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Distributed Adaptive Control

Figure
1.The

DAC
theory

ofm
ind

and
brain

(see
[10]fora

review).Left:highly
abstractrepresentation

ofthe
DAC

architecture.DAC
proposesthatthe

brain
is

organized
asathree-layered

controlstructurewith
tightcoupling

within
and

between
these

layersdistinguishing:the
som

a
(SL)and

the
reactive

(RL),adaptive
(AL)

and
contextual(CL)layers.Acrossthese

layers,a
colum

narorganization
existsthatdealswith

the
processing

ofstatesofthe
W

orld
orexteroception

(left,red),the
selforinteroception

(m
iddle,blue)and

action
(right,green).See

textforfurtherexplanation.The
reactive

layer:the
RL

com
prisesdedicated

behavioursystem
s(BS)

thatcom
bine

predefined
sensorim

otorm
appingswith

drive
reduction

m
echanism

sthatare
predicated

on
the

needsofthe
body

(SL).Rightlowerpanel:each
BS

followshom
eostaticprinciplessupporting

the
self-essentialfunctions(SEF)ofthe

body
(SL).In

orderto
m

ap
needsinto

behaviours,the
strength

ofthe
essential

variablesserved
by

the
BSs,SEFs,have

a
specificdistribution

in
task-space

called
an

‘affordance
gradient’.In

thisexam
ple,we

considerthe
(internally

represented)
‘attractive

force’ofthe
hom

e
position

supporting
the

security
SEForofopen

space
defining

the
exploration

SEF.The
valuesofthe

respective
SEFsare

defined
by

the
difference

between
the

sensed
value

ofthe
affordance

gradient(red)and
itsdesired

value
given

the
prevailing

needs(blue).The
regulatorofeach

BS
definesthe

nextaction
asto

perform
a

gradientascenton
the

SEF.An
integration

and
action

selection
processacrossthe

differentBSsforcesa
strictwinner-take-alldecision

that
definesthe

specificbehaviourem
itted.The

allostaticcontrollerofthe
RLregulatesthe

internalhom
eostaticdynam

icofthe
BSsto

setprioritiesdefined
byneedsand

environm
entalopportunitiesthrough

the
m

odulation
ofthe

affordance
gradients,desired

valuesofSEFsand/orthe
integration

process.The
adaptive

layer:the
AL

acquiresa
state

space
ofthe

agent–
environm

entinteraction
and

shapesaction.The
learning

dynam
icofAL

isconstrained
by

the
SEFsofthe

RL
thatdefine

value.
The

AL
crucially

contributesto
exosensing

by
allowing

the
processing

ofstatesofdistalsensors,e.g.vision
and

audition,which
are

notpredefined
butratherare

tuned
in

som
atic

tim
e

to
properties

ofthe
interaction

with
the

environm
ent.Acquired

sensorand
m

otorstates
are

in
turn

associated
through

the
valence

states
signalled

by
the

RL.The
contextuallayer:the

core
processes

ofthe
CL

are
divided

between
a

task-m
odeland

a
self-m

odel.The
CL

expandsthe
tim

e
horizon

in
which

the
agentcan

operate
through

the
use

ofsequentialshort-term
and

long-term
m

em
ory

(STM
and

LTM
)system

srespectively.These
m

em
orysystem

soperate
on

integrated
sensorim

otorrepresentationsthatare
generated

by
the

AL
and

acquire,retain
and

expressgoal-oriented
action

regulated
by

the
RL.The

CL
com

prises
a

num
berofprocesses(rightupperpanel):(a)when

the
discrepancy

between
predicted

and
encountered

sensorystatesfallsbelow
a

STM
acquisition

threshold,the
perceptualpredictions(red

circle)and
m

otoractivity
(green

rectangle)generated
by

AL
are

stored
in

STM
asa,so-called,segment.The

STM
acquisition

threshold
is

defined
by

the
tim

e-averaged
reconstruction

errorofthe
perceptuallearning

system
ofAL.(b)Ifa

goalstate
(blue

flag)isreached,e.g.reward
orpunishm

ent,the
contentofSTM

isretained
in

LTM
asa

sequence
conserving

itsorder,goalstate
and

valence
m

arker,e.g.aversive
orappetitive,and

STM
isreset.Everysequence

is
thus

labelled
with

respectto
the

specific
goalitpertainsto

and
its

valence
m

arker.(c)Ifthe
outputs

generated
by

the
RL

and
AL

to
action

selection
are

sub-
threshold,the

ALperceptualpredictionsare
m

atched
againstthose

stored
in

LTM
.(d)The

CLselected
action

isdefined
asaweighted

sum
overthe

segm
entsofLTM

.
(e)The

contribution
ofLTM

segm
entsto

decision-m
aking

dependson
fourfactors:perceptualevidence,m

em
orychaining,the

distance
to

the
goalstate

and
valence.

W
orking

m
em

ory
(W

M
)ofthe

CL
is

defined
by

the
m

em
ory

dynam
icsthatrepresentsthese

factors.Active
segm

entsthatcontributed
to

the
selected

action
are

associated
with

those
thatwere

previouslyactive
establishing

rulesforfuture
chaining.The

self-m
odelcom

ponentofthe
CLm

onitorstaskperform
ance

and
develops

(re)descriptionsoftask
dynam

icsanchored
in

the
self.In

thisway,the
system

generatesm
eta-representationalknowledge

thatform
sautobiographicalm

em
ory.This

aspectofthe
DAC

CL
is

notfurtherconsidered
in

this
paper.
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and
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dynam
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and
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by
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B
ehavioral feedback, effective 
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ents and perceptual learning

A
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H
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C
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H
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S
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e
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a
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Behavioral Entropy
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tw
o
con

d
ition

s,in
w
h
ich

th
e
con

textu
allayer

w
as
eith

er
‘en

abled
’or

‘d
isabled

’.
In

sim
u
latio

n
exp

erim
en
ts

(see
Fig.

2a
an

d
Su

p
p
lem

en
tary

In
fo
rm

atio
n
),

w
e
fou

n
d

th
at

th
e
ad
ap
tive

layer
im

p
roved

th
e

p
erform

an
ce

of
th
e
robot

th
rou

gh
a
learn

in
g-d

ep
en
d
en
t
avoid

an
ce

of
collision

s,
refl

ected
in

th
e
in
crease

of
th
e
target/collision

ratio
(F
ig.

2b
).

W
e
also

o
b
served

th
at

at
th
e
o
n
set

o
f
th
e
seco

n
d

stim
u
lation

p
eriod

,th
e
p
erform

an
ce

ofth
e
tw
o
con

d
ition

s
d
iverges:

in
th
e
en
abled

con
d
ition

,
p
erform

an
ce

is
stron

gly
en
h
an
ced

com
-

p
ared

w
ith

th
e
d
isabled

con
d
ition

.
T
h
is

d
ifferen

ce
is

d
u
e
to

th
e

activation
of

th
e
con

textu
alcon

trollayer
in

th
e
en
abled

con
d
ition

,
as

can
be

d
ed
u
ced

from
th
e
evolu

tio
n
ofth

e
d
iscrep

an
cy

m
easu

re
D

(Fig.2c)—
sh
ortly

after
th
e
on

set
of

th
e
secon

d
stim

u
lation

p
eriod

,
th
e
D
valu

e
falls

below
th
e
tran

sition
th
resh

old
v
D
.

D
u
rin

g
th
e
secon

d
stim

u
lation

an
d
recallp

eriod
s,th

e
D
valu

e
of

th
e
en
abled

con
d
itio

n
is

m
arked

ly
below

th
at

o
f
th
e
d
isabled

con
d
ition

.
T
h
is
red

u
ction

is
accom

p
an
ied

by
a
sign

ifi
can

tly
low

er
valu

e
of

th
e
average

absolu
te

ch
an
ge

in
syn

ap
tic

effi
cacies

of
th
e

con
n
ection

s
betw

een
th
e
C
S
an
d
IS

p
op

u
lation

s:en
abled

k
D
W
k¼

2:4£
10

2
2;

d
isab

led
k
D
W
k¼

2:6£
10

2
2

(t-test,
P
,,

0:001Þ:
H
en
ce,th

e
tran

sition
to

con
textu

al
con

trol
lead

s
to

a
red

u
ction

of
th
e
d
iscrep

an
cy

betw
een

p
red

icted
an
d
actu

al
C
S
even

ts
an
d
to

a
stabilization

of
th
e
syn

ap
tic

w
eigh

ts
of

th
e
ad
ap
tive

con
trol

layer.
H
ow

ever,ou
r
m
od

el
h
as

n
o
in
tern

al
feed

back
from

th
e
con

textu
al

to
th
e
ad
ap
tive

con
trol

layer:D
an
d
D
W

are
p
rop

erties
localto

th
e

p
ercep

tu
al
learn

in
g
system

.
T
h
erefore,

th
is
d
ifferen

ce
m
u
st
be

d
u
e

to
th
e
d
ifferen

ce
in

th
e
overt

beh
avio

u
r
gen

erated
in

th
e
tw
o

con
d
ition

s
an
d
th
e
system

atic
bias

in
th
e
sam

p
lin

g
of

C
S
even

ts
th
at

th
is
d
ifferen

ce
cau

ses,
th
at

is,
beh

aviou
ral

feed
back.

T
h
at

is,
beh

aviou
r
is

less
variable

w
h
en

th
e
con

textu
al

layer
is

en
abled

,
th
ereby

red
u
cin

g
th
e
variability

of
th
e
sam

p
led

sen
sory

in
p
u
ts.W

e
tested

th
is
hyp

oth
esis

by
com

p
arin

g
th
e
en
trop

ies
ofbeh

aviou
r
an
d

sam
p
led

stim
u
li
betw

een
th
e
tw
o
con

d
ition

s
(see

Su
p
p
lem

en
tary

In
form

ation
).

W
e
ch
aracterized

th
e
beh

aviou
ralen

trop
y,H

B ,ofth
e
d
istribu

tion
ofp

osition
s
visited

for
both

con
d
ition

s
in
an

exp
erim

en
tof10

6
tim

e
step

s,
u
sin

g
th
e
sam

e
p
rotocol

as
above

(Fig.
2a).

In
th
e
d
isabled

con
d
ition

,
H
B
w
as

15.1,
w
h
ereas

th
e
en
abled

con
d
ition

sh
ow

ed
a

low
er

H
B
valu

e
of

14.2.
T
h
ese

n
u
m
bers

can
be

com
p
ared

w
ith

th
e

m
axim

al
en
trop

y
of

15.4,obtain
ed

from
a
u
n
iform

d
istribu

tion
of

p
osition

s;an
d
to

an
H
B
of

11.2
for

a
m
in
im

alcyclic
trajectory

th
at

follow
s
th
e
sh
ortestp

ath
betw

een
su
bsequ

en
ttargets.T

h
e
d
ifferen

ce
in

H
B
betw

een
a
u
n
iform

d
istribu

tion
of

p
osition

s
an
d
th
e
d
isabled

con
d
ition

can
be

exp
lain

ed
by

th
e
learn

ed
avoid

an
ce

beh
aviou

r
th
at

cau
ses

th
e
ro
bo

t
to

avo
id

th
e
regio

n
s
clo

se
to

o
bstacles.

T
h
e

ad
d
ition

al
red

u
ction

of
H
B
in

th
e
en
abled

con
d
ition

is
d
u
e
to

a
fu
rth

er
task-d

ep
en
d
en
tstru

ctu
rin

g
ofbeh

aviou
r
(see

also
realrobot

resu
lts

below
).

W
e
assessed

w
h
eth

er
th
e
stru

ctu
rin

g
of

beh
aviou

r
qu

an
tifi

ed
by

H
B
is
associated

w
ith

a
ch
an
ge

in
th
e
in
p
u
t
statistics

by
calcu

latin
g

th
e
sam

p
lin

g
en
tropy,H

S ,of
th
e
states

of
th
e
C
S-related

sen
sor.H

S

w
as

low
er
(6.80)

for
th
e
en
abled

con
d
ition

th
an

for
d
isabled

(7.95),
d
em

on
stratin

g
th
at

th
e
stru

ctu
rin

g
of

beh
aviou

r
d
isp

layed
in

th
e

en
abled

con
d
ition

is
associated

w
ith

a
m
arked

red
u
ction

in
th
e

variability
of

th
e
sam

p
led

C
S
even

ts.W
e
d
ed
u
ce

th
at

th
e
red

u
ction

in
beh

aviou
ralvariability,w

h
ich

resu
lts

from
beh

aviou
rallearn

in
g,

red
u
ces

th
e
set

of
in
p
u
ts
th
at

th
e
p
ercep

tu
al
learn

in
g
system

m
u
st

classify.
A
s
a
resu

lt
of

th
is
beh

aviou
ral

feed
back,

th
e
stru

ctu
res

for
p
ercep

tu
allearn

in
g
becom

e
ad
ju
sted

to
a
sm

aller
set

ofin
p
u
t
states.

T
h
is

ch
an
ge

is
refl

ected
in

th
e
red

u
ction

an
d
stabilization

of
D

(Fig.2c)
an
d
th
e
red

u
ced

valu
e
ofth

e
syn

ap
tic

ch
an
ges

w
e
observed

in
th
e
en
abled

con
d
ition

com
p
ared

w
ith

d
isabled

.
So

far
w
e
h
ave

d
em

on
strated

th
e
effect

of
beh

aviou
ral

feed
back

on
p
ercep

tu
al

learn
in
g.

H
ow

ever,
its

im
p
lication

s
exten

d
beyon

d
sen

sory
classifi

cation
alon

e.In
ou

r
m
od

el,th
e
tran

sition
to

th
e
u
se

of
con

textu
al
con

trol
occu

rs
w
h
en

D
falls

below
a
fi
xed

th
resh

old,
v
D .H

en
ce,beh

aviou
ralfeed

back,becau
se

it
red

u
ces

D
,m

ay
favou

r
th
e
tran

sition
to

con
textu

al
con

trol.
To

test
th
is

hyp
oth

esis,
w
e

record
ed

th
e
d
ow

nw
ard

crossin
gs

th
rou

gh
v
D
for

th
e
exp

erim
en
ts

rep
orted

in
Fig.

2.
O
n
average,th

ese
tran

sition
s
occu

rred
n
ear

th
e

on
set

of
th
e
secon

d
stim

u
latio

n
p
erio

d
(Fig.

2c).
H
ow

ever,
in

in
d
ivid

u
al

exp
erim

en
ts,

D
d
oes

n
ot

d
ecrease

m
on

oton
ically

an
d

sm
allfl

u
ctu

ation
s
of

D
arou

n
d
v
D ,in

th
e
en
abled

con
d
ition

,resu
lt

in
oscillation

s
betw

een
activatin

g
or

d
eactivatin

g
con

textu
al

con
-

trol.
For

th
e
d
isabled

con
d
ition

,
w
e
observed

th
at,

on
average,

oscillation
s
arou

n
d
th
e
tran

sition
th
resh

old
occu

rred
6.31

tim
es,

w
h
ereas

for
th
e
en
abled

con
d
ition

th
ese

oscillation
s
w
ere

stron
gly

red
u
ced

to
3.86.B

ecau
se

th
ere

is
n
o
m
ech

an
ism

in
ou

r
m
od

elth
at

stabilizes
th
e
tran

sition
to

con
textu

alcon
trol,w

e
con

clu
d
e
th
at
th
is

stabilization
occu

rs
th
rou

gh
beh

aviou
ral

feed
back.

