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Abstract

Background: Both animal and retrospective human studies have linked extended and repeated general anaesthesia

during early development with cognitive and behavioural deficits later in life. However, the neuronal circuit mechanisms

underlying this anaesthesia-induced behavioural impairment are poorly understood.

Methods: Neonatal mice were administered one or three doses of propofol, a commonly used i.v. general anaesthetic,

over Postnatal days 7e11. Control mice received Intralipid® vehicle injections. At 4 months of age, the mice were sub-

jected to a series of behavioural tests, including motor learning. During the process of motor learning, calcium activity of

pyramidal neurones and three classes of inhibitory interneurones in the primary motor cortex were examined in vivo

using two-photon microscopy.

Results: Repeated, but not a single, exposure of neonatal mice to propofol i.p. caused motor learning impairment in

adulthood, which was accompanied by a reduction of pyramidal neurone number and activity in the motor cortex. The

activity of local inhibitory interneurone networks was also altered: somatostatin-expressing and parvalbumin-

expressing interneurones were hypoactive, whereas vasoactive intestinal peptide-expressing interneurones were hy-

peractive when the mice were performing a motor learning task. Administration of low-dose pentylenetetrazol to

attenuate g-aminobutyric acid A receptor-mediated inhibition or CX546 to potentiate a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid-subtype glutamate receptor function during emergence from anaesthesia ameliorated neuronal

dysfunction in the cortex and prevented long-term behavioural deficits.

Conclusions: Repeated exposure of neonatal mice to propofol anaesthesia during early development causes cortical

circuit dysfunction and behavioural impairments in later life. Potentiation of neuronal activity during recovery from

anaesthesia reduces these adverse effects of early-life anaesthesia.
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Editor’s key points

� Repeated exposures to general anaesthesia during early

development are associated with cognitive and

behavioural deficits later in life in animal models,

although the mechanisms are poorly understood.
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� Propofol exposure in neonatal mice induces a pro-

longed reduction of cortical pyramidal neuronal activ-

ity that persists into the anaesthesia recovery period.

� Repeated, but not a single, exposure of neonatalmice to

propofol impaired motor learning in adulthood, which

was accompanied by reduced pyramidal neurone
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number and activity in the motor cortex, and local

inhibitory interneurone networks were also altered.

� Potentiation of neuronal activity during recovery from

anaesthesia reduced these adverse effects of early-life

anaesthesia, suggesting a potential neuroprotective

strategy.
Neuronal activity is fundamental for the proper formation of

cortical circuits, and disturbing activity during early brain

development can have a marked impact on neuronal network

function. For example, in the developing visual system,

spontaneous and visually evoked activities drive the matura-

tion of visual circuits, and blockade of such activity causes

permanent vision loss.1,2 Pathological consequences of dis-

turbing early network activity are also evident in fetal alcohol

syndrome, where ethanol causes a prominent increase in

neuronal apoptosis by increasing g-aminobutyric acid A

(GABAA) receptor function.
3 Most of the drugs commonly used

for anaesthesia and sedation in the operating theatre and the

ICU are potent modulators of neuronal activity,4,5 raising

concern that these drugs could have undesired effects on brain

development.6 In fact, several large retrospective human

studies have linked multiple exposures to anaesthesia and

surgery within the first 3 yr of life with subsequent learning

difficulties.7e9 Moreover, compelling evidence from laboratory

animals shows that anaesthetics and sedatives, depending on

dose, duration, and timing of administration, can cause

apoptotic neurodegeneration and a wide range of behavioural

deficits,10e16 including learning difficulties.17,18

Howneuronal circuitry in the cortex ismodified by repeated

anaesthetic exposure and how it then contributes to learning

deficits remain unknown. At the cellular level, anaesthesia

exposure can cause structural and functional changes in

cortical pyramidal neurones, including alterations in the den-

sity and dynamics of postsynaptic dendritic spines, dendritic

arborisation, neuronal activity, and synaptic protein

expression.19e21 In addition to these changes in glutamatergic

neurones, effects on the highly interconnected network of

GABAergic interneurones may also contribute to cognitive

impairment. For example, anaesthesia has been shown to

impair the dendritic growth, survival, and differentiation of

immature GABAergic cells.22e24 Within the motor cortex, there

is a large diversity of inhibitory interneurones, including so-

matostatin (SST)-, parvalbumin (PV)-, and vasoactive intestinal

polypeptide (VIP)-expressing neurones.25 These different types

of interneurones migrate from subcortical origins during early

development and target specific domains of pyramidal neuro-

nes or other interneurones, providing precise control of excit-

atory and inhibitory outputs and cortical network activity.26

How these glutamatergic neurones and GABAergic interneur-

one populations are altered by anaesthetic exposure during

early postnatal development and contribute to behavioural

deficits and cortical dysfunction in adulthood are not known.

In this study, we investigated the changes of pyramidal

neurones and three types of interneurones in adult motor

cortex after exposure of neonatal mice to propofol, a general

anaesthetic used for paediatric anaesthesia and sedation.27 By

imaging neuronal activity in young mice during anaesthesia

and recovery and in adulthood, we identified cell-type specific

changes in cortical neuronal networks associated with motor

learning impairments after repeated propofol exposure. Our

results showed that neonatal anaesthesia causes a marked

reduction of neuronal activity in pyramidal neurones and in
SST and PV interneurones in the mouse motor cortex.

