cy of multisynaptic connections and a measure of e _ _ _ _ @030+ — trast, in layer 5, the most synapse-rich motif groups
: _ : : _ Perisomatic Targeting Cells Sparsely Targeting Cells 00 01 02 03 04 05 e : i
. spatial clustering of multisynaptic connections, we AE g o Fraction of Input Synapses were specific to single a-types (d).
1. Dense proofread EM reconstructions across VISp found four classes of inhibitory neurons based
purely on anatomical features that correspond ap- C d
proximately to classical or molecular categories (n=21) Specific Mixed High-synapse Low-synapse
Figure 1.1 — As part of the broader MICrONSs project, (c—e). | nbibitory Targeting el Motif Groups Motif Groups Motif Groups Motif Groups
we generated an EM volume from visual spanning all e | | 0 | (‘ | e ‘
layers, more than 1 mm wide and 500 ym deep (a) with . R jﬁw n= o |
resolution sufficient to capture ultrastructural details (b). g 4 DL ; R et e r 5
Segmentation and synapse detection was run across Antric: e (n=54) ‘ " | e —] ( L3 — o e @
the whole volume. We focused on a 100 x 100 pym Lim e e et I A o o _ _ '\ \/
column in VISp (¢) containing more than 1300 neuronal T e g e o 4. InhlbltOry COnneCt|V|ty In a cortical column 6 — ‘ Lg — e @ — LsET
nuclei (d). The column continuously followed neuronal T e R e e AL
arbors across the full depth of cortex (e). =TI R SR L K e Postsynapti AR @ | @
Nuclei * 7 Example : a ’ L2a L2b L33 L3b L3c L4a ijbsynapL:C L5a Lb5b \(/O \33 L6a L6b | L6CT L6c L6wm
a b Exc Dendrites Inh Dendrites d Inh Axons Cells . o | . e |
. PeriTC ... o o’ o m mgm m m mgm - - - -
o | — |Porontetouseal e s 7. Inhibition of inhibition reveals a new class of disinhibitory
_) We extensive|y proofread excitatory %Disﬂ'c SpeCIaI ISt that targets bas ket cel IS
o

neuron dendrites and inhibitory neuron

d InhTC output fraction DistTC-targeting InhTC (dInhTC) PeriTC-targeting INhTC (pInhTC)