T
h
e
sw

itch
to

con
textu

alcon
trolin

d
irectly

red
u
ces

D
th
rou

gh
beh

aviou
r,an

d
th
is

Figure
2
Experim

entalprotocoland
perform

ance
in
sim

ulated
robotexperim

ents
for

the

disabled
and

enabled
conditions

using
1,000

exem
plars

percondition.The
initialposition

and
orientation

ofthe
robots

w
ere

random
ized.a,Each

experim
entconsists

oftw
o
cycles.

Each
cycle

com
m
ences

w
ith

a
stim

ulation
period

(2,000
tim

e
steps),in

w
hich

the
targets

em
ita

signal(US
þ
),follow

ed
by

a
recallperiod

(5,000
tim

e
steps),in

w
hich

the
target

signals
are

absent.b,The
ratio
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een

the
num

ber
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found
and

accum
ulated

collisions
averaged

in
non-overlapping

tim
e
w
indow

s
of100

tim
e
steps.c,Evolution
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m
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.The
dotted
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indicates

the
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ofthe
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v
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Em
pirical evidence: Interneurons 

m
odulate learning in auditory �30

the
superficiallayersofthe

auditory
cortex

in
m

ice
anaesthetized

w
ith

chlorprothixene
and

urethane
(Fig.

1c,
d).

T
rains

of
frequency-

m
odulated

sw
eeps

used
as

the
C

S
strongly

activated
neurons

in
layer

2/3
(L2/3,Supplem

entary
Fig.2),w

hereasm
ild

footshocksapplied
to

thehindpaw
sevoked

littleresponse(Fig.1eand
Supplem

entary
Fig.2).

In
m

arked
contrast,the

population
ofneuronslocated

in
L1

displayed
strong

activation
by

foot
shocks

(Fig.1e).Layer
1

is
unique

in
the

neocortex
because

itcontains
only

very
few

neuronalsom
ata,alm

ost
all

of
w

hich
are

G
A

BA
ergic

interneurons
22–25.

T
o

investigate
their

activation
in

m
ore

detail,
w

e
used

tw
o-photon

targeted
loose-seal

cell-attached
recordings

26
(Fig.

1f).
T

hese
experim

ents
show

ed
that

L1
interneurons

are
tonically

active
(baseline

frequency
3.2

6
0.5

H
z,

n
5

30),
and

confirm
ed

that
the

m
ajority

of
L1

interneurons
are

strongly
activated

by
foot

shocks,w
hile

a
m

inority
(23%

)
displayed

inhibition
during

and
after

foot
shocks

(Fig.1g
and

Supplem
entary

Fig.3).T
heexcitatory

responsew
asalso

presentw
hen

footshocksw
ere

paired
w

ith
tones,w

hereasL1
interneuronsdid

notshow
pronounced

responses
to

tones
alone

(Supplem
entary

Fig.
4).

Interestingly,
w

e
observed

a
very

sim
ilar

activation
ofL1

interneurons
by

foot
shocks

in
the

prim
ary

visualcortex
(Supplem

entary
Fig.5),indicating

thatthe
relevance

of
this

pathw
ay

m
ay

extend
beyond

auditory
m

em
ory

acquisition.
Layer1

isa
prom

inentfeedback
pathw

ay
in

the
neocortex,contain-

ing
both

glutam
atergic

projectionsfrom
highercorticalareas

27,28(and
from

non-specific
thalam

ic
nuclei 29)

and
cholinergic

afferents
from

the
basalforebrain,the

m
ajor

source
of

acetylcholine
in

the
rodent

neocortex
14,30–32.

W
e

next
sought

to
identify

the
afferent

pathw
ays

m
ediating

activation
of

L1
interneurons

during
foot

shocks.
Local

bath-application
of

the
glutam

ate
receptor

antagonist
N

BQ
X

(1
m

M
)

strongly
reduced

baseline
firing

frequency
(Supplem

entary
Fig.

6),
but

left
the

foot-shock
response

in
L1

interneurons
intact

(Fig.2a,b
and

Supplem
entary

Fig.6,see
below

).In
contrast,com

-
bined

application
of

the
nicotinic

acetylcholine
receptor

(nA
C

hR
)

antagonists
m

ecam
ylam

ine
and

m
ethyllycaconitine

(1
and

0.1
m

M
,

respectively)abolished
theL1

interneuron
responsealm

ostcom
pletely

(Fig.2c
and

Supplem
entary

Fig.6),and
drastically

reduced
baseline

firing
(Supplem

entary
Fig.6).In

agreem
ent

w
ith

the
interpretation

that
cholinergic

basal
forebrain

afferents
generate

foot-shock
res-

ponses
in

L1
interneurons,

electrical
m

icrostim
ulation

of
the

basal
forebrain

caused
strong

excitation
ofL1

interneurons
in

the
absence

offoot
shocks

(Fig.2d
and

Supplem
entary

Fig.6).A
ctivation

ofthe
basalforebrain

by
footshocksisexpected

to
have

a
longerlatency

than
thalam

ocortical
signalling

14.Latency
analysis

show
ed

that
L1

inter-
neuron

activation
w

as
biphasic,

w
ith

an
early,

glutam
atergic

peak
(onset10

to
20

m
s

after
shock

onset)
w

hich
m

ay
originate

from
non-

lem
niscalthalam

us
29,and

alater,nicotinicpeak
(onset40

to
50

m
safter

shock
onset)thatoutlasted

the
footshock

and
contained

the
m

ajority
ofspikes(Fig.2

insets).A
spreviously

reported
24,recordingsfrom

brain

R
etrieval w
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M
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M
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|Foot-shock
responsesin

auditory
cortex

L1
interneurons.

a,Left,
injection

ofthe
G

A
BA

A -receptor
agonistm

uscim
ol(red)

into
the

auditory
cortex

(blue).R
ight,differentialfear-conditioning

protocolusing
frequency-

m
odulated

sw
eeps.b,D

rug-free
freezing

1
day

after
conditioning

in
a

new
context.C

om
pared

to
vehicle-injected

m
ice

(grey),m
uscim
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freezing
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C
S

2
and

C
S

1
(red).c,C

ytoarchitecture
ofupper

layers
ofauditory

cortex
(interneurons

grey,pyram
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black).d,T
w

o-photon
calcium

im
aging
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head-fixed,anaesthetized

m
ice

using
O

G
B-1

A
M

(green)
and

sulforhodam
ine

101
(red,counterstainsglialcells).e,Left,responsesin

L1
and

L2/3
to

footshocks
in

single
neurons

(grey)and
the

population
average

(red).
R

ight,L1
interneurons

display
m

uch
stronger

activation
than

L2/3
neurons.

f,T
w

o-photon
targeted

loose-sealcell-attached
recording

ofL1
interneuron

(green).g,Exam
ple

traces
(left)

and
z-scored

population
peri-stim

ulus
tim

e
histogram
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(right)

oftw
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offoot-shock

responses
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Inset,incidence
ofresponse

type.V
alues

are
m

ean
6

s.e.m
.*P

,
0.05,

***P
,

0.001.Statisticalanalysis
in

Supplem
entary

Inform
ation.

abc

def
**

2 m
V

100 m
s

z-score z-scorez-score

Tim
e (s)

0
2

4
–2

6

403020100 403020100 403020100

Tim
e (s)

0
2

4
–2

6

0 5 10 15 20 25

0 10 20 30 40

Peak (mV)

Nicotine

M
EC

M
LA

N
icotine

+M
EC

&
M

LA

C
ontrol

N
B

Q
X

M
EC

&
M

LA

B
asal forebrain stim

ulation

Layer 1

n = 30

n = 11

n = 16

n = 4

50 m
s

5

50 m
s

z-score

Figure
2

|N
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interneurons
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a,Population

response
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a–d
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tem
poralresolution
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controlresponse
w
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(onset10–20
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after

foot-shock
onset).b,Localapplication
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glutam
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receptor

antagonistN
BQ

X
leftthe

response
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elim
inated

the
early

peak,indicating
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glutam
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nature
(inset,onsetlatency

40–
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m
s).c,Localblock
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C
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s
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m
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m
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(M
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)
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foot-shock
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the
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peak
(inset).d,Electricalm
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basal

forebrain
activated

L1
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10
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20

m
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(inset,n
5

4).e,W
hole-

cellrecording
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the
superficiallayersofthe

auditory
cortex

in
m

ice
anaesthetized

w
ith

chlorprothixene
and

urethane
(Fig.

1c,
d).

T
rains

of
frequency-

m
odulated

sw
eeps

used
as

the
C

S
strongly

activated
neurons

in
layer

2/3
(L2/3,Supplem

entary
Fig.2),w

hereasm
ild

footshocksapplied
to

thehindpaw
sevoked

littleresponse(Fig.1eand
Supplem

entary
Fig.2).

In
m

arked
contrast,the

population
ofneuronslocated

in
L1

displayed
strong

activation
by

foot
shocks

(Fig.1e).Layer
1

is
unique

in
the

neocortex
because

itcontains
only

very
few

neuronalsom
ata,alm

ost
all

of
w

hich
are

G
A

BA
ergic

interneurons
22–25.

T
o

investigate
their

activation
in

m
ore

detail,
w

e
used

tw
o-photon

targeted
loose-seal

cell-attached
recordings

26
(Fig.

1f).
T

hese
experim

ents
show

ed
that

L1
interneurons

are
tonically

active
(baseline

frequency
3.2

6
0.5

H
z,

n
5

30),
and

confirm
ed

that
the

m
ajority

of
L1

interneurons
are

strongly
activated

by
foot

shocks,w
hile

a
m

inority
(23%

)
displayed

inhibition
during

and
after

foot
shocks

(Fig.1g
and

Supplem
entary

Fig.3).T
heexcitatory

responsew
asalso

presentw
hen

footshocksw
ere

paired
w

ith
tones,w

hereasL1
interneuronsdid

notshow
pronounced

responses
to

tones
alone

(Supplem
entary

Fig.
4).

Interestingly,
w

e
observed

a
very

sim
ilar

activation
ofL1

interneurons
by

foot
shocks

in
the

prim
ary

visualcortex
(Supplem

entary
Fig.5),indicating

thatthe
relevance

of
this

pathw
ay

m
ay

extend
beyond

auditory
m

em
ory

acquisition.
Layer1

isa
prom

inentfeedback
pathw

ay
in

the
neocortex,contain-

ing
both

glutam
atergic

projectionsfrom
highercorticalareas

27,28(and
from

non-specific
thalam

ic
nuclei 29)

and
cholinergic

afferents
from

the
basalforebrain,the

m
ajor

source
of

acetylcholine
in

the
rodent

neocortex
14,30–32.

W
e

next
sought

to
identify

the
afferent

pathw
ays

m
ediating

activation
of

L1
interneurons

during
foot

shocks.
Local

bath-application
of

the
glutam

ate
receptor

antagonist
N

BQ
X

(1
m

M
)

strongly
reduced

baseline
firing

frequency
(Supplem

entary
Fig.

6),
but

left
the

foot-shock
response

in
L1

interneurons
intact

(Fig.2a,b
and

Supplem
entary

Fig.6,see
below

).In
contrast,com

-
bined

application
of

the
nicotinic

acetylcholine
receptor

(nA
C

hR
)

antagonists
m

ecam
ylam

ine
and

m
ethyllycaconitine

(1
and

0.1
m

M
,

respectively)abolished
theL1

interneuron
responsealm

ostcom
pletely

(Fig.2c
and

Supplem
entary

Fig.6),and
drastically

reduced
baseline

firing
(Supplem

entary
Fig.6).In

agreem
ent

w
ith

the
interpretation

that
cholinergic

basal
forebrain

afferents
generate

foot-shock
res-

ponses
in

L1
interneurons,

electrical
m

icrostim
ulation

of
the

basal
forebrain

caused
strong

excitation
ofL1

interneurons
in

the
absence

of
foot

shocks
(Fig.2d

and
Supplem

entary
Fig.6).A

ctivation
of

the
basalforebrain

by
footshocksisexpected

to
have

a
longerlatency

than
thalam

ocortical
signalling

14.Latency
analysis

show
ed

that
L1

inter-
neuron

activation
w

as
biphasic,

w
ith

an
early,

glutam
atergic

peak
(onset10

to
20

m
s

after
shock

onset)
w

hich
m

ay
originate

from
non-

lem
niscalthalam

us
29,and

alater,nicotinicpeak
(onset40

to
50

m
safter

shock
onset)thatoutlasted

the
footshock

and
contained

the
m

ajority
ofspikes(Fig.2

insets).A
spreviously

reported
24,recordingsfrom

brain

R
etrieval w

ithout drug
M

uscim
ol injection

Fear conditioning
15 m

in

M
uscim

ol
Vehicle
n = 9 each

a
24 h
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*
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c
e

L1
n = 45

L2/3
n = 184

d

25 μm
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Figure
1

|Foot-shock
responsesin

auditory
cortex

L1
interneurons.

a,Left,
injection

ofthe
G

A
BA

A -receptor
agonistm

uscim
ol(red)

into
the

auditory
cortex

(blue).R
ight,differentialfear-conditioning

protocolusing
frequency-

m
odulated

sw
eeps.b,D

rug-free
freezing

1
day

after
conditioning

in
a

new
context.C

om
pared

to
vehicle-injected

m
ice

(grey),m
uscim

olreduced
freezing

to
both

C
S

2
and

C
S

1
(red).c,C

ytoarchitecture
ofupper

layers
ofauditory

cortex
(interneurons

grey,pyram
idalneuron

black).d,T
w

o-photon
calcium

im
aging

in
head-fixed,anaesthetized

m
ice

using
O

G
B-1

A
M

(green)
and

sulforhodam
ine

101
(red,counterstainsglialcells).e,Left,responsesin

L1
and

L2/3
to

footshocks
in

single
neurons

(grey)and
the

population
average

(red).
R

ight,L1
interneurons

display
m

uch
stronger

activation
than

L2/3
neurons.

f,T
w

o-photon
targeted

loose-sealcell-attached
recording

ofL1
interneuron

(green).g,Exam
ple

traces
(left)

and
z-scored

population
peri-stim

ulus
tim

e
histogram

s
(right)

oftw
o

types
offoot-shock

responses
in

L1
interneurons.

Inset,incidence
ofresponse

type.V
alues

are
m

ean
6

s.e.m
.*P

,
0.05,

***P
,

0.001.Statisticalanalysis
in

Supplem
entary

Inform
ation.
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Figure
2

|N
icotinic

activation
ofL1

interneurons
by

footshocks.
a,Population

response
ofL1

interneurons
to

footshocks.Insets
in

a–d
are

at
high

tem
poralresolution

(10-m
s

bins).T
he

controlresponse
w

as
biphasic

(onset10–20
m

s
after

foot-shock
onset).b,Localapplication

ofthe
glutam

ate
receptor

antagonistN
BQ

X
leftthe

response
intact,butselectively

elim
inated

the
early

peak,indicating
its

glutam
atergic

nature
(inset,onsetlatency

40–
50

m
s).c,Localblock

ofnA
C

hR
s

by
m

ecam
ylam

ine
and

m
ethyllycaconitine

(M
EC

&
M

LA
)

strongly
reduced

foot-shock
responses,selectively

elim
inating

the
later,broader

peak
(inset).d,Electricalm

icrostim
ulation

ofthe
basal

forebrain
activated

L1
interneurons

after
10

to
20

m
s

(inset,n
5

4).e,W
hole-

cellrecording
ofa

L1
interneuron

(black,som
a

and
dendrites;red,axon)in

auditory
cortex

slices
during

puffapplication
ofnicotine

(100
mM

,20
m

s).
f,Left,exam

ple
nicotine

responses
in

controland
after

bath-application
of

m
ecam

ylam
ine

(100
mM

)
and

m
ethyllycaconitine

(0.1
mM

;grey,single
trials;

red,average).R
ight,allL1

interneuronsdisplayed
nicotine

responses(n
5

17),
w

hich
w

ere
blocked

by
the

nA
C

hR
antagonists

(n
5

8).V
alues

are
m

ean
6

s.e.m
.**P

,
0.01.Statisticalanalysis

in
Supplem

entary
Inform

ation.
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slices
show

ed
that

allL1
interneurons

show
ed

responses
to

nicotine
puffs

(Fig.2e,f)
thatw

ere
blocked

by
the

sam
e

antagonists
thatabol-

ished
foot-shock

responses
in

vivo
(Fig.2f),and

could
fire

L1
inter-

neurons
(Supplem

entary
Fig.7).In

sum
m

ary,these
results

indicate
that

activity
ofcholinergic

basalforebrain
neurons

is
both

necessary
and

sufficient
to

fire
L1

interneurons
during

foot
shocks,

and
that

acetylcholine
activates

nA
C

hR
s

on
L1

interneurons.T
his

im
plies

that
acetylcholine

is
released

rapidly
(,

50
m

s)
after

an
aversive

stim
ulus.