Administration of sub-convulsant doses of pentylenetetrazol

(PTZ) to attenuate GABAA receptor activity, or the ampakine

drug CX546 to potentiate a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) glutamate receptor function

during emergence from anaesthesia ameliorates neuronal

circuit dysfunction and prevents long-term learning deficits in

mice.
Methods

Experimental animals

Transgenic mice expressing GCaMP6 slow (GCaMP6s) in layer

(L) 2/3 and L5 pyramidal neurones, Thy1-GCaMP6s founder line

3, were gifts from Wen-Biao Gan at New York University

School of Medicine (New York, NY, USA).28 Adeno-associated

virus (AAV) experiments were conducted with C57BL/6 (stock

no. 000664), SST-IRES-Cre (stock no. 013044), PV-IRES-Cre

(stock no. 008069), and VIP-IRES-Cre mice (stock no. 010908)

purchased from the Jackson Laboratory (Bar Harbor, ME, USA).

The mice were group-housed in temperature-controlled

rooms on a 12 h lightedark cycle in the Columbia University

Eye Institute animal facility (New York, NY, USA). Male ani-

mals were randomly assigned to different treatment groups.

All animal experiments were carried out in accordance with

institutional guidelines andwere approved by the Institutional

Animal Care and Use Committee at Columbia University

Medical Center as consistent with the National Institutes of

Health (NIH) Guide for the Care andUse of Laboratory Animals.
Drug injection

For early postnatal anaesthesia, mice were injected i.p. with a

single dose of propofol (200 mg kg�1) on Postnatal day 7 (P7), or

one dose every other day (P7, P9, and P11) for a total of three

doses. Control animals received Intralipid® (Sigma, St. Louis,

MO, USA) vehicle injection(s). Consistent with previous

studies,29,30 we found that propofol 200 mg kg�1 i.p. induced a

surgical plane of anaesthesia and provided immobilisation in

P7 mice for ~1 h. During anaesthesia, a heating pad was used

to maintain the body temperature of the animal at ~37�C. In a

separate group of animals, we measured arterial blood gases

under spontaneous respiration (i-STAT System; Abbott Point

of Care, Princeton, NJ, USA), which showed normal values of

pH and partial pressures of O2 and CO2 under this anaesthesia

protocol (Supplementary Fig. S1). Pentylenetetrazol (PTZ) (4

mg kge1) and CX546 (20 mg kg�1) were injected i.p. either alone

or at 1 h after propofol administration.
Surgical preparation for imaging awake, head-
restrained mice

In vivo Ca2þ imaging was performed in awake, head-restrained

mice. The surgical procedure for preparing awake animal im-

aging has been described.31 In brief, a head holder composed of

twometal barswas attached to the skull of the animal to reduce

motion-induced artifact. First, surgical anaesthesia was ach-

ieved with ketamine 100 mg kg�1 and xylazine 15 mg kg�1 i.p.

(Covetrus, Portland, ME, USA). A midline incision of the scalp

exposed the periosteum; the skull region located over the pri-

mary motor cortex was identified based on stereotactic co-

ordinates (0.5mm anterior from the bregma and 1.2 mm lateral

from the midline) and marked. A thin layer of glue (LOCTITE®

495,R.S.HughesCo., Sunnyvale, CA,USA)wasfirstapplied to the
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entire skull surface and metal bars, and the head holder was

then further fortified with dental acrylic cement, leaving the

marked skull region exposed between the two bars. After the

dental cement was completely dry, a cranial window was

created over themarked region. The procedures for preparing a

thinned-skull cranial window for two-photon imaging have

been described in detail.32 For open-skull preparation, a small

circular craniotomy (1.0e1.5 mm diameter) was made and

covered with a round glass coverslip the size of the bone

removed. The coverslip was glued to the skull to reducemotion

of the exposed brain. Before imaging, mice were given 1 day to

recover fromthe surgery-relatedanaesthesia andhabituated for

a few times (10 min each time) to minimise potential stress ef-

fects of head restraining and imaging.
In vivo two-photon Ca2þ imaging

The genetically encoded Ca2þ indicator GCaMP6s was used for

Ca2þ imaging of pyramidal neurones and interneurones in the

motor cortex. We utilised Thy1-GCaMP6s mice for imaging py-

ramidal neurones, and SST, PV, and VIP-Cre lines for inter-

neurone imaging. In Thy1-GCaMP6smice, GCaMP expression in

the cortex was sufficient for Ca2þ imaging as early as 2 weeks of

age. For Cremice, Cre-dependent GCaMP6s was expressed with

recombinant AAV (AAV-CAG-Flex-GCaMP6s or AAV-syn-Flex-

GCaMP6s; serotype 2/1; >2 � 1013 [genome copies ml�1] titre;

Addgene, Watertown, MA, USA). We injected AAV 0.2 ml (Picos-
pritzer® III; ParkerHannifinCo.,Holis,NH,USA; 15psi; 10ms; 0.5

Hz) over 10e15 min into L2/3 of the motor cortex using a glass

microelectrode around the coordinates of

anterioreposterior þ0.5 mm (to Bregma), medialelateral 1.2

mm,anddorsaleventral 0.3mm.Micewere injectedwithAAVat

3e4 months of age and imaged 2 weeks later.