Non N o axons and der)drites (a). Semi-auto- B ST LU KN s O FO S SOUSS SR S SRR il S S S R O . ZZ
ceIIs —> mated cell typing found an expected Spartt ' | ' ' i PeriTC L | o
o ties i (netes N Icaomn;qrarc?g[:\esrgfoi;glie\::ddear;scigﬁz(e?\)-. Re-| | To test if the excitatory a-types we found actually have a different DistTC o
1 - it E 4 th r ;J e ot I i [ gy o1 29978 59 > role in the cortical circuit, we looked at the connectivity of inhibitory o o
2 o (:) esn da r?usan n?\ © 4 ?g'nriph'cn'gflés e SN interneurons across a-types. The data contain 68,527 synapses > 00
t: . t igoogxo nS Sfa ? to ru Y (ZI S | | | | from inhibitory neurons onto excitatory cells (a). An average cell
.. 010,000 synaptic outputs per cell (d). Sca6scsseapsacpsc fromnearyall atypes receieved numerous synapses from periso- The common view of inhibitory cell types is that VIP+ cells @ e
- . - - - 3 matic targeting cells and distal dendrite targeting cells (b). To under- are disinhibitory specialists that preferentially target SST+ 50 -
0 10 20 0 025 05 L ¢ ! stand the organization of how cells distribute their inhibition across cells. We were thus surprised to find two classes of disinhibi- . z
Density (10° cells/mm?) 0 o 0 oy % outpt synapses. Sy cell types, we measured the density of connections from each inter- tory specialists in the column data: One that targets distal Casles {20 o g .
o 0¥ neuron onto each target a-type (c¢). High values indicate many inter- dendrite-targeting cells (consistent with the common view) o® B8 oW tde%ene Lo T 3 +
z neurons co-target (and avoid) the same a-types. The correlation and a second that taraets per; tic t ti lls (pln- LA |
1 ° | _ | gets perisomatic targeting cells (pln 20
2 Anatomlcal Ce" typl ng Of excrtatO ry neu rons -2b _structure of these densities revealed that input into Ie_lyer 2 Is largely hTC) (a). The first type are concentrated in layers 2—4 and - 21 [oee de = -L2/3 - }
b o o o o P pe Sfes & PR e independent from layer 3, that each layer 5 subtype is only weakly have bipolar dendrites (b), while the second are across all , * " L og. . 4 » O '3 0
_ NN::T:?E(@:;:;:””:W 'I'::mfm(l “”f“ .ﬂ.” Wln II‘I\IWIJMJIf .u:w.”l.”“llllllll' ﬁlll’l:”ll”hxlllullrl:lllll "l'. i \HM'l'l':”“'l"ﬁ,"llm'lf'uH,l,‘"1";|"'u"|t\l,,\|‘|',l.l v ggﬁicted Overlapplng with one anOther’ and that inhibition onto Iayer 6 is inde- |ayerS and have mUltipOlar dendrites (C) The targetS of . Q;, oe § ®-0 00 @0
USIng S.et Of 25 rObUSt mor- Sé lll‘ l M‘lﬁll"#il:llll ll“llllwlwnll‘wl||I"II!:\Ill|I||”:I‘I|I||”:“ll:‘llh/Il |I|||||||;H"|I*I:; |’|||II|;“"II”“If”lhl:lflnlllhu Ir’ ‘I\“IH"H”'II ‘ lzo ..Connected pedent from all Other IayerS' plnhTC are found acrOSS Iayers (d)- However, Similar to Other e ° _L5 _CO? f
phological feature (e.g. net EEE '1'ur\n'mm'|llr"n'"'r"wwm hmmrv e T R 'l.""'.lw A e L © Not connected INnhTCs pInhTCs receve input from distal dendrite targeting > @ 0@ o o 5 |—
path Iength)5 Synapse features 2 : S l ||1||:||||F:|:’l = ‘ ‘Ill-‘lll\lllel g Huu ‘"HH“:‘ |\||\|I - MI“MMW | I 3 Ce”S but not penSOmath Ce”S (e, f)
(€9 synapse density), and Morphological & i ‘,}“%WT'HM.E\‘ WJW\“W T"w',"‘;ﬂﬂj])‘ku f'wﬂj'm 'W' ;jk'l'nflu'\'wlm 't‘“'ﬂ&" i ‘m. "””" i Wﬁ" 5- DIVE rse in h [ bItO ry mOtIf g rou pS Wlth Simi Iar OUtpUt 50 OL1 L2/3 L4 L5 L6
combinations thereof (e.g. Synapse Features | — = Net Syn Post Soma Depth
synapse dis’f{rizuticlm \(/js depth)],c c .. I o B 5 By d iIStri butlons Pre @
we generated a landscape of 4 21;’8 ||| o b ;g%‘f% ;,W %ﬁ%% »é
the fendrltlc dlveZSIty )OfAeXCIt' Lewm‘..OO: L6c ﬁﬁﬁﬁﬁﬁi’ﬁﬁ%ﬁﬁgﬂg t: >7); . a b P L2'I;g1rge|_t4 Sng Depﬁfé C Target compartment ; 238/8 COlir(\)to
d Ory neurons (a—cC). con- -:g;’;;,-m.: .L6b L2b L6 [1- . | | E 5 5 o . m m =
sensus clustering on this land- 0 e Conclusion: key observations and principles
: £ : Lea ¥ é..“% Lsb A . ‘.;:‘.' ol bl _ -,-1" . I - . . . .
scape identified 17 anatomical .. oo ity | 44; j&j ;{%i % J ]rl J’ Pt s For each inhibitory neuron (a), we have the In addition to creating a rich anatomical resource for neuronal anatomy and single cell connec-
types (a-types) across all R e e PRSPk S 5| Y : exact distrioution of synaptic outputs across tivity, our data reveal several organizing principles for cortical connectivity:
layers, many intermingled d Lab I SN Soma space (b), compartments (c), and a-types (d). . . . : : :
across the same laminar do- ="+ e 6] acon _HEEE e Procinal Dend - Excitatory cell types can differ not only in morphology, but synaptic properties like synapse
ma|ns (d, e) §400 % i/i” iJ ; {( Dendrite ... ; ; : %0@'0on F R \(@0 Lewm ores 0.3 y denSIty and Synapse Slze
o - %%9%\%{@« “'ﬂ%% -ﬁ-@\_% ol , Parto oot = = .. |+ Inhibitory neurons specifically target (or avoid) intermingled a-types, suggesting the cortical
@’@é‘@é&%p}%ﬁ%@@%"”&"’fé&é@ o ) gpgtr-l'-l%IIIlIIIIIIlIIl||||||Illlllll!lllllllllllllllll|I|III|I||IIIIIII|IIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“IIIIIIIIII“E- w3 Circuit reﬂects the an atomica| differences me aSured here_
= 32 | L — * Inhibitory cell types collect into “motif groups”, collections of cells that distribute their output
> < ".|..I T !"""..". .II.'|':I 'iIFll-IlII n y celltyp groups’, p
o E 1.51 s Wi . Vo --iﬁh w0 el L E ] optp multiple compartments of the same target a—types:. This suggests paral.lgl pathways tq in-
3 1044 Greu I 42 .ﬂ-IﬂIim Jlﬂl.'lll- hibit the same excitatory populations, perhaps under different network conditions or behavior-
= e % & et . . - ' “Toa
c% 0.5 - b Syl?agife prgpertles dlfferd across a tdypes. For e>.<ample, Iaygr 213 excg/atory We computed the fraction of outputs each inhibitory & ..-.MIIII:I:! ‘! !FII al Stlates. | o o | |
e CENIS dilffered In Synapse density and synapse size, separating layer 2/3 cell makes onto target a-types (a). Clustering this = LR N - Excitatory neurons in layer 2 and layer 3 are inhibited by distinct, partially overlapping, popula-
cells into 2 layer 2 a-types and 3 layer 3 a-types. Layer 5 subtypes corre- ST s b " Mot Group 05 OF : : : :
o . . SO . output distribution vector reveals “motif groups” of- tions of cells, allowing potentially independent control of subnetworks.
o 6 A : sponding to different projection targets cells were previously shown to vary T . : b Group 3 ,
B . s G E ., 8 in morphological properties, and also do so in synaptic properties. In partic- cells with similar output connectivity, but different ke W 4 W * Each layer 5 projection class (IT, ET, and NP) has distinct populations of interneurons that
o5 5 $.29 RS L - morphology and even compartment targeting (b), . . . .
23 PR ol Nl # ular, layer 5 near projecting (NP) cells have very low synapse density and could control subnetworks or gate output with extraordinary precision.
c 447! £ 2 t ! small synapses. » A novel class of disinhibitory specialist interneurons can modulate perisomatic inhibition
’ across layers
ARETERRE R ns
4444444444%%4484%
—_] I

We wish to thank the Allen Institute for Brain Science founder, Paul G. Allen, for his vision, encouragement, and support. Funding from the IARPA MICrONSs contracts D16PC00003, D16PC00004, and D16PC0005 and NSF NeuroNex grant 2014862 brainscience.alleninstitute.org

brain-map.org