A
ctivation

ofL1
interneuronsin

turn
islikely

to
have

a
centralrole

in
fear-conditioning-related

plasticity
in

the
cortex.

L1
interneurons

inhibitL2/3
PV

1
interneurons

H
ow

do
foot-shock

responses
in

L1
interneurons

affectprocessing
in

the
local

m
icrocircuit?

T
here

is
evidence

that
L1

interneurons
can

inhibitinterneuronsin
L2/3

during
nicotinicactivation

24.Fast-spiking,
PV

1
interneurons

are
the

m
ost

abundanttype
ofinterneuron

in
the

neocortex
3.W

e
injected

a
conditionaladeno-associated

virus
(A

A
V

)
expressing

a
fluorescent

m
arker

(venus)
into

auditory
cortex

of
PV

-
ires-C

rem
ice

33to
labelthesecellsselectively

(Fig.3a).T
argeted

record-
ingsrevealed

thatPV
1

interneuronsin
L2/3

are
tonically

active
under

baseline
conditions(5.9

6
1.2

H
z,n

5
17),sim

ilarto
fast-spiking

inter-
neurons

in
aw

ake,head-fixed
m

ice
34.Foot

shocks
caused

prom
inent,

long-lasting
inhibition

of
firing

in
the

m
ajority

of
PV

1
interneurons

(88%
,

Fig.
3b

and
Supplem

entary
Fig.

8),
w

hile
the

rem
aining

tw
o

neurons
displayed

an
excitatory

response
(Supplem

entary
Fig.

9).
Inhibition

ofPV
1

interneurons
w

as
strongly

reduced
by

the
nA

C
hR

antagonists
m

ecam
ylam

ine
and

m
ethyllycaconitine

(Fig.
3b

and
Supplem

entary
Fig.8),w

hich
also

blocked
excitation

ofL1
interneurons

by
foot

shocks
(Fig.2c).Because

PV
1

fast-spiking
interneurons

lack
intrinsic

responses
to

acetylcholine
10,35,

this
result

is
consistent

w
ith

directinhibition
ofPV

1
interneuronsby

L1
interneurons.In

line
w

ith
thisinterpretation,w

eobserved
m

orphologicaland
functionalsynaptic

contactsbetw
een

L1
interneuronsand

PV
1

interneurons(Supplem
en-

tary
Fig.10).In

addition,the
tim

ecourse
offoot-shock

responsesin
the

tw
o

populations
m

atches
(Supplem

entary
Fig.

11).
T

aken
together,

thesedata
indicatethatL2/3

fast-spiking
PV

1
interneuronsareinhibited

by
L1

interneurons
during

footshocks.
T

o
test

w
hether

this
m

echanism
is

also
engaged

in
aw

ake,freely
m

oving
anim

als,w
e

im
planted

m
ice

w
ith

single-unitrecording
elec-

trodes
in

the
superficial

layers
of

the
auditory

cortex
(Fig.

3c
and

Supplem
entary

Fig.
12).

Putative
interneurons

w
ere

distinguished
from

putative
pyram

idalneurons
using

unsupervised
cluster

analysis
(Fig.3d

and
Supplem

entary
Fig.12).R

ecordings
during

fear
condi-

tioning
confirm

ed
thata

large
population

ofputative
interneurons

is
inhibited

during
and

afteran
aversive

shock
(Fig.3e

and
Supplem

en-
tary

Fig.12).T
he

sam
e

neurons
w

ere
activated

by
the

C
S,indicating

thatthe
shock

rem
ovesfeed-forw

ard
inhibition

in
pyram

idalneurons
during

auditory
input.A

sim
ilar

proportion
ofputative

interneurons
displayed

either
excitation

or
no

response
to

shocks
(Supplem

entary
Fig.12).T

hese
data

are
consistentw

ith
the

interpretation
thatexcita-

tion
of

L1
interneurons

by
aversive

stim
uli

serves
to

rem
ove

both
spontaneous

and
feed-forw

ard
inhibition

provided
by

PV
1

inter-
neurons

to
surrounding

pyram
idalneurons

in
behaving

m
ice.

D
isinhibition

ofL2/3
pyram

idalneurons
PV

1
basket

cells
provide

strong,
perisom

atic
inhibition

to
local

pyram
idal

neurons
3,6,7,10.

T
o

test
directly

w
hether

disinhibition
is

the
m

ain
effectoffootshocksin

auditory
cortex

L2/3
pyram

idalcells,
w

e
used

w
hole-cellrecordings.Foot

shocks
elicited

a
depolarization

from
restin

allneuronstested
(5

6
1.1

m
V

,n
5

6,Fig.4a).T
he

am
pli-

tude
increased

at
m

ore
depolarized

m
em

brane
potentials

(Sup-
plem

entary
Fig.13),consistent

w
ith

a
response

m
ediated

by
strong

disinhibition
and

w
eak

excitation
36.A

pplication
ofnA

C
hR

antagonists
converted

thefoot-shock
responseto

a
netinhibition

(Fig.4a),suggest-
ing

an
involvem

ent
of

the
disinhibitory

circuit
described

here,and
perhaps

indicating
thatits

block
unm

asks
a

com
ponentofinhibition

recruited
by

footshocks.Finally,recordingsunderconditionsisolating
inhibitory

postsynaptic
currents(IPSC

s)
17revealed

a
drastic

reduction

c

50 μm

a
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P

V
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Figure
3

|A
versive

shocksinhibitlayer2/3
P

V
1

interneurons.
a,Expression

ofvenus
in

L2/3
PV

1
interneurons.b,C

ell-attached
recordings

from
PV

1

interneurons
in

control(top)
show

strong
inhibition

ofspontaneous
firing

by
footshocks(left,exam

pletraces;right,population
response).T

hisresponsew
as

strongly
reduced

in
the

presence
ofm

ecam
ylam

ine
and

m
ethyllycaconitine

(bottom
).c,Single-unitrecordingsin

thesuperficiallayersofauditory
cortex

in
freely

behaving
m

ice.d,Putative
interneurons

(red)w
ere

separated
from

putative
pyram

idalneurons
(black)

by
unsupervised

cluster
analysis.Inset,

exam
pleaction

potential(A
P)w

aveform
s(scale

bar400
ms).e,z-scored

activity
ofputative

interneurons
show

ing
inhibition

by
periorbitalshocks

during
fear

conditioning.N
ote

recruitm
entby

the
C

S
1

and
subsequentinhibition

by
the

shock
(n

5
9

of24
putative

interneurons,Supplem
entary

Fig.12).
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|A
versive

shocksdisinhibitL2/3
pyram

idalneurons.
a,T

op
left,in

vivo
w

hole-cellcurrent-clam
p

recording
ofan

auditory
cortex

pyram
idal

neuron
during

footshocks.Bottom
left,foot-shock

response
in

the
presence

of
m

ecam
ylam

ine
and

m
ethyllycaconitine.R

esponse
area

recorded
atrestw

as
reduced

by
nA

C
hR

antagonists(right).b,W
hole-cellvoltage-clam

p
recordings

ofinhibitory
postsynaptic

currents
in

pyram
idalneurons

show
a

strong
reduction

in
IPSC

frequency
during

and
afterfootshocks(top,exam

ple
traces;

bottom
,population

data,V
h

old 0
to

1
20

m
V

).c,Left,exam
pleresponse

ofa
L2/

3
neuron

to
frequency-m

odulated
sw

eeps
(top)

and
sw

eeps
paired

w
ith

foot
shocks

(bottom
)

recorded
w

ith
tw

o-photon
calcium

im
aging.R

ight,foot
shocks

caused
a

threefold
enhancem

entofsw
eep

response
area

in
L2/3.

d,Single-unitrecordings
ofputative

pyram
idalneurons

w
ith

significant
response

to
the

C
S

1
in

freely-behaving
m

ice
during

fear
conditioning.N

ote
strong

activation
by

coincidence
ofsw

eep
and

shock.V
aluesare

m
ean

6
s.e.m

.
**P

,
0.01,***P

,
0.001.Statisticalanalysis

in
Supplem

entary
Inform

ation.
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Interneuron response

slices
show

ed
that

allL1
interneurons

show
ed

responses
to

nicotine
puffs

(Fig.2e,f)
thatw

ere
blocked

by
the

sam
e

antagonists
thatabol-

ished
foot-shock

responses
in

vivo
(Fig.2f),and

could
fire

L1
inter-

neurons
(Supplem

entary
Fig.7).In

sum
m

ary,these
results

indicate
that

activity
ofcholinergic

basalforebrain
neurons

is
both

necessary
and

sufficient
to

fire
L1

interneurons
during

foot
shocks,

and
that

acetylcholine
activates

nA
C

hR
s

on
L1

interneurons.T
his

im
plies

that
acetylcholine

is
released

rapidly
(,

50
m

s)
after

an
aversive

stim
ulus.

A
ctivation

ofL1
interneuronsin

turn
is

likely
to

have
a

centralrole
in

fear-conditioning-related
plasticity

in
the

cortex.

L1
interneurons

inhibitL2/3
PV

1
interneurons

H
ow

do
foot-shock

responses
in

L1
interneurons

affectprocessing
in

the
local

m
icrocircuit?

T
here

is
evidence

that
L1

interneurons
can

inhibitinterneuronsin
L2/3

during
nicotinicactivation

24.Fast-spiking,
PV

1
interneurons

are
the

m
ost

abundant
type

ofinterneuron
in

the
neocortex

3.W
e

injected
a

conditionaladeno-associated
virus

(A
A

V
)

expressing
a

fluorescent
m

arker
(venus)

into
auditory

cortex
of

PV
-

ires-C
rem

ice
33to

labelthesecellsselectively
(Fig.3a).T

argeted
record-

ingsrevealed
thatPV

1
interneuronsin

L2/3
are

tonically
active

under
baseline

conditions(5.9
6

1.2
H

z,n
5

17),sim
ilarto

fast-spiking
inter-

neurons
in

aw
ake,head-fixed

m
ice

34.Foot
shocks

caused
prom

inent,
long-lasting

inhibition
of

firing
in

the
m

ajority
of

PV
1

interneurons
(88%

,
Fig.

3b
and

Supplem
entary

Fig.
8),

w
hile

the
rem

aining
tw

o
neurons

displayed
an

excitatory
response

(Supplem
entary

Fig.
9).

Inhibition
ofPV

1
interneurons

w
as

strongly
reduced

by
the

nA
C

hR
antagonists

m
ecam

ylam
ine

and
m

ethyllycaconitine
(Fig.

3b
and

Supplem
entary

Fig.8),w
hich

also
blocked

excitation
ofL1

interneurons
by

foot
shocks

(Fig.2c).Because
PV

1
fast-spiking

interneurons
lack

intrinsic
responses

to
acetylcholine

10,35,
this

result
is

consistent
w

ith
directinhibition

ofPV
1

interneuronsby
L1

interneurons.In
line

w
ith

thisinterpretation,w
eobserved

m
orphologicaland

functionalsynaptic
contactsbetw

een
L1

interneuronsand
PV

1
interneurons(Supplem

en-
tary

Fig.10).In
addition,the

tim
ecourse

offoot-shock
responsesin

the
tw

o
populations

m
atches

(Supplem
entary

Fig.
11).

T
aken

together,

thesedata
indicatethatL2/3

fast-spiking
PV

1
interneuronsareinhibited

by
L1

interneurons
during

footshocks.
T

o
test

w
hether

this
m

echanism
is

also
engaged

in
aw

ake,freely
m

oving
anim

als,w
e

im
planted

m
ice

w
ith

single-unitrecording
elec-

trodes
in

the
superficial

layers
of

the
auditory

cortex
(Fig.

3c
and

Supplem
entary

Fig.
12).

Putative
interneurons

w
ere

distinguished
from

putative
pyram

idalneurons
using

unsupervised
cluster

analysis
(Fig.3d

and
Supplem

entary
Fig.12).R

ecordings
during

fear
condi-

tioning
confirm

ed
thata

large
population

ofputative
interneurons

is
inhibited

during
and

after
an

aversive
shock

(Fig.3e
and

Supplem
en-

tary
Fig.12).T

he
sam

e
neurons

w
ere

activated
by

the
C

S,indicating
thatthe

shock
rem

ovesfeed-forw
ard

inhibition
in

pyram
idalneurons

during
auditory

input.A
sim

ilar
proportion

ofputative
interneurons

displayed
either

excitation
or

no
response

to
shocks

(Supplem
entary

Fig.12).T
hese

data
are

consistentw
ith

the
interpretation

thatexcita-
tion

of
L1

interneurons
by

aversive
stim

uli
serves

to
rem

ove
both

spontaneous
and

feed-forw
ard

inhibition
provided

by
PV

1
inter-

neurons
to

surrounding
pyram

idalneurons
in

behaving
m

ice.

D
isinhibition

ofL2/3
pyram

idalneurons
PV

1
basket

cells
provide

strong,
perisom

atic
inhibition

to
local

pyram
idal

neurons
3,6,7,10.