In vivo two-photon Ca2þ imaging was performed with a

Scientifica (Uckfield, East Sussex, UK) two-photon system

equipped with a Ti:sapphire laser (Vision S; Coherent, Santa

Clara, CA, USA) tuned to 920 nm. Imaging was performed at

200e350 and 500e700 mm below the pial surface for detecting

somata of L2/3 and L5 neurones, respectively, and 20e70 mm
for detecting pyramidal neurone dendrites in L1. Time-lapse

imaging was performed at one focal plane for pyramidal

neurones and at one to three focal planes for interneurones.

All experiments were performed using a 25� objective (1.05

numerical aperture) immersed in artificial CSF, and with a 1�
(somata) or 3� (dendrites) digital zoom. Images were acquired

at a frame rate of 1.69 Hz (2 ms pixel dwell time) at a resolution

of 512 � 512 pixels. Duration of imaging and number of repe-

titions were kept to a minimum to avoid phototoxicity. Image

acquisition was performed using ScanImage software (Vidrio

Technologies, Ashburn, VA, USA) and analysed post hoc using

NIH ImageJ as described.33 Regions of interest (ROI) corre-

sponding to visually identifiable somata or dendritic segments

were selected for quantification. The fluorescence time course

of each soma or dendritic segmentwasmeasured by averaging

all pixels within the ROI. The baseline fluorescence signal (F0)

was estimated by detecting inactive portions of the fluores-

cence time course using an iterative procedure,34 and DF/F0
was calculated as (FeF0)/F0 � 100%. Ca2þ transients were

defined as events when changes of fluorescence (DF/F0)
observed in ROI were more than one standard deviation (SD) of

fluorescence signal at quiet resting states and lasting longer

than 0.9 s during the 1min recording session. The open source

tool CaImAn35 (Python version, released on https://github.

com/) was used to correct the motion of raw Ca2þ image
series using the NoRMCorre algorithm36 and to temporally

deconvolute the DF/F0 signals to extract Ca2þ spikes based on

the improved fast non-negative deconvolution method.37,38
Treadmill training

A treadmill task was used to provide a motor learning expe-

rience and to allow two-photon Ca2þ imaging and motor

learning at the same time. A custom-built treadmill (46 � 15 �
10 cm) was used that allowed head-fixed mice to move their

limbs freely to perform running tasks. After the onset of a trial,

the belt speed gradually increased from 0 to 8 cm s�1 within ~3

s and maintained at 8 cm s�1 for the rest of the trial. To obtain

footprints, mouse paws were coated with ink and a sheet of

white paper was placed on top of the belt during treadmill

training. Gait pattern analysis was performed manually off-

line. Gait pattern was classified as drag, wobble, sweep, and

steady run. The mice displayed large proportions of untrained

gait features (i.e. drag, wobble, and sweep) when they first ran

on the treadmill, whereas the percentage of trained gait

feature (i.e. steady run) increased after training. Treadmill

performance improvement was presented as the difference in

percentage of time spent in steady run (averaged over five

trials) between the pre- and post-training sessions.
Novel object recognition test

In all behavioural experiments, researchers were blinded to

the experimental condition. Mice were tested for novel object

recognition (NOR) in an opaque box (40 � 40 � 35 cm).

Behaviour was videotaped and images were analysed with

ANY-maze behaviour tracking software (Stoelting; Wood Dale,

IL, USA). The mice were handled by the same researcher for 3

days, and then habituated to the testing environment for 30

min with no objects in the chamber. The next day, the mice

were placed into the testing environment with two identical

sample objects (familiar object) placed in neighbouring cor-

ners for 10 min. The mice were removed and returned to their

home cages. Then, 6 and 24 h later, the mice were returned to

the testing environment for 5 min where one of the sample

objects was replaced by a novel object, which differed from the

familiar object in shape and texture. Measures of interaction

were taken of the amount of time the animal spent with its

head and nose oriented towards and within 2 cm of the object.

Other types of interactions, such as the animal accidentally

touching, sitting, or standing on the object, were not consid-

ered exploratory activities. Discrimination index was calcu-

lated as the time spent interacting with the novel object

divided by the total time spent exploring both objects.
Social preference test

Three-chamber social test was conducted in a Ugo Basile so-

ciability apparatus (Gemonio, VA, Italy) using ANY-Maze

software.39 Each chamber was 20 � 40 � 22 cm, and the

dividing walls had small rectangular doors (5 � 8 cm) allowing

communication between chambers. The test mouse was first

placed in the middle chamber and allowed to explore all three

chambers for 10 min. After this habituation period, a familiar

mouse from the home cage of the test mouse (cage mate) was

randomly placed in a cylinder-shaped wire cage (7 cm in

diameter and 15 cm high) in one of the side chambers. A novel,

unfamiliar mouse (stranger) was placed in an identical

cylinder-shaped wire cage in the other side chamber. The

https://github.com/
https://github.com/
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familiar and unfamiliar mice were of the same sex as the test

mouse and had been previously habituated to the wire cage.

