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A network oscillation A pacemaker hypothesis

Introduction

The claustrum is phylogenetically highly preserved in amniotes, from reptiles and birds to 1 Anatomical identification Of the 3 GABA'A in_hibltiqns _underly 5 A Su_bset Of neurons Wlth intrir!SiC
claustrum in living brain slices rhythmic oscillations oscillatory membrane properties
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mammals, including humans (Norimoto et al., 2020). It is a thin structure that lays deep between
the insular cortex and the striatum. It contains a small proportion of interneurons of various types,

and a majority of far-projecting excitatory neurons. It is a high-level structure holding the most o A
central position in the brain hierachy, being reciprocally connected to all cerebral cortical areas, A 20
. . . . -40 i | . L . Ll
to the amygdala, hippocampus, and thalamus. Its functional role is a recent focus of research in woomow s T T LS
Ime
neurosciences as it remains largely unknown during both sleep and wakefulness. Due to its high ‘ N
connectivity it has been proposed to be a “seat of consciousness” and involved in multi-sensory ; B o Membrane currents at 0 mV VC . AC cCH s
. . . . HORIZONTAL CUT High inhibitory conductance — —A40 g Ml i i -
binding (Crick & Koch, 2005), a hub for attention (Goll et al., 2015; Atlan et al., 2018; Fodoulian (~15°) 0 | “ U TR N | | - D -
. . . — J ' M "N o] ..
et al., 2020). Most importantly for the present work, the claustrum might orchestrate and integrate Lowinhibitory conductance = =, ' | | .
cortical activity by coordinating synchronized oscillations in cortical areas during sleep and quiet %0 e | o
sec -4 2 0 2 4 sec _ mV-
wakefulness (Narikiyo et al., 2020). The claustrum could act as a synchronizing relay between time E Voltage clamp during oscillation 60 mV VG | AC
areas, aC’[Iva’[Ing the|r |OCa| GABAerg|C InterneurOnS (Nar|k|y0 et al, 2020) It COUId aISO act A Cla Membrane currents durmg fast ramp potent|a|s < - ,L
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during sleep as a “conductor” (Crick & Koch, 2005), driving slow-wave sleep activity on its own S 0 — o
Q F & ! 4 2 (] 2 4 sec
rhythm (_su 555_ % 0 e F i f
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Our recordings in the claustrum in vitro show the emergence of a highly regular oscillation in (fD,E > C 5 40 TP 2 -
Qo - m |
the 0,3-1 Hz range in the presence of low doses of the cholinergic agonist carbachol (CCH). Re- éE: 601 | | i | | | G S e
| : tvlcholine f h Irhod : taining cholineraic afferents also b s th A: Mouse brain left hemisphere from Allen Brain Explorer, with our 2 dissection cuts and the claus- -100 -80 -73,6 -60 -40 o
ease or acetyicholine from channelrhodopsin-containing cholinergic arerents aiso boosts the 0S trum in purple. B: Sketch of a horizontal slice obtained from the horizontal cut in (A). C: Horizontal Membrane Potential (mV) S
cillation (not shown). We found that the oscillation is a synchronized network phenomenon that slice pictures under infrared light (IR) and blue laser (Fluo). Yellow rectangles correspond to the
: - T TR : green rectangle in (B), within which the mean gray values below are measured (sum of the gray L . ", . . 10 .
relies on the occurrence of a rhythmic GABA-A inhibition in the excitatory claustral cells, suggest- values of all the pixels in the rectangle, divided by the number of pixels). A. Voltage-clamp (VC) recording at -60 mV with CCH and corresponding autocorrelogram (AC). B. A. Composite plc.tgre of a neuron presenting no dendritic spines, suggestmg that it could be an interneu-
ing the involvement of |nh|b|tory Interneurons in the claustrum. We also recorded a subset of Infrared light shines through the slice, revealing a clear band noticeable as a peak of mean gray VC recording at 0 mV (CCH). Synaptic excitatory inputs are tonic but there is a periodic change in in- ron subtype. B. Firing response 1o a Currer.wt pulse C Current-clamp. recording of the neuroQ. ln_ absen_ce
lqustral th end hvthmic behavior. Whether th it | value. This area has the same location and shape as the region with enhanced VGLUT2/EGFP-ex- hibitory conductances, which are GABA-A-related and could be responsible for the voltage oscillation Of_ carbachol (CCH) the membrane potential is quiescent. D. CCH induces mem.brane osmllatpn which
CIAUSIAT NBUIoNS With SNEGIENOUS TRYIMIE BENAVIOH etherthese (interjneurons play a pace- pression cells, which corresponds to the claustrum (Fodoulian, 2020). Cla: Claustrum ; EC: External (same cell as in Fig. 2B) as it occurs at the same frequency. C. IV curves resulting from voltage-clamp might be an en.dogenous. membrane pro.perty.. E- Voltage-clgmp at -60 mv (left V.Vlth c':orrespondmg auto-
maker role in the network oscillation, and what kinds of synaptic loops there are within the claus- Capsule (myslinated dark curved line at the internal edge of the Cla) : IC: Insular Cortex : St: Striatum ramp protocol. Examples of IV curves obtained at high levels (green) and low levels (red) of inhibitory correlogram (right) showing random tonic excitatory synaptic bombardment, as in principal cells. F. Volt-
_ _ _ _ AR o conductance as seen in (B). On average, the reversal potential was -73.1 mV = 1.7SD, n=6 cells. age-clamp at 0 mV showing no rhythmic inhibitions. G. Voltage-clamp at 0 mV in another cell showing
trum and/or between the claustrum and the adjacent insular cortex, remains to be examined.  CIR:n =58, Fluo: n = 16. strong rythmic inhibitions (notice different time scale).