T
o

test
directly

w
hether

disinhibition
is

the
m

ain
effectoffootshocksin

auditory
cortex

L2/3
pyram

idalcells,
w

e
used

w
hole-cellrecordings.Foot

shocks
elicited

a
depolarization

from
restin

allneuronstested
(5

6
1.1

m
V

,n
5

6,Fig.4a).T
he

am
pli-

tude
increased

at
m

ore
depolarized

m
em

brane
potentials

(Sup-
plem

entary
Fig.13),consistent

w
ith

a
response

m
ediated

by
strong

disinhibition
and

w
eak

excitation
36.A

pplication
ofnA

C
hR

antagonists
converted

thefoot-shock
responseto

a
netinhibition

(Fig.4a),suggest-
ing

an
involvem

ent
of

the
disinhibitory

circuit
described

here,and
perhaps

indicating
thatits

block
unm

asks
a

com
ponentofinhibition

recruited
by

footshocks.Finally,recordingsunderconditionsisolating
inhibitory

postsynaptic
currents(IPSC

s)
17revealed

a
drastic

reduction

c

50 μm
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|A
versive

shocksinhibitlayer2/3
P

V
1

interneurons.
a,Expression

ofvenus
in

L2/3
PV

1
interneurons.b,C

ell-attached
recordings

from
PV

1

interneurons
in

control(top)
show

strong
inhibition

ofspontaneous
firing

by
footshocks(left,exam

pletraces;right,population
response).T

hisresponsew
as

strongly
reduced

in
the

presence
ofm

ecam
ylam

ine
and

m
ethyllycaconitine

(bottom
).c,Single-unitrecordingsin

the
superficiallayersofauditory

cortex
in

freely
behaving

m
ice.d,Putative

interneurons
(red)

w
ere

separated
from

putative
pyram

idalneurons
(black)

by
unsupervised

cluster
analysis.Inset,

exam
ple

action
potential(A

P)w
aveform

s(scale
bar400

ms).e,z-scored
activity

ofputative
interneurons

show
ing

inhibition
by

periorbitalshocks
during

fear
conditioning.N

ote
recruitm

entby
the

C
S

1
and

subsequentinhibition
by

the
shock

(n
5

9
of24

putative
interneurons,Supplem

entary
Fig.12).
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|A
versive

shocksdisinhibitL2/3
pyram

idalneurons.
a,T

op
left,in

vivo
w

hole-cellcurrent-clam
p

recording
ofan

auditory
cortex

pyram
idal

neuron
during

footshocks.Bottom
left,foot-shock

response
in

the
presence

of
m

ecam
ylam

ine
and

m
ethyllycaconitine.R

esponse
area

recorded
atrestw

as
reduced

by
nA

C
hR

antagonists(right).b,W
hole-cellvoltage-clam

p
recordings

ofinhibitory
postsynaptic

currents
in

pyram
idalneurons

show
a

strong
reduction

in
IPSC

frequency
during

and
afterfootshocks(top,exam

ple
traces;

bottom
,population

data,V
h

old 0
to

1
20

m
V

).c,Left,exam
pleresponse

ofa
L2/

3
neuron

to
frequency-m

odulated
sw

eeps
(top)

and
sw

eeps
paired

w
ith

foot
shocks

(bottom
)

recorded
w

ith
tw

o-photon
calcium

im
aging.R

ight,foot
shocks

caused
a

threefold
enhancem

entofsw
eep

response
area

in
L2/3.

d,Single-unitrecordings
ofputative

pyram
idalneurons

w
ith

significant
response

to
the

C
S

1
in

freely-behaving
m

ice
during

fear
conditioning.N

ote
strong

activation
by

coincidence
ofsw

eep
and

shock.V
aluesare

m
ean

6
s.e.m

.
**P

,
0.01,***P

,
0.001.Statisticalanalysis

in
Supplem

entary
Inform

ation.
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Pyram
idal cell response

of
IPSC

frequency
during

and
after

the
foot

shock
(Fig.4b).T

hese
results

indicate
that

inhibition
of

PV
1

interneurons
is

a
dom

inant
influence

shaping
foot-shock

responses
in

pyram
idal

neurons,
and

are
in

line
w

ith
the

observation
thatbasalforebrain

stim
ulation

causes
disinhibition

ofpyram
idalcells

17.
G

iven
that

acetylcholine
can

affect
m

any
stages

of
neocortical

inform
ation

processing
8–11,w

e
nextaim

ed
to

determ
ine

how
sensory

input
interacts

w
ith

foot-shock-m
ediated

disinhibition.W
e

im
aged

calcium
responses

to
tones

in
L2/3

ofauditory
cortex,and

com
pared

them
to

presentations
of

the
sam

e
tones

in
conjunction

w
ith

foot
shocks(Fig.4c

and
Supplem

entary
Fig.14).T

hisexperim
entrevealed

that
foot

shocks
cause

a
strong

enhancem
ent

of
the

calcium
signal

integral,suggesting
that

tone/shock
com

pounds
elicit

m
uch

greater
activity

than
tonesalone.A

sim
ilarobservation

w
asm

ade
w

ith
extra-

cellular
recordings

in
freely

m
oving

m
ice,w

here
coincidence

oftone
and

shock
excited

putative
pyram

idalneurons
m

uch
m

ore
than

tone
alone

(Fig.4d).T
hiseffectw

ashighly
supralinearin

both
experim

ents
because

shocks
alone

elicited
alm

ost
no

activity
in

these
neurons

(Supplem
entary

Fig.14).In
sum

m
ary,w

e
provide

evidence
thatL2/

3
pyram

idalneuronsaredisinhibited
by

aversivestim
ulivia

inhibition
ofPV

1
interneurons.

Fear
learning

requires
auditory

cortex
disinhibition

T
o

determ
ine

w
hetheractivation

ofnA
C

hR
scontributesto

fearlearn-
ing,w

e
applied

m
ecam

ylam
ine

and
m

ethyllycaconitine
locally

into
the

auditory
cortex

before
fear

conditioning
(Fig.5a

and
Supplem

en-
tary

Fig.1).W
hen

tested
24

h
later

in
drug-free

state,this
m

anipula-
tion

resulted
in

strongly
reduced

fearlevels(Fig.5b),consistentw
ith

a
requirem

entfor
nicotinic

activation
ofL1

interneurons.H
ow

ever,L1
interneurons

are
not

the
only

circuit
elem

ents
expressing

nA
C

hR
s

8,9,11.T
o

testfurtherw
hetherdisinhibition

specifically
during

thefootshock
contributesto

fearlearning,w
eused

channelrhodopsin-2
(C

hR
-2)

37expression
in

PV
1

interneurons(Fig.5c
and

Supplem
entary

Figs
15

and
16).M

ice
w

ith
chronic,bilateraloptic

fibre
im

plantation
(Fig.

5d)
w

ere
subjected

to
differential

fear
conditioning

in
w

hich
optogenetic

stim
ulation

of
PV

1
interneurons

occurred
during

and
for

5
s

after
the

foot
shock

(Fig.
5e),

the
period

during
w

hich
w

e

observed
inhibition

ofthese
neurons

(Fig.3b).W
hen

tested
24

h
later

w
ithoutoptogenetic

stim
ulation,these

m
ice

show
ed

strongly
reduced

fearresponsesto
the

conditioned
stim

uluscom
pared

to
sham

-injected
litterm

ates(Fig.5f).R
econditioning

w
ithoutoptogeneticm

anipulation
yielded

norm
alfear

learning
(Fig.5f).In

addition,w
e

ruled
out

the
possibility

that
foot

shock
perception

w
as

perturbed
by

optogenetic
stim

ulation
and

thatlaserillum
ination

itselfw
asperceived

asa
condi-

tioned
stim

ulus(Supplem
entary

Fig.17).T
ogether,these

data
indicate

that
nicotinic

disinhibition
of

the
auditory

cortex
selectively

during
footshock

is
required

for
associative

fear
learning.

D
iscussion

U
sing

targeted
recordings

from
identified

populations
of

auditory
cortex

neurons
in

conjunction
w

ith
single-unit

recordings,
phar-

m
acological

and
optogenetic

m
anipulations

in
behaving

m
ice,

w
e

have
identified

a
disinhibitory

m
icrocircuit

required
for

associative
learning.O

ur
data

show
that

L1
interneurons

play
a

centralrole
in

conveying
inform

ation
aboutan

aversive
stim

ulusto
auditory

cortex.
A

ctivity
of

L1
interneurons

w
as

tightly
controlled

by
endogenous

acetylcholine
released

from
basal

forebrain
cholinergic

projections,
w

hich
determ

ined
baseline

firing
and

acutely
activated

the
m

ajority
of

L1
interneurons

during
foot

shocks,w
hile

a
sub-set

responded
w

ith
inhibition.

G
iven

that
all

L1
interneurons

express
functional

nA
C

hR
s

24(Fig.2),a
likely

source
ofthisinhibition

are
synaptic

inter-
actions

w
ithin

L1
(ref.25).Layer

1
contains

severalm
orphologically

distinct
subtypes

of
interneurons

22–25,38,and
it

rem
ains

to
be

deter-
m

ined
w

hetherfoot-shock
response

type
correlatesw

ith
m

orphology.
A

strikingly
sim

ilaractivation
by

footshocksw
asalso

observed
in

the
prim

ary
visualcortex,w

hich
could

underlie
aspectsofcontextualfear

learning
and

indicates
thatcholinergic

activation
ofL1

interneurons
m

ay
be

a
generalfeature

ofneocorticalorganization.T
ogether,these

results
add

to
m

ounting
evidence

that
L1

is
a

prom
inent

locus
of

feedback
signalling

in
the

neocortex
27,28,32

and
begin

to
define

how
feedback

signalsinteractw
ith

thalam
ocorticalfeed-forw

ard
inform

a-
tion

during
m

em
ory

acquisition.Interestingly,L1
interneurons

also
receive

prom
inent

corticocortical
feedback

27,and
are

responsive
to

dopam
ine

39and
serotonin

40,indicating
that,depending

on
the

nature
ofthe

learning
task,different

system
s

can
feed

into
the

m
icrocircuit

described
here.

Foot
shocks

reduced
both

spontaneous
and

feed-forw
ard

periso-
m

atic
inhibition

provided
by

basketcells,thusdisinhibiting
pyram

idal
neurons.Im

portantly,w
e

cannotrule
outthatelectrotonically

rem
ote

dendritic
sites

received
unchanged

or
even

increased
inhibition,for

instance
from

L1
neurogliaform

cells
25,38,w

hich
could

serve
to

com
-

partm
entalize

induction
ofsynaptic

plasticity.N
icotinic

enhancem
ent

ofinhibitory
inputto

pyram
idalneuronshasbeen

observed
in

vitro
11,41.

T
herefore,thelevelofongoing

inhibition
onto

pyram
idalneurons,asa

prerequisite
fordisinhibition,m

ay
determ

ine
w

hetherthe
neteffectof

nA
C

hR
activation

is
inhibitory

or
disinhibitory.D

isinhibition
is

an
attractive

m
echanism

for
learning

because
itis

perm
issive

for
strong

activation
and

concom
itant

plasticity
induction,but

not
necessarily

causative.R
ather,the

availablesensory
inputatthe

tim
e

oftheaversive
stim

ulus
can

select
the

circuit
elem

ents
for

plasticity
induction

in
a

bottom
-up

fashion.In
addition,othercholinergicactionslikeenhance-

m
entofthalam

ocorticaltransm
ission

11,42and
reduced

G
A

BA
release

from
basketcellsynapses

10m
ay

have
acted

in
synergy

w
ith

the
m

icro-
circuitdescribed

here
to

boostsensory
responses.

D
isinhibition

ofpyram
idalneuronsby

footshocksin
turn

probably
gated

the
induction

of
activity-dependent

plasticity
in

the
auditory

cortex
16,17and

atcorticalafferents
to

the
am

ygdala
18.In

parallel,cho-
linergic

activation
ofL1

interneuronsm
ay

also
contribute

to
m

em
ory

expression,
because

basal
forebrain

neurons
acquire

a
conditioned

response
during

learning
31,43.

Irrespective
of

the
plasticity

loci,
our

results
delineate

a
role

for
the

auditory
cortex

in
fear

conditioning
to

com
plex

tonesthatgoesbeyond
m

ere
signalling

oftoneinform
ation

to
the

am
ygdala

18–21.R
ather,w

e
observe

that
stim

ulus
convergence

d C
hR

-2 expression in P
V

+

interneurons

b
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Figure
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|A
uditory

cortex
disinhibition

is
required

for
fear

learning.
a,Injection

ofm
ecam

ylam
ine

and
m

ethyllycaconitine
(red)

into
auditory

cortex
(blue)before

fear
conditioning.b,D

rug-free
freezing

in
a

novelcontext
one

day
after

conditioning.C
om

pared
to

vehicle-injected
m

ice
(grey),nA

C
hR

antagonism
reduced

freezing
to

both
C

S
2

and
C

S
1

(red).c,Stim
ulation

of
C

hR
-2

expressing
PV

1
interneurons

(green)
in

auditory
cortex

(red)
via

an
optic

fibre
(blue).d,O

ptogenetic
m

anipulation
in

freely
behaving

m
ice.

e,D
ifferentialfear

conditioning
protocolw

ith
optogenetic

stim
ulation

during
and

for
5

s
after

every
footshock.f,Freezing

in
a

novelcontextw
ithoutlaser

stim
ulation

one
day

afterconditioning.C
om

pared
to

identically
treated

sham
-

injected
litterm

ates
(black),virus-injected

m
ice

(blue)
exhibitdrastically

reduced
freezing

to
the

C
S

1
.R

econditioning
w

ithoutoptogenetic
stim

ulation
yielded

strongly
enhanced

freezing
(red)thatw

asindistinguishable
from

sham
.

V
alues

are
m

ean
6

s.e.m
.**P

,
0.01,***P

,
0.001.Statisticalanalysis

in
Supplem

entary
Inform

ation.
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of
IPSC

frequency
during

and
after

the
foot

shock
(Fig.4b).T

hese
results

indicate
that

inhibition
of

PV
1

interneurons
is

a
dom

inant
influence

shaping
foot-shock

responses
in

pyram
idal

neurons,
and

are
in

line
w

ith
the

observation
thatbasalforebrain

stim
ulation

causes
disinhibition

ofpyram
idalcells

17.
G

iven
that

acetylcholine
can

affect
m

any
stages

of
neocortical

inform
ation

processing
8–11,w

e
nextaim

ed
to

determ
ine

how
sensory

input
interacts

w
ith

foot-shock-m
ediated

disinhibition.W
e

im
aged

calcium
responses

to
tones

in
L2/3

ofauditory
cortex,and

com
pared

them
to

presentations
of

the
sam

e
tones

in
conjunction

w
ith

foot
shocks(Fig.4c

and
Supplem

entary
Fig.14).T

hisexperim
entrevealed

that
foot

shocks
cause

a
strong

enhancem
ent

of
the

calcium
signal

integral,suggesting
that

tone/shock
com

pounds
elicit

m
uch

greater
activity

than
tonesalone.A

sim
ilarobservation

w
asm

ade
w

ith
extra-

cellular
recordings

in
freely

m
oving

m
ice,w

here
coincidence

oftone
and

shock
excited

putative
pyram

idalneurons
m

uch
m

ore
than

tone
alone

(Fig.4d).T
hiseffectw

ashighly
supralinearin

both
experim

ents
because

shocks
alone

elicited
alm

ost
no

activity
in

these
neurons

(Supplem
entary

Fig.14).In
sum

m
ary,w

e
provide

evidence
thatL2/

3
pyram

idalneuronsaredisinhibited
by

aversivestim
ulivia

inhibition
ofPV

1
interneurons.

Fear
learning

requires
auditory

cortex
disinhibition

T
o

determ
ine

w
hetheractivation

ofnA
C

hR
scontributesto

fearlearn-
ing,w

e
applied

m
ecam

ylam
ine

and
m

ethyllycaconitine
locally

into
the

auditory
cortex

before
fear

conditioning
(Fig.5a

and
Supplem

en-
tary

Fig.1).W
hen

tested
24

h
later

in
drug-free

state,this
m

anipula-
tion

resulted
in

strongly
reduced

fearlevels(Fig.5b),consistentw
ith

a
requirem

entfor
nicotinic

activation
ofL1

interneurons.H
ow

ever,L1
interneurons

are
not

the
only

circuit
elem

ents
expressing

nA
C

hR
s

8,9,11.T
o

testfurtherw
hetherdisinhibition

specifically
during

thefootshock
contributesto

fearlearning,w
eused

channelrhodopsin-2
(C

hR
-2)

37expression
in

PV
1

interneurons(Fig.5c
and

Supplem
entary

Figs
15

and
16).M

ice
w

ith
chronic,bilateraloptic

fibre
im

plantation
(Fig.