Both doors to the side chambers were then unblocked, and the

test mouse was allowed to explore the entire apparatus in a 10

min session. The testmouse had a choice between the familiar

and the unfamiliar mouse. Measures were taken of the

amount of time spent in each chamber. Preference index for

social novelty was calculated as the time that the test mouse

spent in the chamber with the novel, unfamiliar mouse

divided by the time spent in the chamber with the familiar

mouse.
Open field test

Mice were tested for locomotor functions and anxiety-like

behaviours in an opaque box (40 � 40 � 35 cm). The mice
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like behaviour. The joint zone of open and enclosed arms was

10 � 10 cm. The plus maze was elevated 1 m from the floor.

Mice were handled by the same researcher for 3 days, and then

habituated to the testing environment for 30 min. The next

day, the mice were placed into the elevated plus maze for 10

min. Exploratory behaviour was videotaped and analysed with

ANY-maze software. Anxiety-like behaviour was assessed by

the ratio of time that the animal spent in the open arms

relative to the enclosed arms.
Marble burying test

Marble burying test was conducted in a standard cage (29 �
18 � 12 cm) filled with 4 cm depth of corncob bedding with 24

marbles (1.3 cm in diameter) evenly spaced. Mice were

handled by the same researcher for 3 days, and then habitu-

ated to the testing environment for 30 min. The next day, the

mice were placed in the testing cage for 20 min, and then the

number of marbles buried was counted. A marble was

considered buried if two-thirds of the marble was covered

with bedding. Obsessive/compulsive-like behaviour was

assessed by the percentage of marbles buried.
Immunohistochemistry and confocal imaging

Mice were deeply anaesthetised and perfused with a

phosphate-buffered solution (PBS) and paraformaldehyde

(PFA) 4%. The brainwas removed and post-fixed in PFA 4% for 3

days and rinsed three times with PBS embedded in agarose

1.5%, and then immersed in PBS. The brain (from þ0.3 to þ0.7

mm anterior to bregma) was sectioned with a Leica (Buffalo

Grove, IL, USA) vibratome (VT1000 S) at 50 and 20 mm thick-

nesses for soma and synapse immunohistochemistry,

respectively. Sections were post-fixed in PFA 4% for 1 h and

washed three times with PBS. Floating sections were per-

meabilised and blocked at room temperature in Triton X-100

0.1% (for soma immunohistochemistry) or saponin 0.1% (for

synapse immunohistochemistry) with goat serum 5% in PBS

for 1.5 h, and then incubated overnight at 4�C with primary

antibodies: mouse anti-NeuN (Millipore [St. Louis, MO, USA];

MAB377; 1:500), rabbit anti-green fluorescent protein (GFP)

(Abcam [Cambridge, MA, USA]; ab6556; 1:1500), rabbit anti-

VGLUT1 (Sigma [St. Louis, MO, USA]; ABN1647; 1:400), and

mouse anti-pan-AMPA receptor (AMPAR) (Sigma; MABN832;

1:300). The sections were then washed three times with PBS

and incubated for 2 h at room temperature with secondary

antibodies: goat anti-rabbit Alexa Fluor® 488 (Invitrogen

[Waltham, MA, USA]; 1:500), goat anti-mouse CF® 543 (Biotium

[Fremont, CA, USA]; 1:500), and NeuroTrace™ 435/455 Blue

Fluorescent Nissl Stain (Invitrogen; N21479; 1:300), and then

Nissl stained. The sections were washed as before and then

mounted (SouthernBiotech [Birmingham, AL, USA] mounting

medium; 010001) for confocal imaging.

Confocal imaging was performed with a 20� objective on a

Nikon Ti laser scanning confocal system (Melville, NY, USA).

Images were taken at 1024 � 1024 pixels with a resolution of

0.622 and 0.031 mm pixel�1 for visualising somata and synap-

ses, respectively. The fluorophores of NeuroTrace 435, Alexa

Fluor 488, and CF543 were excited by 405, 488, and 561 nm

lasers, respectively. A z-stack of images was obtained at 2 and

0.3 mm step size for soma and synapse visualisation, and

projected at a maximum intensity to generate the final

multichannel images, which were then analysed using NIH

ImageJ software. The density of neurones (NeuNþ) and
GCaMP6s-expressing pyramidal neurones (GCaMPþ; GFP