Claustrum-cortex brain slice 2 Cholinergic-induced oscillation 4 Dual voltage-clamp recordings reveal -
- In the claustrum synchronized network oscillation CO“CI usion

A In @ mouse brain slice containing portions of the claustrum and insular

( Or by a cortex-claustrum loop? B C . . T
Optogenetic light stimulation Extracellular single unit A cortex, we previously found that claustral excitatory principal cells undergo
Cholinergic-dependant slow wave . . . . . . . .
’\ N claustrum in vitro a slow oscillation under light cholinergic modulation. Here transgenic mice

s were used to help identify a simple location criterion for the claustrum: its
INSULAR / relative clarity under light shown through the living slices. Then we per-
CORTEX
Rt — CLAUSTRUM B 1D 6 e, 15504 0,10

( ) Oscillation generated by claustrum only?

200 pV

formed single and dual whole-cell patch-clamp recordings in order to char-
acterize the oscillation as well as its synaptic underlying mechanisms.

10 s
Autocorrelogram ] Axon

We showed that the claustrum oscillation is a network phenomenon in-

. Up and Down states B Control ,ECe“ 1 volving primarily excitatory principal cells simultaneously driven by a tonic
\ . Inentorhinal cortex in vitro | IE " J J H excitatory drive and rhythmic GABA-A inhibitions from presumably local in-
bbbttt et < o, ¥ H terneurons. In addition, we found a putative interneuron subtype that pres-
e ° ° .
1. %({ Autocorrelogram (AL) ccH ents endogenous oscillatory membrane properties revealed only in the
w 10 my - z presence of the cholinergic agonist CCH and under the influence of a tonic
\wff_—7w ’ E X . - excitatory synaptic drive. We propose that this intrinsic oscillator may play a
CORONAL HORIZONTAL SLICE - | M\/ | R crucial role in the network oscillation by driving it as a pacemaker. It re-
S 4 2 0 2 4sec . . . . . .
Submerged quasi horizontal slices from P12-P20 wild-type or transgenic mice maintained at 32-34°C generate slow oscillations of F 0 mV voltage-clamp (CCH) G mains to be examined whether the insular cortex, which is synaptlcally con-
different types in the claustrum (purple babana shape) and the entorhinal cortex. Upper trace: Oscillations induced by cholinergic 10s . AC : . : _
agonist carbachol in the claustrum range between 0,3-1 Hz (see Figs 2). Bottom trace: exemple of typical Up-and-Down oscillation C 0.5Hz Cell “fCell 1 nected to the CIaUStrum’ could be involvedin the oscﬂlatory network mech
generated through different mechanisms in the entorhinal cortex in the same horizontal slice in absence of Carbachol (0,13 +/- 0,02 G °V\/\/\/ CcC anism via a simple excitatory drive or via a synaptic Ioop with the claustral
Hz: Tahvildari et al., 2012). Mouse brain: Allen Brain Explorer. Control £ | ' . ] o i )
SA cell 8 .| \/\/\/\/ network (see “putative claustrum-cortex wiring circuit).
2 ~|Cell 2 |
Putative claustrum-cortex wiring circuit W A
g M M J | E | < Lag (sec) References:
78 mvw u U W J ‘o :  ———— S 4 2 0 2 4 Atlan et al., (Curr. Biol., 2018) The Claustrum Supports Resilience to Distraction.