5d)
w

ere
subjected

to
differential

fear
conditioning

in
w

hich
optogenetic

stim
ulation

of
PV

1
interneurons

occurred
during

and
for

5
s

after
the

foot
shock

(Fig.
5e),

the
period

during
w

hich
w

e

observed
inhibition

ofthese
neurons

(Fig.3b).W
hen

tested
24

h
later

w
ithoutoptogenetic

stim
ulation,these

m
ice

show
ed

strongly
reduced

fearresponsesto
the

conditioned
stim

uluscom
pared

to
sham

-injected
litterm

ates(Fig.5f).R
econditioning

w
ithoutoptogeneticm

anipulation
yielded

norm
alfear

learning
(Fig.5f).In

addition,w
e

ruled
out

the
possibility

that
foot

shock
perception

w
as

perturbed
by

optogenetic
stim

ulation
and

thatlaserillum
ination

itselfw
asperceived

asa
condi-

tioned
stim

ulus(Supplem
entary

Fig.17).T
ogether,these

data
indicate

that
nicotinic

disinhibition
of

the
auditory

cortex
selectively

during
footshock

is
required

for
associative

fear
learning.

D
iscussion

U
sing

targeted
recordings

from
identified

populations
of

auditory
cortex

neurons
in

conjunction
w

ith
single-unit

recordings,
phar-

m
acological

and
optogenetic

m
anipulations

in
behaving

m
ice,

w
e

have
identified

a
disinhibitory

m
icrocircuit

required
for

associative
learning.O

ur
data

show
that

L1
interneurons

play
a

centralrole
in

conveying
inform

ation
aboutan

aversive
stim

ulusto
auditory

cortex.
A

ctivity
of

L1
interneurons

w
as

tightly
controlled

by
endogenous

acetylcholine
released

from
basal

forebrain
cholinergic

projections,
w

hich
determ

ined
baseline

firing
and

acutely
activated

the
m

ajority
of

L1
interneurons

during
foot

shocks,w
hile

a
sub-set

responded
w

ith
inhibition.

G
iven

that
all

L1
interneurons

express
functional

nA
C

hR
s

24(Fig.2),a
likely

source
ofthisinhibition

are
synaptic

inter-
actions

w
ithin

L1
(ref.25).Layer

1
contains

severalm
orphologically

distinct
subtypes

of
interneurons

22–25,38,and
it

rem
ains

to
be

deter-
m

ined
w

hetherfoot-shock
response

type
correlatesw

ith
m

orphology.
A

strikingly
sim

ilaractivation
by

footshocksw
asalso

observed
in

the
prim

ary
visualcortex,w

hich
could

underlie
aspectsofcontextualfear

learning
and

indicates
thatcholinergic

activation
ofL1

interneurons
m

ay
be

a
generalfeature

ofneocorticalorganization.T
ogether,these

results
add

to
m

ounting
evidence

that
L1

is
a

prom
inent

locus
of

feedback
signalling

in
the

neocortex
27,28,32

and
begin

to
define

how
feedback

signalsinteractw
ith

thalam
ocorticalfeed-forw

ard
inform

a-
tion

during
m

em
ory

acquisition.Interestingly,L1
interneurons

also
receive

prom
inent

corticocortical
feedback

27,and
are

responsive
to

dopam
ine

39and
serotonin

40,indicating
that,depending

on
the

nature
ofthe

learning
task,different

system
s

can
feed

into
the

m
icrocircuit

described
here.

Foot
shocks

reduced
both

spontaneous
and

feed-forw
ard

periso-
m

atic
inhibition

provided
by

basketcells,thusdisinhibiting
pyram

idal
neurons.Im

portantly,w
e

cannotrule
outthatelectrotonically

rem
ote

dendritic
sites

received
unchanged

or
even

increased
inhibition,for

instance
from

L1
neurogliaform

cells
25,38,w

hich
could

serve
to

com
-

partm
entalize

induction
ofsynaptic

plasticity.N
icotinic

enhancem
ent

ofinhibitory
inputto

pyram
idalneuronshasbeen

observed
in

vitro
11,41.

T
herefore,thelevelofongoing

inhibition
onto

pyram
idalneurons,asa

prerequisite
fordisinhibition,m

ay
determ

ine
w

hetherthe
neteffectof

nA
C

hR
activation

is
inhibitory

or
disinhibitory.D

isinhibition
is

an
attractive

m
echanism

for
learning

because
itis

perm
issive

for
strong

activation
and

concom
itant

plasticity
induction,but

not
necessarily

causative.R
ather,the

availablesensory
inputatthe

tim
e

oftheaversive
stim

ulus
can

select
the

circuit
elem

ents
for

plasticity
induction

in
a

bottom
-up

fashion.In
addition,othercholinergicactionslikeenhance-

m
entofthalam

ocorticaltransm
ission

11,42and
reduced

G
A

BA
release

from
basketcellsynapses

10m
ay

have
acted

in
synergy

w
ith

the
m

icro-
circuitdescribed

here
to

boostsensory
responses.

D
isinhibition

ofpyram
idalneuronsby

footshocksin
turn

probably
gated

the
induction

of
activity-dependent

plasticity
in

the
auditory

cortex
16,17and

atcorticalafferents
to

the
am

ygdala
18.In

parallel,cho-
linergic

activation
ofL1

interneuronsm
ay

also
contribute

to
m

em
ory

expression,
because

basal
forebrain

neurons
acquire

a
conditioned

response
during

learning
31,43.

Irrespective
of

the
plasticity

loci,
our

results
delineate

a
role

for
the

auditory
cortex

in
fear

conditioning
to

com
plex

tonesthatgoesbeyond
m

ere
signalling

oftoneinform
ation

to
the

am
ygdala

18–21.R
ather,w

e
observe

that
stim

ulus
convergence

d C
hR

-2 expression in P
V

+

interneurons
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 associates predictive signals w
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Learning anticipatory actions in the cerebellum

The cerebellum
 associates predictive signals (CS) w

ith adaptive m
otor responses (CR)

•
Anticipatory action: Purkinje Cell – Deep Cerebellar Nucleus 

 36
CS

US

CR
Adapted from

: Dean et al, 2009 



Learning anticipatory actions in the cerebellum

•
Anticipatory action: Purkinje Cell – Deep Cerebellar Nucleus 

•
Predictive signal: M

ossy fibers – G
ranule Cells

The cerebellum
 associates predictive signals (CS) w

ith adaptive m
otor responses (CR)
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Learning anticipatory actions in the cerebellum

•
Anticipatory action: Purkinje Cell – Deep Cerebellar Nucleus 

•
Predictive signal: M

ossy fibers – G
ranule Cells 

•
Teaching/error signal: Clim

bing fibers

The cerebellum
 associates predictive signals (CS) w

ith adaptive m
otor responses (CR)
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Learning anticipatory actions in the cerebellum

•
Anticipatory action: Purkinje Cell – Deep Cerebellar Nucleus 

•
Predictive signal: M

ossy fibers – G
ranule Cells 

•
Teaching signal: Clim

bing fibers

The cerebellum
 associates predictive signals (CS) w

ith adaptive m
otor responses (CR)
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Fig.2.
Com

putational
architecture

w
ith

the
reactive

and
adaptive

controllers
including

N
cerebellarm

icrocircuits
(CM

),N
IO

com
ponents

and
a
reflex

arc
(Ref).

Each
m
icrocircuitgenerates

an
outputcom

m
and

C
i .The

individualcom
m
ands

are
averaged

into
C
and

then
added

to
R
to

generate
the

finalaction.

2.M
ethods

2.1.
Cerebellarm

odel

The
m
odel

of
the

cerebellum
consists

of
a

set
of

parallel
cerebellarm

icrocircuits,each
one

connected
to

its
IO

com
ponent.

Each
cerebellar

m
icrocircuitencapsulates

inform
ation

processing
from

cerebellar
cortex

and
cerebellar

nucleitogether.The
inputs

displayed
in

Fig.
2

correspond
to

the
m
ossy

fiber
and

the
clim

bing
fiber

pathw
ays,and

relay
the

cue
and

the
error

signals,
respectively.In

nature,the
outputofa

m
icrocircuitm

odule
w
illbe

carried
by

the
axons

ofthe
deep-nuclearcells

(fora
review

ofthe
cerebellarcytoarchitecture

see
Ecclesetal.,1967).

W
e

im
plem

ented
each

cerebellar
m
icrocircuit

as
an

analy-
sis–synthesis

adaptive
filter

(see
Dean

et
al.,2010

for
a
review

),
w
here

the
inform

ation
com

ing
through

the
m
ossy

fiber
pathw

ay
ism

apped
into

deep-nuclearactivity
and

adjusted
according

to
the

teaching
signalprovided

by
the

clim
bing-fibersignal.Even

though
the

assum
ptionsinherentto

thism
odelare

described
in

a
seriesof

publications(Dean
etal.,2010;Fujita,1982;Porrill&

Dean,2008)
w
e
briefly

describe
them

here.The
cerebellarcortex

actsasa
filter

thatm
apsm

ossy-fiberactivity
into

the
Purkinje

celloutput.Upon
entering

the
cerebellar

cortex,the
m
ossy

fiber
inform

ation
is

ex-
panded

into
m
ultiple

com
ponentsorbasisinto

the
granularlayer.

Such
basis

arise
by

m
eans

ofthe
interaction

betw
een

the
m
ossy

fibers,the
excitatory

granule
cells

and
the

inhibitory
Golgicells

(M
edina

&
M
auk,2000;Yam

azaki&
Tanaka,2007).Differentfac-

tors
such

as
the

diversity
in

the
connectivity

betw
een

these
cells

(M
apelli,Gandolfi,&

D’Angelo,2010)and
in

the
synaptic

gain
dis-

tribution
(Crow

ley,Fioravante,&
Regehr,2009)generate

a
reper-

toire
ofresponses

in
the

outputofthe
granule

cells.W
e
w
illrefer

to
these

outputsasthe
corticalbasis.Such

corticalbasis,relayed
by

the
parallelfibers,serve

to
m
odulate

the
outputofPurkinje

cells.
Since

parallelfibers
can

directly
excite

a
Purkinje

cellorinhibitit
by

disynapticinhibition
through

the
m
olecularlayerinterneurons,

then
asam

eparallelfibercan
haveeitherapositiveoranegativeef-

fectin
the

projecting
Purkinje

cell.Thisallow
sthe

w
eightsapplied

to
the

corticalbasis
in

the
m
odelto

have
positive

ornegative
val-

ues(Porrill&
Dean,2008).Such

w
eightsm

odelthe
gain

ofsynaptic

contacts
m
ade

by
the

parallelfibers
w
ith

inhibitory
interneurons

and
Purkinjecells.Theirvaluesareadjusted

according
to

theteach-
ing

signalprovided
IO

activity,thatreaches
the

cerebellar
cortex

through
the

clim
bing

fibers.
This

im
plem

entation
ofthe

adaptive
filter

m
odelincludes

the
follow

ing
novelties:

1.w
e
use

a
random

spike
generatorm

odelforthe
IO

w
ith

a
rate

of1
H
z,consistentw

ith
the

range
oflow

firing
rates

observed
in

vivo
Ecclesetal.(1967);

2.w
e
seta

series
ofparallelm

icrocircuits,each
one

w
ith

its
ow

n
IO

com
ponent;

3.w
ecollapsethecerebellarcortex

and
cerebellarnucleitogether.

The
total

output
of

the
cerebellar

controller
is

produced
averaging

the
outputofallthe

m
icrocircuits.

Corticalbasis.To
generate

the
corticalbasisw

e
convolve

the
signal

com
ing

through
the

m
ossy

fiberpathw
ay

w
ith

tw
o
exponentials.

In
such

a
w
ay,

the
response

of
each

basis
to

a
unitary

pulse
resem

bles
an

alpha
function.The

tim
e
constants

governing
the

exponentials
are

random
ly

draw
n
from

tw
o
flat

distributions
(a

fast
tim

e
constant,

⌧r ,ranging
from

2
to

50
m
s
and

a
slow

one,
⌧d ,ranging

from
50

to
750

m
s).The

firstsetoffasttim
e
constants

controlthe
rise

ofthe
basisand

the
second,the

decay.These
values

are
w
ithin

the
physiological

range
of

the
tim

e
constants

of
the

slow
currents

in
the

granular
layer,e.g.,slow

spillover
inhibitory

currents
(Crow

ley
et

al.,2009;
H
am

ann,Rossi,&
Attw

ell,2002;
Rossi&

H
am

ann,1998).
Given

an
input

m
(t),

the
output

of
a

cortical
basis

p
j (t)

is
generated

according
to

the
nextdifference

equations:

p
rj (t)=

�
rj p

rj (t�
1
)+

m
(t�

1
)

p
dj (t)=

�
dj p

dj (t�
1
)+

p
rj (t�

1
)

p
j (t)=

�
j [p

dj (t�
1
)�

✓
j ] +

w
here

jindexesaparticularbasis.p
rj and

p
dj com

pute
aconvolution

and,inform
ally,each

one
governsthe

rise
and

decay
ofthe

p
j basis,

respectively.They
are

controlled
by

the
persistence

factors
�

rj
and

�
dj ,w

hich
are

com
puted

from
⌧r

and
⌧d

(see
above).The

third
equation

addsa
non-linearity

(a
threshold

✓
j )allow

ing
to

produce
steeper

responses
(note

that[x] +
=

m
ax

(x,0
)).Such

threshold
w
assetto

0.7
tim

esthe
m
axim

um
value

attained
by

p
dj w

hen
m

(t)
carried

aspikeduring
asingletim

e-step.Finally,allbasisarescaled
by

�
j such

thattheirm
axim

um
am

plitude
isfixed

to
1.

The
output

of
each

m
icrocircuit

is
obtained

by
a

linear
com

bination
ofitscurrentcom

ponents:

C
i (t)=

[p
i (t)w

i (t) T] +
(1)

w
here

iindexes
a
particular

m
icrocircuit,w

i (t)
is

the
vector

of
w
eightsand

p
i (t)isthevectorofbasis.Asin

Leporaetal.(2010)w
e

clipped
the

outputofthe
adaptive

filterto
rem

ove
negative

values.
The

w
eightsare

updated
using

the
de-correlation

learning
rule:

1
w

ij (t)=
�

ei (t)
p
ij (t�

�)
(2)

w
here

�
controls

the
learning

rate
and

ei (t)
is

the
error

signal
of

the
m
icrocircuit

i,com
puted

from
the

output
of

the
IO

(see
below

).�
corresponds

to
the

latency
ofthe

errorfeedback
(M

iall,
Christensen,Cain,&

Stanley,2007).This
param

eter
establishes

w
hen

the
action,thatcaused

orcould
have

prevented
the

current
error,occurred

or
should

have
occurred.For

this,
�
resolves

the
tem

poral
credit

assignm
ent

problem
(Sutton

&
Barto,1998).In

practice,
this

param
eter

sets
up

the
relative

tim
ing

of
the

CR
relative

to
the

US.Forthis,ithasto
accountnotonly

forthe
delays

in
transm

ission
ofthe

signals,butalso
forthe

latency
associated

to
the

action
execution.In

ourcase,given
the

tem
poraldynam

ics
of

the
tem

poralbasis,turnslaston
the

orderof100
m
s,m

aking
such

a
value

a
sensible

choice
for

�.

CS
US

CR
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Fig.2.
Com

putational
architecture

w
ith

the
reactive

and
adaptive

controllers
including

N
cerebellarm

icrocircuits
(CM

),N
IO

com
ponents

and
a
reflex

arc
(Ref).

Each
m
icrocircuitgenerates

an
outputcom

m
and

C
i .The

individualcom
m
ands

are
averaged

into
C
and

then
added

to
R
to

generate
the

finalaction.