immunoreactive) in L2/3 and L5 of the motor cortex was

quantified as cell number per 100 mm2 cortical area. The den-

sity of glutamatergic boutons (VGLUT1þ) and postsynaptic loci

expressing AMPARs (AMPARþ) was quantified as immunore-

active puncta number per 100 mm2 cortical area. A VGLUT1þ or

AMPARþ punctum fulfilling the criteria of roundness at 0.5e1,

mean fluorescent intensity at 3 SD above background, and

diameter at 0.2e1.6 mm was counted automatically by the

software.
Statistical analysis

Prism software (GraphPad 7.0; San Diego, CA, USA) was used to

conduct the statistical analysis. Data were presented as mean

(standard error of the mean). Tests for differences between

two populations were performed using two-tailed Student’s t-

test or non-parametric ManneWhitney U-test as specified in

the figure legend. Tests for differences between multiple

populations were performed using non-parametric

KolmogoroveSmirnov testing. No data points were excluded

from the statistical analysis, and variance was similar be-

tween groups being statistically compared. Significant levels

were set at P�0.05.
Results

Propofol administration reduces pyramidal neuronal
activity in neonatal mice

We used in vivo two-photon Ca2þ imaging of L2/3 pyramidal

neurones in the primary motor cortex of 2-week-old mice

throughout anaesthesia and recovery to determine the effect

of propofol anaesthesia on neuronal activity (Fig. 1a). Trans-

genic mice expressing the genetically encoded calcium indi-

cator GCaMP6s specifically in cortical pyramidal neurones

were used tomonitor neuronal activity28 (Fig. 1b). The i.p. dose

of propofol required to induce a surgical plane of anaesthesia

in young mice is 200 mg kg�1.29,30 We found that the level of

somatic Ca2þ transients in cortical neurones was greatly

reduced at 15 min after propofol 200 mg kg�1 i.p. compared

with pre-injection baseline (i.e. resting awake) (DFPropofol/
DFwake: 25.4% [3.1%]; P<0.001) (Fig. 1ceg). Mice started to show

voluntary movements around 1 h after propofol injection, but

the level of somatic Ca2þ transients remained ~50% lower than

the awake state (DFPropofol/DFwake: 52.2% [3.0%]; P<0.001). The
reduction in somatic Ca2þ transients persisted for at least 2 h

after propofol injection (DFPropofol/DFwake: 81.8% [6.9%];

P¼0.012), indicating a prolonged reduction of neuronal firing

rate that persists into the anaesthesia recovery period.

Given that propofol activates GABAA receptor,40 we

reasoned that suppression of GABAA receptor signalling dur-

ing anaesthesia recovery might be effective in restoring

neuronal activity in propofol-treated mice. To test this, we

treated mice with PTZ (4 mg kg�1, a non-convulsant dose41), a

non-competitive GABAA receptor antagonist with a history of

medical use,42 1 h after propofol injection (Fig. 1a). Neuronal

activity was significantly increased within 15 min after PTZ

injection and 30 min after PTZ injection (i.e. 90 min after

propofol injection) somatic Ca2þ transients in cortical pyra-

midal neurones were comparable with those during the pre-

anaesthesia awake state (Fig. 1ceg). Thus, suppression of

GABAA receptor function was effective in restoring neuronal

activity after propofol anaesthesia.



1 
cm

6 h 24 h

Neonatal mouse

I.P. injection

Propofol or vehicle

CX546/PTZ or vehicle 1 h

• Behavioural tests:
  (treadmill, NORT,
social communications, ...)
• In vivo Ca2+ Imaging
• lmmunostaining

Treadmill training session

30 s
Post-training

Pre-training
Forelimb gait feature:

30 s

on off •••
20 trials

Adulthood
4 months

Novel-object preference

Open field test (10 min)

D
is

cr
im

in
at

io
n

 in
d

ex
 (

%
)

Pre

Familiarisation

F F FN1 FN2

6 h

6 
h

10 cm

24 h

Post

Propofol Prop+CX546 Prop+PTZVehicle

Propofol Prop+CX546 Prop+PTZVehicle

Propofol

Prop+CX546 Prop+PTZ

Prop+PTZ
Propofol

Prop+CX546
Vehicle

Vehicle

Social preference test

Propofol

Prop+CX546 Prop+PTZ

Vehicle

Elevated plus maze

O
p

en
 a

rm
 / 

cl
o

se
d

 a
rm

Propofol
Propofol

Prop+CX546 Prop+PTZ

Prop+CX546 Prop+PTZ
Vehicle

Vehicle

10 cm

Before

10 cm

40
s

Left-right: Open arms
Up-down: Closed arms

Pro
po

fo
l

Pro
p+

CX54
6

Pro
p+

PTZ

Veh
icl

e

Pro
po

fo
l

Pro
p+

CX54
6

Pro
p+

PTZ

Veh
icl

e

Pro
po

fo
l

Pro
p+

CX54
6

Pro
p+

PTZ

Veh
icl

e

Pre Post Pre Post Pre Post

Tr
ea

d
m

ill
 p

er
fo

rm
an

ce
im

p
ro

ve
m

en
t

(%
 in

cr
ea

se
 in

 s
te

ad
y 

ru
n

)

0

25

50

75 ** *
*

–25

Cage mate Stranger

10 cm

10 cm

20
0.00

20
s

10
0

0.5

1.0

NS

0.082

1.5
Anxiety-like behaviour Marbe burying test

After 20 min
OCD behaviour

* *

*

*** ***
***

***
******

** **
** **

*
*

*

**
** *

*
*NS

NS

NS

40

50

60

80

100

A
ve

ra
g

e 
sp

ee
d

 (
cm

 s
–1

)