Cortex Claustrum — 10 s Lag (sec) {-.\tilganl,. H. et af. (Braig 145, 1610-1623 (2022). Human lesions and animal studies link the claustrum to percep-
Working synaptic diagram of the network present in - / : - - R : (lz?'?éksa&l?(ngceﬁ Slsr?illl)oasnTrgr?gnh Soc Lond B Biol Sci., 2005) What is the function of the claustrum?
the horizontal slice derived from Kim et al., 2016, deep layers S +;3 oA holding current " A. Recording O_f a pair of exgtatory prlnC|paI. cells in the _C|3U3trum of a VG‘ITUTZ Fodoulian, et ;I. (bioRxiv, 2020). The claustrum-medial préfrontal cortex network controls attentional set-shifting.
and from our ivestgations. Present daa suggest S mouse (Fodoulian, 2020) using two patch pipettes. B. Pioture of the two biocy- || Gelletal Trends Newrggel 2018) Mepion e aleliony | ) ot of e Claustum
the existence of highly synchronized GABA-A inhi- | | o | | | | tin-filled cells. Squares are details of the spiny dendrites of each cell shown in (C-D) Narikiyo et al., (Nature Neuroscience, 2020) The Claustrum Coordinates Clortical SIO\l/v—Wave Activity.
bitions (generated by red interneurons) in claus- : A. Extracellular unit during application of the cholinergic agonist carbachol. Full-fielc at higher magnifications. E. Current clamp recording of these two archearhodop- Tamviidari, et al., (J. Neurosc, 2012). Selsctive Funlional Interactions between Excit and Inhib. Cortical Neu-
trum prqupal Cteh”S (gregbr;). As |sugg:;esttecfjm t|he white light stimulation of the slice (yellow bars) in a emx-crexXAi35 P14 transgenic mice sin-containing cells showing hyperpolarizations subsequent to 575 nm light exposi- rons...
Eger;/eliu(?eflt?lrjéfﬁainesFig%sel ei;%/izggmen of insular i expressing Archaerhodopsin kick starts the oscillation. B. Whole-cell recording of a tion, confirming that those are VGLUT2-expressing cells and thus principal neurons.
: . . -' cell Pacemaker claustrum principal cell. Cholmerglp mOle'?t'O” (CCH) makes cla principal cells .go F. Dual voltage-clamp recording of cells 1 and 2 at 0 mV under carbachol. Traces Acknowledgments: Thanks to M. pananceau, C. Monier, A. Daret, C De Medeiros, V. Lavalee; and J.
GABAergic neurons (pink; red); Excitatory neurons Interneurons? o . - . . —
(cortex: blue; claustrum: green) Princinal from rare activity to rhythmic bursting activity. Autocorrelogram computed on spike are so similar that the synchronized rhythmic inhibitory synaptic inputs we detect Bouvier (NeuroPSl) for providing mice. D.A. McCormick and B. Tahvildari (U.Oregon and Yale, USA), A.
' ’ ' ' rincipa - : T : . . : : ) SN
calle counts for 200 ms bins. C. Strongly adapting (SA) claustrum principal cell (wild-type with auto- (G, left) and cross- (G, right) correlograms, must presumably come from Foust (Imperial, London) for technical support, and M. Descamps-Bal for valuable insights.

C57ble; P13; CCH). Hyperpolarized Vm reveals rhythmic synaptic drive. one or a few interneurons only.