2.M
ethods

2.1.
Cerebellarm

odel

The
m
odel

of
the

cerebellum
consists

of
a

set
of

parallel
cerebellarm

icrocircuits,each
one

connected
to

its
IO

com
ponent.

Each
cerebellar

m
icrocircuitencapsulates

inform
ation

processing
from

cerebellar
cortex

and
cerebellar

nucleitogether.The
inputs

displayed
in

Fig.
2

correspond
to

the
m
ossy

fiber
and

the
clim

bing
fiber

pathw
ays,and

relay
the

cue
and

the
error

signals,
respectively.In

nature,the
outputofa

m
icrocircuitm

odule
w
illbe

carried
by

the
axons

ofthe
deep-nuclearcells

(fora
review

ofthe
cerebellarcytoarchitecture

see
Ecclesetal.,1967).

W
e

im
plem

ented
each

cerebellar
m
icrocircuit

as
an

analy-
sis–synthesis

adaptive
filter

(see
Dean

et
al.,2010

for
a
review

),
w
here

the
inform

ation
com

ing
through

the
m
ossy

fiber
pathw

ay
ism

apped
into

deep-nuclearactivity
and

adjusted
according

to
the

teaching
signalprovided

by
the

clim
bing-fibersignal.Even

though
the

assum
ptionsinherentto

thism
odelare

described
in

a
seriesof

publications(Dean
etal.,2010;Fujita,1982;Porrill&

Dean,2008)
w
e
briefly

describe
them

here.The
cerebellarcortex

actsasa
filter

thatm
apsm

ossy-fiberactivity
into

the
Purkinje

celloutput.Upon
entering

the
cerebellar

cortex,the
m
ossy

fiber
inform

ation
is

ex-
panded

into
m
ultiple

com
ponentsorbasisinto

the
granularlayer.

Such
basis

arise
by

m
eans

ofthe
interaction

betw
een

the
m
ossy

fibers,the
excitatory

granule
cells

and
the

inhibitory
Golgicells

(M
edina

&
M
auk,2000;Yam

azaki&
Tanaka,2007).Differentfac-

tors
such

as
the

diversity
in

the
connectivity

betw
een

these
cells

(M
apelli,Gandolfi,&

D’Angelo,2010)and
in

the
synaptic

gain
dis-

tribution
(Crow

ley,Fioravante,&
Regehr,2009)generate

a
reper-

toire
ofresponses

in
the

outputofthe
granule

cells.W
e
w
illrefer

to
these

outputsasthe
corticalbasis.Such

corticalbasis,relayed
by

the
parallelfibers,serve

to
m
odulate

the
outputofPurkinje

cells.
Since

parallelfibers
can

directly
excite

a
Purkinje

cellorinhibitit
by

disynapticinhibition
through

the
m
olecularlayerinterneurons,

then
asam

eparallelfibercan
haveeitherapositiveoranegativeef-

fectin
the

projecting
Purkinje

cell.Thisallow
sthe

w
eightsapplied

to
the

corticalbasis
in

the
m
odelto

have
positive

ornegative
val-

ues(Porrill&
Dean,2008).Such

w
eightsm

odelthe
gain

ofsynaptic

contacts
m
ade

by
the

parallelfibers
w
ith

inhibitory
interneurons

and
Purkinjecells.Theirvaluesareadjusted

according
to

theteach-
ing

signalprovided
IO

activity,thatreaches
the

cerebellar
cortex

through
the

clim
bing

fibers.
This

im
plem

entation
ofthe

adaptive
filter

m
odelincludes

the
follow

ing
novelties:

1.w
e
use

a
random

spike
generatorm

odelforthe
IO

w
ith

a
rate

of1
H
z,consistentw

ith
the

range
oflow

firing
rates

observed
in

vivo
Ecclesetal.(1967);

2.w
e
seta

series
ofparallelm

icrocircuits,each
one

w
ith

its
ow

n
IO

com
ponent;

3.w
ecollapsethecerebellarcortex

and
cerebellarnucleitogether.

The
total

output
of

the
cerebellar

controller
is

produced
averaging

the
outputofallthe

m
icrocircuits.

Corticalbasis.To
generate

the
corticalbasisw

e
convolve

the
signal

com
ing

through
the

m
ossy

fiberpathw
ay

w
ith

tw
o
exponentials.

In
such

a
w
ay,

the
response

of
each

basis
to

a
unitary

pulse
resem

bles
an

alpha
function.The

tim
e
constants

governing
the

exponentials
are

random
ly

draw
n
from

tw
o
flat

distributions
(a

fast
tim

e
constant,

⌧r ,ranging
from

2
to

50
m
s
and

a
slow

one,
⌧d ,ranging

from
50

to
750

m
s).The

firstsetoffasttim
e
constants

controlthe
rise

ofthe
basisand

the
second,the

decay.These
values

are
w
ithin

the
physiological

range
of

the
tim

e
constants

of
the

slow
currents

in
the

granular
layer,e.g.,slow

spillover
inhibitory

currents
(Crow

ley
et

al.,2009;
H
am

ann,Rossi,&
Attw

ell,2002;
Rossi&

H
am

ann,1998).
Given

an
input

m
(t),

the
output

of
a

cortical
basis

p
j (t)

is
generated

according
to

the
nextdifference

equations:

p
rj (t)=

�
rj p

rj (t�
1
)+

m
(t�

1
)

p
dj (t)=

�
dj p

dj (t�
1
)+

p
rj (t�

1
)

p
j (t)=

�
j [p

dj (t�
1
)�

✓
j ] +

w
here

jindexesaparticularbasis.p
rj and

p
dj com

pute
aconvolution

and,inform
ally,each

one
governsthe

rise
and

decay
ofthe

p
j basis,

respectively.They
are

controlled
by

the
persistence

factors
�

rj
and

�
dj ,w

hich
are

com
puted

from
⌧r

and
⌧d

(see
above).The

third
equation

addsa
non-linearity

(a
threshold

✓
j )allow

ing
to

produce
steeper

responses
(note

that[x] +
=

m
ax

(x,0
)).Such

threshold
w
assetto

0.7
tim

esthe
m
axim

um
value

attained
by

p
dj w

hen
m

(t)
carried

aspikeduring
asingletim

e-step.Finally,allbasisarescaled
by

�
j such

thattheirm
axim

um
am

plitude
isfixed

to
1.

The
output

of
each

m
icrocircuit

is
obtained

by
a

linear
com

bination
ofitscurrentcom

ponents:

C
i (t)=

[p
i (t)w

i (t) T] +
(1)

w
here

iindexes
a
particular

m
icrocircuit,w

i (t)
is

the
vector

of
w
eightsand

p
i (t)isthevectorofbasis.Asin

Leporaetal.(2010)w
e

clipped
the

outputofthe
adaptive

filterto
rem

ove
negative

values.
The

w
eightsare

updated
using

the
de-correlation

learning
rule:

1
w

ij (t)=
�

ei (t)
p
ij (t�

�)
(2)

w
here

�
controls

the
learning

rate
and

ei (t)
is

the
error

signal
of

the
m
icrocircuit

i,com
puted

from
the

output
of

the
IO

(see
below

).�
corresponds

to
the

latency
ofthe

errorfeedback
(M

iall,
Christensen,Cain,&

Stanley,2007).This
param

eter
establishes

w
hen

the
action,thatcaused

orcould
have

prevented
the

current
error,occurred

or
should

have
occurred.For

this,
�
resolves

the
tem

poral
credit

assignm
ent

problem
(Sutton

&
Barto,1998).In

practice,
this

param
eter

sets
up

the
relative

tim
ing

of
the

CR
relative

to
the

US.Forthis,ithasto
accountnotonly

forthe
delays

in
transm

ission
ofthe

signals,butalso
forthe

latency
associated

to
the

action
execution.In

ourcase,given
the

tem
poraldynam

ics
of

the
tem

poralbasis,turnslaston
the

orderof100
m
s,m

aking
such

a
value

a
sensible

choice
for

�.

Trial 1
Trial 50-100
Trial 351-400



Cerebellum
 as a inverse m

odel (Kaw
ato, 1987)

Advancing a corrective action to achieve a desired state of the body

•
Anticipatory m

otor com
m

and 
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Cerebellum
 as a inverse m

odel (Kaw
ato, 1987)

Advancing a corrective action to achieve a desired state of the body

•
Anticipatory m

otor com
m

and 

•
Trigger: predictive signal 

 44
Adapted from

: Kaw
ato and G

om
i,1992 

CS

USCR



Cerebellum
 as a inverse m

odel (Kaw
ato, 1987)

Advancing a corrective action to achieve a desired state of the body

•
Anticipatory m

otor com
m

and 

•
Trigger: predictive signal 

•
Teaching signal: output of the feedback controller

 45
Adapted from

: Kaw
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Cerebellum
 as a inverse m

odel (Kaw
ato, 1987)

Advancing a corrective action to achieve a desired state of the body

Feedback Error Learning (FEL)
(Kawato, 1987; Kawato and G

om
i, 1992)
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Cerebellum
 as a inverse m

odel (Kaw
ato, 1987)

Advancing a corrective action to achieve a desired state of the body

 47
Adapted from

: Kaw
ato and G

om
i,1992 
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Feedback Error Learning (FEL)
(Kawato, 1987; Kawato and G

om
i, 1992)
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Anticipatory postural adjustm
ents

Santos et al. 2010 
 49



Anticipatory behaviors

Anticipatory postural adjustm
ents depend on the cerebellum

 (M
assion, 1994)

•
Cerebellar ataxic subjects do not display APAs 

•
M

uscle activity follow
s the displacem

ent even if predictable 

Kolb et al. 2004 
 50

Q
1



Testing FEL in a postural task

Anticipatory postural control in a m
obile robot

•
An agent has to m

inim
ize the effect of a predictable disturbance 

•
Disturbance provokes a vestibular error: angle 

•
Disturbance is preceded by distal cue (vision) and proxim

al cue (proprioception)

 51
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Testing FEL in a postural task

Three phases of postural control (Latash, 2008)
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Testing FEL in a postural task

Three phases of postural control (Latash, 2008) 

•
Reaction: corrective action triggered by vestibular error 
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Testing FEL in a postural task

Three phases of postural control (Latash, 2008)

•
Reaction: corrective action triggered by vestibular error 

•
Fast com

pensation: corrective action triggered by the im
pact

 54
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Testing FEL in a postural task

Three phases of postural control (Latash, 2008) 

•
Reaction: corrective action triggered by vestibular error 

•
Fast com

pensation: corrective action triggered by the im
pact 

•
Anticipation: corrective action triggered by the the cue 
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Q
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Testing FEL in a postural task

 56
M

affei et al., 2014

Q
1

Postural control architecture based on  
Feedback Error Learning (Kaw
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Testing FEL in a postural task
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Postural control architecture based on  
Feedback Error Learning (Kaw
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Testing FEL in a postural task

Postural control architecture based on  
Feedback Error Learning (Kaw

ato,1987)
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Testing FEL in a postural task

Fast com
pensatory and anticipatory responses m

inim
ize postural error

•
In early trials action follow

s the displacem
ent 

•
In late trials action precedes the displacem

ent

 59
M

affei et al., 2014

Q
1



Testing FEL in a postural task

Fast com
pensatory and anticipatory responses m

inim
ize postural error

•
In early trials action follow

s the displacem
ent 

•
In late trials action precedes the displacem

ent
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Testing FEL during postural prediction errors

Catch trials induce prediction errors:

•
Predictive cue is presented 

•
No disturbance is delivered
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Testing FEL during postural prediction errors

Catch trials induce prediction errors:

•
Predictive cue is presented 

•
No disturbance is delivered

FEL fails to correct for  
prediction errors

•
Anticipatory actions cannot be retracted 

•
Self-induced instability 

•
Lack of robustness 

 62
M
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Q
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 63

How
 could the brain control anticipatory actions that are robust to uncertainty? 



Sensory prediction hypothesis

Anticipatory behavior as a cascade of sensory predictions

 64
M
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Sensory prediction hypothesis

Anticipatory behavior as a cascade of sensory predictions

•
Cerebellum

 could advance predictions of 
      future perceptual events (Roth, 2013) 

•
Sensory predictions could follow

 a  
      hierarchical schem

e (Apps & G
arw

icz, 2005) 

•
Predicted events could drive the m

otor 
      system

 anticipatorily (Friston, 2011)
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Sensory prediction hypothesis

Anticipatory behavior as a cascade of sensory predictions
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erreros et al., 2017

Q
2



Sensory prediction hypothesis

Hierarchical sensory predictive control (HSPC)
(M

affei, Herreros et al., 2017, Phil Roy Soc B)

 67
M

affei, H
erreros et al., 2017

Q
2

H
erreros et al., N

IPS 2016



M
otor anticipation (FEL) vs Sensory prediction (HSPC)

Reaction

M
O

TO
R ANTICIPATIO

N (FEL)

Corrective action driven by 
sensory feedback

SENSO
RY PREDICTIO

N (HSPC)

Corrective action driven by  
sensory feedback
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M
otor anticipation (FEL) vs Sensory prediction (HSPC)

Fast com
pensation

M
O

TO
R ANTICIPATIO

N (FEL)

M
otor com

m
and triggered by  

the im
pact

SENSO
RY PREDICTIO

N (HSPC)

Predicted error triggered by  
the im

pact
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M
otor anticipation (FEL) vs Sensory prediction (HSPC)

Anticipation

M
O

TO
R ANTICIPATIO

N (FEL)

M
otor com

m
and triggered by  

the cue

SENSO
RY PREDICTIO

N (HSPC)

Predicted im
pact triggered by  

the cue
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Acquisition paradigm

Com
paring the acquisition of APAs 

in FEL and HSPC

•
Regular trial: disturbance is preceded 
by distal and proxim

al cues

 71
M
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Acquisition paradigm

FEL and HSPC behave equally

Com
paring the acquisition of APAs 

in FEL and HSPC

•
Regular trial: disturbance is preceded 
by distal and proxim

al cues

 72
M

affei, H
erreros et al., 2017

Q
2



Robustness paradigm

Com
paring FEL and HSPC during  

catch trials

•
Catch trials: cue is presented but 
disturbance is NO

T delivered

 73
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Robustness paradigm

HSPC outperform
s FEL

Com
paring FEL and HSPC during  

catch trials

•
Catch trials: cue is presented but 
disturbance is NO

T delivered

 74
M
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Robustness paradigm

A sensory prediction can be rapidly retracted

•
SPEs drive perceptual learning 

•
SPEs correct for errors in real tim

e

Sensory prediction  
error (SPE)

 75
M

affei, H
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Robotic setup: the Perturbator

Com
paring acquisition and catch trials 

in a balancing robot

 76
M
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HSPC outperform
s FEL during 

catch trials



Hierarchical Sensory Predictive 
Control

M
affei, Herreros et al., in preparation

distal (vision)

proxim
al  

(im
pact)

interoceptive 
(vestibular)

W
here are the forw

ard m
odels 

stored?



the sensorim
otor territory of the putam

en of m
acaque 

m
onkeys labelled substantial num

bers of neurons in the 
cerebellar nuclei 11. In these experim

ents, rabies virus 
underwent retrograde transport to first- order neurons 
that project to the striatum