0

4

8

12

P
re

fe
re

n
ce

 in
d

ex
(S

tr
an

g
er

 / 
C

ag
e 

m
at

e)

0

1

2

3

4

5 * *
*

R
o

ta
ti

o
n

s 
o

f 
th

e 
b

o
d

y

0

20

40

60

E
n

tr
ie

s 
to

 in
n

er
 z

o
n

e

0

40

80

120

In
n

er
 t

im
e 

/ o
u

te
r 

ti
m

e

0.0

0.1

0.2

0.3

0.4

B
u

ri
ed

 b
al

ls
 (

%
)

0

20

40

60

80

M
ax

im
u

m
 s

p
ee

d
 (

cm
 s

–1
)

10

30

50
Locomotion Anxiety-like behaviour

Neonatal
P7 9 11

a b

c d e

f h i k

j
c s sc

c s sc

g

l m n

r s t

o p q

u

Steady run
Drag

Sweep
Wobble

Gait feature

Pre
Pos

t
Pre

Pos
t

Pre
Pos

t
Pre

Pos
t

Pro
po

fo
l

Pro
p+

CX54
6

Pro
p+

PTZ

Veh
icl

e

F
ra

ct
io

n
 o

f 
ti

m
e 

sp
en

t 
in

 g
ai

t
p

at
te

rn
 o

ve
r 

5 
tr

ia
ls

 (
%

)

0

50

100

Fig 2. Repeated neonatal propofol anaesthesia causes behavioural impairments that are rescued by PTZ or CX546 treatment. (a) Experi-

mental design. (b) Schematic of treadmill training. (c) Representative gait patterns of mice running on a treadmill before and after training.

1146 - Zhou et al.



Anaesthesia and neuronal circuit dysfunction - 1147
In addition to PTZ, administration of an ampakine drug,

CX546, to potentiate AMPARs was also effective in restoring

activity during emergence from propofol anaesthesia. Two-

week-old mice were treated with CX546 20 mg kg�1 i.p. 1 h

after propofol injection (Fig. 1a), and neuronal activity was

significantly increased within 15 min after CX546 injection

(Fig. 1f and g). At 30 min after CX546 injection, somatic Ca2þ

transients in cortical pyramidal neurones were comparable

with those during the pre-anaesthesia awake state (Fig. 1f and

g), indicating that potentiation of AMPAR function was also

effective in restoring neuronal activity after anaesthesia.

Administration of PTZ 4 mg kg�1 or CX546 20 mg kg�1 alone in

non-anaesthetised mice transiently andmoderately increased

Ca2þ activity in cortical pyramidal neurones (Supplementary

Fig. S2). Together, these results show that attenuation of

GABAA receptor activity or potentiation of AMPAR activity

helps to restore neuronal activity during emergence from

propofol anaesthesia.
Repeated propofol exposure causes behavioural
impairments in adult mice

To investigate whether exposure to propofol during early

postnatal development causes behavioural impairments in

later life, we treated mice with one or three doses of propofol

(200 mg kge1) at P7eP11, which represent the period of rapid

synaptogenesis. Control mice received Intralipid vehicle in-

jections (Fig. 2a and Supplementary Fig. S3a). Four months

later, all groups had normal body weight (Supplementary

Fig. S4) and were trained to run on a treadmill where they

learned to change their gait patterns progressively (Fig. 2b).43

The mice displayed large proportions of drag, wobble, and

sweep when they first ran on the treadmill, whereas the per-

centage of steady run increased with training (Fig. 2c). We

observed significant increases in steady run in vehicle-treated

control mice after 20-trial training. A single dose of propofol
(d) Measures of various gait features before and after training (n¼4e8 mice

1.1 (0.8), 17.6 (6.9), 52.3 (7.5); post: 60.6 (7.2), 2.2 (1.3), 8.0 (2.0), 29.3 (6.4); pr

(0.8), 19.2 (7.0), 56.2 (9.6); propofolþCX546 pre: 38.5 (8.6), 23.1 (11.2), 14.8 (5.8

pre: 30.3 (7.5), 12.6 (8.2), 15.8 (6.0), 41.3 (12.4); post: 62.5 (4.1), 15.4 (8.1), 5.8

(7.0); propofol: e3.3 (7.4), P¼0.008 vs vehicle; propofolþCX546: 35.8 (11.8), P

vs vehicle, P¼0.010 vs propofol. (f) Schematic and timeline for novel object

test. (h) Discrimination ratio in NOR test (n¼8e23 mice per group). 6 h, veh

79.0 (3.7), P¼0.022 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 74.3 (3

propofol: 56.1 (2.0), P<0.001 vs vehicle; propofolþCX546: 81.4 (2.6), P¼0.007

vehicle, P¼0.001 vs propofol. (i) Schematic of social preference test. (j) Re

(n¼7e9 mice per group). Vehicle: 2.7 (0.3), propofol: 1.5 (0.2), P¼0.021 vs ve

(0.4), P¼0.87 vs vehicle. (l) Representative heat map of trajectories in the

zones. (meo) Locomotor parameters measured in the open field test (n¼5

P¼0.17 vs vehicle; propofolþCX546: 6.1 (0.5), P¼0.15 vs propofol; propofolþ
31.2 (1.5); propofol: 30.8 (1.4), P¼0.99 vs vehicle; propofolþCX546: 31.7 (1