 (for exam
ple, neurons in 

the cerebral cortex and thalam
us) and then retrograde 

transneuronal transport to second- order neurons that 
innervate the first- order neurons. Second- order neu-
rons in the cerebellum

 were labelled prim
arily in the 

dentate nucleus. A
 few

 second- order neurons were 
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Fig. 1 | O
rganization of basal ganglia and cerebellar outputs to the cerebral cortex. a | The cortical targets of basal 

ganglia and cerebellar outputs are indicated on m
edial and lateral view

s of the C
ebus m

onkey brain. b,c | These panels 
show

 sum
m

ary m
aps of topography in the basal ganglia (part b) and cerebellar (part c) output nuclei on the basis of their 

cortical targets. The division betw
een m

otor and non- m
otor areas of the internal segm

ent of the globus pallidus (G
Pi) and 

the dentate nucleus is indicated by the dashed lines. In all panels, orange labels indicate areas of the cerebral cortex that 
are the targets of both basal ganglia and cerebellar outputs, w

hereas blue labels indicate areas of the cerebral cortex that 
are the targets of basal ganglia, but not cerebellar, output. The num

bers refer to cytoarchitectonic areas. A
IP, anterior 

intraparietal area; A
S, arcuate sulcus; C

, caudal; C
C

, corpus callosum
; C

gS, cingulate sulcus; C
S, central sulcus; D

 and d, 
dorsal; FEF, frontal eye field; i, the inner portion of the internal segm

ent of the globus pallidus; IPS, intraparietal sulcus; LS, 
lateral sulcus; M

 and m
, m

edial; M
1, prim

ary m
otor cortex; M

1 arm
, arm

 area of M
1; M

1 face, face area of M
1; M

1 leg; leg 
area of M

1; o, the outer portion of the internal segm
ent of the globus pallidus; pc, pars com

pacta; PM
d arm

, arm
 area of the 

dorsal prem
otor area; PM

v arm
, arm

 area of the ventral prem
otor area; pr, pars reticulata; Pre- PM

d, predorsal prem
otor 

area; Pre- SM
A

 , presupplem
entary m

otor area; PS, principal sulcus; SM
A

 arm
, arm

 area of the supplem
entary m

otor area; 
STS, superior tem

poral sulcus; TE, area of inferotem
poral cortex. Based on data from

 R
EFS
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Interfacing procedural and executive 
control

CRX targets of BG
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Hierarchical Sensory Predictive 
Control

CS

USCR



Suvrathan et al., Neuron, 2016

PF-Pu synapses have intrinsic tim
e 

constants tuned to specific 
peripheral targets



Evidence taken to support FEL m
ay 

support CFPC as w
ell 





Results support the shift-
and-scale learning strategy.

Can’t tell whether the 
feedback response or the 
sensory error acted as the 
teaching signal (despite the 
paper’s title)



Exploiting counterfactual errors in 
the clinic

Verschure &
 M

intz (2000) C
om

p N
euro; 

H
erreros &

 A
l. , N

eur N
et (2013) 

M
affei, H

erreros et al., 2017

Can we overcom
e learned non-use through counterfactual 

error m
anipulation?

 



A
cquired non-use: A R

G
S

 alternative 
to C

onstrained Induced M
ovem

ent 
Therapy

!85

w
w

w
.thelancet.com

/neurology   Vol 14   February 2015 
225

Review

w
ere replicated in a m

ulticentre trial of 222 patients 
after stroke. 28–30 Trials by other research groups have 
applied 

m
C

IM
T 

that 
vary 

in 
dose, 

tim
ing, 

and 
com

position of therapy. A
lthough fundam

ental com
-

ponents of the original form
 of C

IM
T w

ere applied, 
these 

m
odifi cations 

are 
typically 

charac terised 
by 

distributed training protocols w
ith less tim

e spent in 
training, less tim

e during w
hich the non-paretic upper 

lim
b is restrained, and no transfer package (transfer of 

the 
practiced 

tasks 
to 

the 
patients’ 

ow
n 

daily 
environm

ent) or no behavioural strategies to im
prove 

com
pliance, 

but 
m

ore 
training 

days. 31,32 
Treatm

ent 
sessions for m

C
IM

T vary from
 30 m

in
33–35 to 6 h

36–44 a 
day, and from

 tw
o

45 to seven
46 sessions a w

eek, for 
betw

een 2 w
eeks

23,36–45,47–56 and 12 w
eeks. B

ecause of the 
w

ide variety of these adaptations, a system
atic review

 
and subsequent m

eta-analysis of trials applying original 
C

IM
T or m

C
IM

T is needed. The panel sum
m

arises the 
defi nitions 

of 
rehabilitation 

term
inology 

used 
w

ith 
C

IM
T in this R

eview
.

Eff ects of type, dose, and tim
ing of CIM

T 
C

IM
T has been investigated in 51 R

C
Ts

23,28–31,33–82 and in 
1784 adults w

ith stroke, but only 15 trials included 
patients 

w
ithin 

the 
fi rst 

3 
m

onths 
after 

stroke 
(appendix). 34,45,47,49,50,52,53,56,59,66,67,69,76,78,82

O
riginal 

C
IM

T, 
although 

regarded 
as 

the 
gold 

standard, has been investigated in only one R
C

T
28–30 that 

included patients w
ho had had a stroke m

ore than 
3 m

onths previously to enrolm
ent in the trial (appendix). 

A
fter C

IM
T, signifi cant positive m

edium
 eff ect sizes 

(from
 0·2 to 0·8) w

ere reported for arm
–hand activities, 

self-reported am
ount of arm

–hand use in daily life, and 
self-reported quality of arm

–hand m
ovem

ent in daily life 
(fi gure 2; appendix). Im

provem
ents w

ith original C
IM

T 
for these three outcom

es w
ere sustained at follow

-up of 
4 m

onths (fi gure 3; appendix). A
dditionally, signifi cant 

positive eff ects in the long term
 w

ere reported for 
quality of life related to hand function and activities of 
daily living.

m
C

IM
T 

has 
been 

investigated 
in 

m
any 

R
C

Ts
23,31,33–58,61–64,66,70–78,80–82 (n=44, 1397 patients; appendix).

Signifi cantly positive sm
all-to-m

edium
 sum

m
ary eff ect 

sizes (from
 <0·2 to 0·8) have been reported for m

otor 
function of the paretic arm

, m
uscle tone, arm

-hand 
activities, self-reported am

ount of arm
–hand use and 

quality of arm
–hand m

ovem
ent in daily life, and basic 

activities 
of 

daily 
living 

(fi gure 
2; 

appendix). 
N

o 
signifi cant sum

m
ary eff ect sizes w

ere noted for grip 
strength, sensibility, pain, and quality of life related to 
hand function or quality of life related to activities of 
daily 

living 
(fi gure 

2; 
appendix). 

The 
eff ects 

w
ere 

sustained at follow
-up (m

ean 21·58 [SD
 13·21] w

eeks) for 
m

otor function of the paretic arm
, arm

–hand activities, 
and self-reported am

ount of arm
–hand use and quality of 

arm
–hand m

ovem
ent in daily life, but not for m

uscle 
tone or basic activities of daily living (fi gure 3; appendix).

Forced use therapy w
as investigated in six R

C
Ts

59,60,65,67–69,79 
(n=165; appendix) but did not show

 any benefi t in the 
self-reported am

ount of arm
–hand and quality of arm

–
hand m

ovem
ent in daily life (fi gure 2; appendix).

Figure 1: Task-oriented practices w
ith the paretic lim

b in constraint-induced m
ovem

ent therapy (CIM
T)

Practices include: (A) cutting bread, (B) pouring w
ater, (C) picking up and placing back m

oney, and (D) playing a 
gam

e. Use of the unaff ected lim
b is restricted by a padded m

itt.

B

C
D

A

See Online for appendix

Panel: Defi nitions and description of rehabilitation term
s

Original constraint-induced m
ovem

ent therapy 
A form

 of rehabilitation therapy that consists of three 
com

ponents: im
m

obilisation of the non-paretic arm
 w

ith a 
padded m

itt for 90%
 of the w

aking hours; task-oriented 
training w

ith a high num
ber of repetitions for about 6 h a 

day; and, behavioural strategies to im
prove both com

pliance 
and transfer of the practiced activities from

 the clinical 
setting to the patient’s hom

e environm
ent. 

M
odifi ed constraint-induced m

ovem
ent therapy (m

CIM
T) 

This therapy does not include the three com
ponents of 

original CIM
T, but is restricted to repetitive, task-specifi c 

training of the paretic arm
, including shaping procedures, 

applied in a diff erent dose, com
bined w

ith constraining of the 
non-aff ected hand by a padded m

itt, glove, or splint. 

Forced use therapy 
An intervention that is lim

ited to im
m

obilisation of the non-
paretic arm

 to increase the am
ount of use of the paretic lim

b. 
N

o form
al behavioural training (shaping) is specifi ed in the 

treatm
ent protocol. 

Intensity of original and m
odifi ed CIM

T 
N

um
ber of hours spent in supervised exercise therapy.

Treatm
ent contrast 

Tim
e spent on exercise therapy for the experim

ental group 
m

inus that for the control group.

Taub E
, et al (1994). J E

xp A
nal B

ehav 

-6 deg

paretic
healthy
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use preserved end-effectors in a different, m
ore optim

al 
w

ay to accom
plish m

eaningful tasks (ie, adaptation strat-
egies) and not of actual im

provem
ent of neurological 

im
pairm

ents. 37,41,42 In addition, the follow
-up m

easures 
beyond 5 w

eeks show
ed that the significant effects on the 

A
R

A
T

 w
ere restricted to the first 3 m

onths poststroke. A
 

key question that rem
ained unaddressed in the present 

study is w
hether a higher dose of m

C
IM

T
6 or continua-

tion of therapy for m
ore than 3 w

eeks poststroke w
ould 

have resulted in effects that sustain beyond 3 m
onths 

poststroke, assum
ing that higher doses of task-specific 

training m
ay result in better outcom

es. 2,41,43,44

Strengths and Lim
itations

First, patient selection lim
its the generalizability to other 

stroke populations. R
ecruitm

ent of patients w
ith the sam

e 
stroke type and no lim

iting com
orbidities early poststroke is 

difficult as is illustrated by the proportion of patients even-
tually included 3.7%

. T
he proportion of included patients 

Figure 2. M
ean (SEM

) recovery patterns for the A
RA

T, FM
A

-U
E, and SIS-H

and. The m
odified constrained induced m

ovem
ent 

therapy (m
C

IM
T) trial and the electrom

yography-triggered neurom
uscular stim

ulation (EM
G

-N
M

S) trial are represented in 
respectively the left 3 and right 3 panels. The num

bers w
ithin each panel show

s the difference betw
een the intervention (red line) 

and usual care group (blue line) at all m
easurem

ents for, from
 top to bottom

, the action research arm
 test (A

RA
T), upper extrem

ity 
m

otor function section of the Fugl-M
eyer assessm

ent (FM
A

-U
E) and the hand dom

ain of the Stroke Im
pact Scale 3.0 (SIS-hand). The 

3-w
eek intervention phase is represented by the gray area. *P < .05.

 at U
niversity of Sussex Library on January 10, 2016

nnr.sagepub.com
D

ow
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K
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“D
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eaningful im
provem
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T or EM

G
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M
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211
±

390.9
dayspoststroke)were

inform
ed

aboutthe
aim

andproceduresofthestudy,signedinform
edconsent

form
sand

wereblinded
totheexperim

entalhypotheses.

D
esign

In
order

to
study

the
potentialofgoal-oriented

visuo-
m
otoram

plification
forprom

oting
theuseoftheparetic

lim
b,we

use
the

Rehabilitation
Gam

ing
System

(RGS)
(Fig.1a),which

allowsthe
userto

controla
virtualbody

(avatar)seen
from

a
first-person

perspective
on

a
com

-
puterscreen

viatheirown
m
ovem

entsthatarecaptured
by

an
im

agerat30
Hz(Kinect,M

icrosoft).Physicalexe-
cution

of
goal-directed

m
ovem

ent
is

thus
coordinated

with
theobservation

ofthesam
em

ovem
entin

VR.RGS
includes

the
Adaptive

Biom
echanics

Controller,which
m
odulates

the
task

difficulty
though

the
am

plification
ofthe

m
ovem

entofthe
virtuallim

b.M
odulation

ofthe
m
ovem

entisachievedbycom
biningtwom

ethods:am
pli-

fyingtheam
ountofm

ovem
ent(i.e.extentam

plification)
and

byattractingthedirection
ofthem

ovem
enttowards

the
targetposition

(i.e.accuracy
am

plification)(Fig.2).

Thus
range

of
m
ovem

ent
am

plification
reduces

visual
errorsin

m
ovem

entextent,whileaccuracyam
plification

lessensvisualdirectionalerrorsrelative
to

the
target.In

order
to

com
pute

the
position

ofthe
am

plified
virtual

hand
ateach

tim
efram

e,wefirstextend
thevectorofthe

actualhand
m
ovem

entexecutedbythepatient:

m
e =

m
·G

(1)

wherem
e isthevectoroftheextended

hand
m
ovem

ent,
m

istheactualhand
m
ovem

entwith
respectto

thestart
position,and

G
isaconstantratioofextentam

plification.
Nextweprojecttheam

plifiedm
ovem

entvectorm
e onto

thetargetdirection:

m
p =

(t̂·m
e )t̂

(2)

where
the

operator·denotesa
dotproduct,tisthe

dis-
tancevectorfrom

thestartposition
to

thetarget,andt̂is
theunitvectoroft.

Fig.1
The

RG
S
setup.a:M

icrosoftKinectsensorcaptures
the

m
ovem

ents
ofthe

user’s
upperlim

bs
and

m
aps

them
into

an
avatardisplayed

on
a

screen
in
firstperson

perspective
so

thatthe
usersees

the
upperextrem

ities.b
:The

experim
entalprotocolis

divided
in
tw

o
sessions

(S1
and

S2)
com

prising
a
RealW

orld
Task

(RW
T),a

VirtualReality
Task,and

a
Q
uestionnaire

(Q
).The

am
plification

ofthe
virtualm

ovem
entofthe

paretic
lim

b
(green

line)is
m
anipulated

during
the

VirtualReality
Task,w

hich
is
divided

in
3
phases

(P1,P2,and
P3).H

orizontalred
lines

indicate
blocks

oftrials
forw

hich
perform

ance
m
easurem

ents
are

considered
foranalysis.Verticalred

rectangles
indicate

forced
trials.W

hite
rectangles

indicate
free

choice
trials.c:VR

and
RW

tasks,top:participants
perform

ed
consecutive

reaching
m
ovem

ents
in
VR,bottom

:participants
perform

ed
consecutive

pointing
m
ovem

ents
tow

ards
targets

located
atdifferentangles

corresponding
to

the
paretic,center,ornon-paretic

w
orkspace

R
ubio et al (2015) JN

ER Paretic arm
 error m

inim
ization

N
=

20 (chronic)
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Fig.2
M
ethodology

forthe
am

plification
ofgoal-oriented

reaching
m
ovem

ents
in
VR.The

trajectory
ofthe

m
ovem

entexecuted
(red

shadow
)is

am
plified

both
in
extentand

accuracy
(green

shadow
)

tow
ards

the
targetposition,deriving

from
the

startposition
(x0 ,y0 )

and
currentposition

(xn ,yn )ofthe
actualm

ovem
ent

Finally,
the

m
ovem

ent
am

plification
at

the
current

fram
eisdefined

by
m

a =
α
·m

p +
(1−

α
)m

e
(3)

where
α
=

|m
p |

|t|
· 1G

.
(4)

The
m
ovem

entam
plification

vectorm
a
isa

weighted
com

bination
of

two
term

s:
an

accuracy
am

plification
vector

and
an

extent
am

plification
vector.The

α
ratio

determ
ines

the
contribution

ofeach
ofthese

two
com

-
ponents,and

willcancelthe
am

ountofam
plification

of
the

m
ovem

entextentwhen
the

patientexceeds
in

dis-
tancethedesired

m
ovem

entt.Contrarily,ifthedirection
oftheexecutedm

ovem
entm

atchesthetargetdirection,α
willapproach

0,thusdecreasing
theam

ountofaccuracy
am

plification.After
com

puting
the

m
ovem

ent
am

plifi-
cation

vectorm
a
and

extracting
itscorresponding

hand
position

(x ′,y ′),we
recursively

applied
an

inverse
kine-

m
atics

technique
(Cyclic

Coordinate
Descent)

[21]
for

estim
ating

theanglesofelbow
and

shoulderjointsofthe
avatar.TheconstantcoefficientG

was1.4.Thelength
of

thesegm
entsoftheavatar’supper-lim

bswerel1 =0.27,and
l2 =0.38.Notice

thatl2
denotesthe

distance
from

elbow
tofingersand

thereforeexceedsthelength
oftheforearm

(Fig.2).
W
e
developed

a
new

scenario
in

RGS
to

quantify
and

m
odulateeffectorselectioninstrokepatients.Participants

were
instructed

to
reach

for
targets

thatappeared
con-

secutively
in

a
virtualenvironm

ent(Fig.1c,top).Atthe
beginningofeach

trial,subjectshad
to

position
both

vir-
tualhandsovertheircorrespondingstartpositions.Start
positionswere

indicated
by

two
green

cylinders(7.5
cm

diam
eter)centered

48
cm

apart.Afterthe
subjectm

ain-
tained

theavatar’shandsoverthestartpositionsduringa
variable

tim
e
intervalof1

±
0.5

m
sthe

two
green

cylin-
dersdisappeared

and
a
targetsphere

appeared
atany

of
nine

possible
angles

(0°,±
4°,±

8°,±
16°,±

32°)along
a

sem
icirculararray65cm

from
theprojected

centerofthe
avatar.Trialtim

e
lim

its
(1.75

s)were
indicated

by
con-

tinuouschangesin
the

colorofthe
target,which

ranged
from

green
to

black.Trialtim
elim

itswerefixed
accord-

ing
to

the
resultsfrom

a
pilotstudy

with
stroke

patients
to

guarantee
thatpatientswere

able
to

perform
a
com

-
pletereachingm

ovem
entwithin

thistim
ewindow.Atthe

end
ofthe

trialthe
targetdisappeared.The

participants
wereinstructedtoreach

thetargetasfastaspossiblewith
one

hand
and

keep
the

other
hand

over
the

startposi-
tion.Trials

in
which

the
participantm

oved
both

hands
wereautom

aticallyinvalidatedandim
m
ediatelyrepeated.

M
ovem

ents
in

the
virtualworld

were
confined

to
the

horizontalplane.Trunk
m
ovem

entsin
the

virtualenvi-
ronm

entwere
constrained

to
±
30°axialrotation.W

hen
thecenterofthevirtualhand

wasplaced
overthetarget,

participantsheard
a
continuoustone

and
could

observe
the

increase
oftheirscore

by
30

pointsevery
tenth

ofa
second.Thesescorevalueswereperm

anentlydisplayedat
thetop

ofthescreen
and

accum
ulated

acrossblocksand
phases.
The

study
was

divided
into

two
sessions

(Fig.1b):a
fam

iliarization
period

(S1),and
an

experim
entalperiod

(S2).Both
sessions

were
com

pleted
during

two
consec-

utive
days.A

session
com

prised
2
blocksof14

pointing
RW

trials
each

(pre
and

postphases
in

Fig.1b),and
9

blocksof32VR-based
reachingtrialseach.VR-based

tri-
alsweredividedinthreephases(P1,P2,andP3).Insession
2,we

refer
to

these
three

phases
as

baseline,interven-
tion

and
washout.Each

ofthesethreephaseswasdivided
into

3
blocks

of32
trials

each.During
the

intervention
phase

we
am

plified
the

m
apping

ofthe
physicalm

ove-
m
entofthepareticarm

to
them

atched
virtuallim

b.This
am

plification
wasprogressivelyanduniform

lyintroduced
duringthefirstblockoftheintervention

phaseand
grad-

uallyreduced
duringthefirstblockofthewashoutphase.

W
e
introduced

and
suppressed

the
visuom

otor
am

plifi-
cation

in
agradualfashion

to
keep

participantsexplicitly
unawareofthem

anipulations.
Aftereach

block
oftrialsthe

patientrested
fortwenty

seconds.In
thebeginningofeach

blockweincludedeight
forcedlateralizedtrialsi.e.fourtrialswiththenon-paretic
and

with
thepareticlim

b
respectively,to

ensurethatpar-
ticipantsexperiencetheeffectofthekinem

aticand
goal-

oriented
am

plification
ofthe

paretic
lim

b.These
forced

trialswhereindicated
to

thesubjectsbythepresentation
ofonlyonevirtuallim

banditscorrespondinginitialposi-
tionalignedwiththepositionofthecorrespondinglim

bof
thesubject.In

thefollowing24
free-choicetrialspatients

R
ubio et al (2015) JN

ER
Paretic arm

 visual error m
inim

ization
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Results
Effects

ofm
ovem

entam
plification

on
rew

ard
rates

O
ur

results
show

that
the

m
ean

scores
per

m
ovem

ent
ofthe

paretic
lim

b
were

significantly
higher

during
the

intervention
phasewhen

com
pared

to
baseline(p

<
0.001,

W
ilcoxon

signed-rank
test)

(Fig.3a).Notice
that

dur-
ing

this
phase

the
m
ovem

ent
of

the
virtualanalog

of
the

paretic
lim

b
was

am
plified,therefore

increases
in

m
ean

scoresdon’tnecessarilyreflectfunctionalim
prove-

m
ents.Duringthewashoutphasetheperform

anceofthe
paretic

lim
b
dropped

59.03
±

23.62
%

to
baseline

per-
form

ance
levels

(p
=

0.73,W
ilcoxon

signed-rank
test),

suggesting
that

changes
in

scores
were

m
ainly

due
to

the
am

plification
of

virtualm
ovem

ents.Regarding
the

perform
anceofthenon-pareticlim

b,weobserved
nodif-

ferencesbetween
phases(Fig.3a).These

resultsvalidate
the

hypothesis
thata

goal-oriented
am

plification
ofthe

trajectory
ofthe

paretic
lim

b
significantly

increased
the

scoresachievedbythesubjectonlywhenusingtheparetic
lim

b.

Effects
oftherapy

on
effectorselection

patterns/PSE
To

evaluate
the

effect
ofthe

virtualm
ovem

ent
am

pli-
fication

in
hand

selection
patterns,we

com
puted

the
probability

ofselecting
the

paretic
lim

b
to

execute
the

reaching
m
ovem

ent
for

each
phase.During

the
inter-

vention
phase

subjectsexhibited
a
higherprobability

of
selecting

the
paretic

lim
b

when
com

pared
to

baseline

(p
=

0.01,W
ilcoxon

signed-rank
test).The

effect
dis-

appeared
during

the
washout

phase.In
order

to
take

into
accounttargetposition

to
analyze

changesin
hand

selection
patternsweestim

ated
thePSE

foreach
subject

and
for

each
phase

ofthe
task.W

ithin-subjectanalysis
revealed

that
individualPSEs

were
significantly

shifted
towardsthe

non-paretic
workspace

during
the

interven-
tion

phase
(p
<
0.01,W

ilcoxon
signed-rank

test,Fig.3d).
These

effectswere
attenuated

during
the

washoutphase
butrem

ained
significantly

differentfrom
baseline

(p
=

0.04,W
ilcoxon

signed-rank
test,Fig.3d).These

results
indicatedahigherprobabilityofselectingthepareticlim

b
duringwashoutphasewhen

com
paredtobaseline.Notice

thatduring
this

phase
m
ovem

entam
plification

was
no

longerpresent.Thereforethespeed,accuracy,and
effort

required
to

successfully
reach

a
targetusing

the
paretic

lim
b
rem

ained
sim

ilarto
baseline.None

ofthese
effects

were
observed

during
session

1,when
am

plification
was

neverprovided
(Fig.3e-f).In

orderto
explorethestabil-

ityoftheeffectduringthewashoutphase,weperform
ed

awithin-subjectscom
parison

oftheprobabilityofselect-
ing

the
im

paired
lim

b
during

the
m
iddle

24
trials

and
the

last24
trialswithin

the
washout.First24

trialsdur-
ing

washoutwere
excluded

from
the

analysisgiven
that

duringthisperiod
visualam

plificationswerestillpartially
present.W

eobserved
aslightdecayin

theprobabilityof
selectingthepareticlim

bduringthewashoutphase,how-
everwefound

no
significantdifferencesbetween

thetwo
sub-phases(p=

0.42,W
ilcoxon

signed-ranktest).Hence,

Fig.3
Analysis

ofsubjects’perform
ance

during
the

VR
reaching

task.a.M
ean

scores
perphase

forthe
paretic

(yellow
)ornon-paretic

lim
b
(green).

b
.Logistic

fitofallsubject’s
probabilities

ofparetic
lim

b
use

perphase.H
orizontaldashed

line
indicates

0.5
probabilities.Verticaldashed

lines
indicate

targetangles
corresponding

w
ith

PSE
estim

ates
foreach

phase.c–d
.Change

in
the

probability
ofuse

ofthe
paretic

lim
b
and

PSE’s
respect

to
baseline

(blue
horizontalline)during

session
2.e–f.Change

in
the

probability
ofuse

ofthe
paretic

lim
b
and

PSE’s
respectto

phase
1
(blue

horizontalline)during
session

1



Distributed Adaptive Control

Figure
1.The

DAC
theory

ofm
ind

and
brain

(see
[10]fora

review).Left:highly
abstractrepresentation

ofthe
DAC

architecture.DAC
proposesthatthe

brain
is

organized
asathree-layered

controlstructurewith
tightcoupling

within
and

between
these

layersdistinguishing:the
som

a
(SL)and

the
reactive

(RL),adaptive
(AL)

and
contextual(CL)layers.Acrossthese

layers,a
colum

narorganization
existsthatdealswith

the
processing

ofstatesofthe
W

orld
orexteroception

(left,red),the
selforinteroception

(m
iddle,blue)and

action
(right,green).See

textforfurtherexplanation.The
reactive

layer:the
RL

com
prisesdedicated

behavioursystem
s(BS)

thatcom
bine

predefined
sensorim

otorm
appingswith

drive
reduction

m
echanism

sthatare
predicated

on
the

needsofthe
body

(SL).Rightlowerpanel:each
BS

followshom
eostaticprinciplessupporting

the
self-essentialfunctions(SEF)ofthe

body
(SL).In

orderto
m

ap
needsinto

behaviours,the
strength

ofthe
essential

variablesserved
by

the
BSs,SEFs,have

a
specificdistribution

in
task-space

called
an

‘affordance
gradient’.In

thisexam
ple,we

considerthe
(internally

represented)
‘attractive

force’ofthe
hom

e
position

supporting
the

security
SEForofopen

space
defining

the
exploration

SEF.The
valuesofthe

respective
SEFsare

defined
by

the
difference

between
the

sensed
value

ofthe
affordance

gradient(red)and
itsdesired

value
given

the
prevailing

needs(blue).The
regulatorofeach

BS
definesthe

nextaction
asto

perform
a

gradientascenton
the

SEF.An
integration

and
action

selection
processacrossthe

differentBSsforcesa
strictwinner-take-alldecision

that
definesthe

specificbehaviourem
itted.The

allostaticcontrollerofthe
RLregulatesthe

internalhom
eostaticdynam

icofthe
BSsto

setprioritiesdefined
byneedsand

environm
entalopportunitiesthrough

the
m

odulation
ofthe

affordance
gradients,desired

valuesofSEFsand/orthe
integration

process.The
adaptive

layer:the
AL

acquiresa
state

space
ofthe

agent–
environm

entinteraction
and

shapesaction.The
learning

dynam
icofAL

isconstrained
by

the
SEFsofthe

RL
thatdefine

value.
The

AL
crucially

contributesto
exosensing

by
allowing

the
processing

ofstatesofdistalsensors,e.g.vision
and

audition,which
are

notpredefined
butratherare

tuned
in

som
atic

tim
e

to
properties

ofthe
interaction

with
the

environm
ent.Acquired

sensorand
m

otorstates
are

in
turn

associated
through

the
valence

states
signalled

by
the

RL.The
contextuallayer:the

core
processes

ofthe
CL

are
divided

between
a

task-m
odeland

a
self-m

odel.The
CL

expandsthe
tim

e
horizon

in
which

the
agentcan

operate
through

the
use

ofsequentialshort-term
and

long-term
m

em
ory

(STM
and

LTM
)system

srespectively.These
m

em
orysystem

soperate
on

integrated
sensorim

otorrepresentationsthatare
generated

by
the

AL
and

acquire,retain
and

expressgoal-oriented
action

regulated
by

the
RL.The

CL
com

prises
a

num
berofprocesses(rightupperpanel):(a)when

the
discrepancy

between
predicted

and
encountered

sensorystatesfallsbelow
a

STM
acquisition

threshold,the
perceptualpredictions(red

circle)and
m

otoractivity
(green

rectangle)generated
by

AL
are

stored
in

STM
asa,so-called,segment.The

STM
acquisition

threshold
is

defined
by

the
tim

e-averaged
reconstruction

errorofthe
perceptuallearning

system
ofAL.(b)Ifa

goalstate
(blue

flag)isreached,e.g.reward
orpunishm

ent,the
contentofSTM

isretained
in

LTM
asa

sequence
conserving

itsorder,goalstate
and

valence
m

arker,e.g.aversive
orappetitive,and

STM
isreset.Everysequence

is
thus

labelled
with

respectto
the

specific
goalitpertainsto

and
its

valence
m

arker.(c)Ifthe
outputs

generated
by

the
RL

and
AL

to
action

selection
are

sub-
threshold,the

ALperceptualpredictionsare
m

atched
againstthose

stored
in

LTM
.(d)The

CLselected
action

isdefined
asaweighted

sum
overthe

segm
entsofLTM

.
(e)The

contribution
ofLTM

segm
entsto

decision-m
aking

dependson
fourfactors:perceptualevidence,m

em
orychaining,the

distance
to

the
goalstate

and
valence.

W
orking

m
em

ory
(W

M
)ofthe

CL
is

defined
by

the
m

em
ory

dynam
icsthatrepresentsthese

factors.Active
segm

entsthatcontributed
to

the
selected

action
are

associated
with

those
thatwere

previouslyactive
establishing

rulesforfuture
chaining.The

self-m
odelcom

ponentofthe
CLm

onitorstaskperform
ance

and
develops

(re)descriptionsoftask
dynam

icsanchored
in

the
self.In

thisway,the
system

generatesm
eta-representationalknowledge

thatform
sautobiographicalm

em
ory.This

aspectofthe
DAC

CL
is

notfurtherconsidered
in

this
paper.
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Conclusions/Q
uestions

•
DAC describes the brain as a m

ulti-layered control 
system

•
Testing DACs predictions:
–

Error/Surprise processing
•

Classical conditioning, 2 Phase m
odel

•
Cerebellum

: synergy between FB and FF control
•

FEL vs HSPC
•

HSPC has better explanatory power and control
•

M
akes sense of dense Cerebellar-Cortical 

interaction
•

DAC-HSPC tested in acquired non-use after stroke
•

The brain is not only hallucination perception but 
also its errors
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