rotations of the body, vehicle: 39.4 (2.0); propofol: 25.8 (1.5), P¼0.002 vs ve

41.6 (1.4), P¼0.008 vs propofol. (peq) Anxiety-like behaviours measured in

(3.3); propofol: 35.80 (3.81), P¼0.002 vs vehicle; propofolþCX546: 70.00 (5.71

ratio of inner vs outer zone, vehicle: 0.20 (0.01); propofol: 0.08 (0.02), P

propofolþPTZ: 0.16 (0.02), P¼0.003 vs propofol. (r) Representative heat ma

open arms, upedown: closed arms. (s) Anxiety-like behaviours measure

propofol: 0.27 (0.09), P¼0.011 vs vehicle; propofolþCX546: 0.59 (0.09), P¼0.0

propofol. (t) Representative pictures of marble burying tests. Yellow arr

(OCD)-like behaviour measured in marble burying tests (n¼5e8 mice).

folþCX546: 27.5 (5.7), P¼0.040 vs propofol; propofolþPTZ: 30.0 (4.4), P¼0.

mean). *P<0.05; **P<0.01; ***P<0.001; NS, not significant. Two-tailed Mann

tetrazol.
had no apparent effect on treadmill performance

(Supplementary Fig. S3aec), but mice subjected to three doses

of propofol showed little training-related performance

improvement (Fig. 2cee). This deficit in motor skill learning

was not observed in mice that received PTZ (4 mg kg�1) or

CX546 (20mg kg�1) 1 h after each propofol injection (Fig. 2cee).

Administration of PTZ or CX546 alone had no significant ef-

fects on treadmill performance in adulthood (Supplementary

Fig. S3aec). Thus, repeated propofol exposure during early

brain development resulted in motor learning impairments in

adulthood.

In addition to motor learning, we also examined the

cognitive, social, and emotional aspects of behaviour in adult

mice that had been administered vehicle, one or three doses of

propofol, propofol plus CX546, or propofol plus PTZ during

P7eP11. In the NOR test, preference to explore the novel object

reflects recognition memory. We separated the training and

the test sessions by 6 and 24 h to examine short- and long-

term memory, respectively (Fig. 2f). Whilst vehicle-treated

controls showed a preference towards the novel object, mice

treated with three but not one dose of propofol showed no

such preference at either 6 or 24 h after training (Fig. 2g and h

and Supplementary Fig. S3d). This deficit in NOR memory was

not observed inmice administered PTZ or CX546 after propofol

(Fig. 2g and h).

Tests for social memory were performed in a three-

chamber social apparatus where control mice spent more

time exploring the stranger mouse than their cage mate

(Fig. 2i). The propofol-exposed mice spent similar amounts of

timewith familiar and unfamiliarmice, which contrasted with

control and propofol plus PTZ or CX546 mice that preferen-

tially interacted with unfamiliar mice (Fig. 2j and k). Addi-

tionally, we found that repeated propofol exposure caused

anxiety-like behaviour in adult mice, as evidenced in open

field and elevated plus maze tests, and obsessive/compulsive-

disorder-like behaviour, as displayed in the marble burying
per group). Steady, wobble, sweep, and drag of vehicle pre: 29.0 (6.7),

opofol pre: 26.7 (6.8), 5.3 (3.8), 14.1 (4.0), 53.9 (6.9); post: 23.9 (10.7), 0.8

), 23.6 (6.2); post: 65.3 (3.8), 19.6 (16.7), 2.5 (0.7), 12.6 (5.4); propofolþPTZ

(3.2), 16.3 (4.2). (e) Treadmill performance improvement. Vehicle: 32.2

¼0.71 vs vehicle, P¼0.042 vs propofol; propofolþPTZ: 39.6 (9.6), P¼0.42

recognition (NOR) test. (g) Representative trajectories of mice in NOR

icle: 67.8 (2.2), propofol: 50.9 (1.8), P<0.001 vs vehicle; propofolþCX546:

.7), P¼0.26 vs vehicle, P<0.001 vs propofol. 24 h, vehicle: 69.1 (2.5),

2 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 77.2 (3.6), P¼0.080 vs

presentative trajectories in the social test. (k) Social preference index

hicle; propofolþCX546: 2.8 (0.4), P¼0.96 vs vehicle; propofolþPTZ: 2.8

open field test. Dashed line indicates the border of inner and outer

e8 mice). Average speed (cm s�1), vehicle: 5.8 (0.6); propofol: 4.6 (0.6),

PTZ: 6.9 (0.5), P¼0.016 vs propofol; maximum speed (cm s�1), vehicle:

.5), P¼0.69 vs propofol; propofolþPTZ: 33.9 (1.3), P¼0.15 vs propofol;

hicle; propofolþCX546: 39.8 (2.4), P¼0.008 vs propofol; propofolþPTZ:

the open field test (n¼5e8 mice). Entries to inner zone, vehicle: 67.1

), P¼0.008 vs propofol; propofolþPTZ: 61.20 (5.7), P¼0.002 vs propofol;

¼0.002 vs vehicle; propofolþCX546: 0.21 (0.03), P¼0.003 vs propofol;

p of mouse trajectories in the elevated plus maze test. Left to right:

d in the elevated plus maze test (n¼5e8 mice). Vehicle: 0.62 (0.049);

82 vs propofol, P¼0.49 vs vehicle; propofolþPTZ: 0.71 (0.15), P¼0.032 vs

owheads indicate exposed balls. (u) Obsessive/compulsive-disorder

Vehicle: 31.8 (3.8); propofol: 50.8 (5.2), P¼0.020 vs vehicle; propo-

040 vs propofol. Data are presented as mean (standard error of the

eWhitney U-test in (e), (h), (k), (meq), (s), and (u). PTZ, pentylene-
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test (Fig. 2leu). Mice that received PTZ or CX546 after repeated

propofol exposure or a single dose of propofol showed similar

performance as control mice in these tests (Fig. 2leu and

Supplementary Fig. S3eel).

Collectively, these results show that repeated propofol

anaesthesia causes persistent cognitive and behavioural defi-

cits in neonatal mice, which can be prevented by pharmaco-

logically potentiating neuronal activity during anaesthesia

recovery.
Repeated propofol exposure causes reduced neuronal
density in the cortex

To identify cortical changes associated with motor learning

impairment caused by neonatal anaesthesia, we first exam-

ined the density of neurones in the motor cortex. Transgenic

Thy1-GCaMP6s mice were administered three doses of propo-

fol during P7eP11 and assessed at 4 months of age. Immuno-

staining in the motor cortex revealed a 10e18% reduction in

the density of NeuNþ cells and GCaMP6þ pyramidal neurones

in both L2/3 and L5 of the motor cortex after repeated propofol

exposure (Fig. 3aec and Supplementary Fig. S5). In a separate

set of animals, we performed immunostaining of vGLUT1 and

AMPARs in the cortex of wild-type mice with or without early

propofol exposure (Fig. 3d). Analysis of vGLUT1, a presynaptic

marker of glutamatergic synapses, in L1 of the motor cortex

showed a ~30% reduction in expression in propofol-treated

mice as compared with vehicle-treated controls (Fig. 3e). The

number of AMPARþ puncta in L1 of the motor cortex was also

reduced (Fig. 3f). These results indicate that repeated neonatal

anaesthesia caused a reduction in glutamatergic neurones and

synapses. Mice administered PTZ or CX546 after propofol

exhibited a normal number of cortical neurones and vGLUT1þ

and AMPARþ puncta in adulthood (Fig. 3aef), suggesting that

potentiating neuronal activity during the post-anaesthesia

period prevented neuronal and synaptic loss after early-life

anaesthesia.
Repeated propofol exposure effects on pyramidal
neurone activity

The aforementioned results of decrease in synaptic density in

the motor cortex after repeated propofol exposure suggest

possible functional deficits of cortical neurones. Using in vivo

two-photon Ca2þ imaging in awake, head-restrained mice, we

examined the activity of pyramidal neurones in L2/3 (200e350

mm below pial surface) and L5 (500e700 mm below pial surface)

of the motor cortex when the mice were quietly resting or

running on the treadmill (Fig. 4a). Consistent with previous

studies, we found that both L2/3 and L5 pyramidal neurones

responded to treadmill running and exhibited a marked in-

crease in somatic Ca2þ transients (Fig. 4b). We classified active

cells into three populations: cells active only during resting,

cells active only during running, and cells active during both

resting and running (Fig. 4c and d). Comparing repeated pro-

pofol with vehicle-treated mice, we observed 40% and 26%

reductions in L2/3 and L5, respectively, in the total number of

active cells during 1 min of Ca2þ recording (30 s treadmill off

followed by 30 s treadmill on) (Fig. 4e). For each population of

cells, the average somatic Ca2þ activity was significantly lower

in repeated propofol- than vehicle-treated mice, under both

resting and running states (Fig. 4fei). Mice administered PTZ

or CX546 after propofol showed a comparable number of

active cells in both L2/3 and L5 relative to vehicle controls
(Fig. 4e). Furthermore, PTZ and CX546 increased somatic Ca2þ

activity to the level in vehicle-treated controls (Fig. 4fei). These

results indicate that neonatal propofol anaesthesia reduced

pyramidal neurone activity in the adult motor cortex, which

could be reversed by PTZ and CX546.

Unlike repeated propofol exposure, a single dose of pro-

pofol at P7 did not cause changes of pyramidal neurone ac-

tivity in L2/3 and L5 of the adult motor cortex (Supplementary

Fig. S6). Thus, repeated propofol anaesthesia during early

postnatal development caused persistent hypofunction of

cortical pyramidal neurones, which could be rescued by

potentiating neuronal activity during anaesthesia recovery.
Effect of dendritic Ca2þ transients in cortical
pyramidal neurones

Many lines of evidence indicate that dendritic Ca2þ transients

are critical for excitatory neurone plasticity and function.43e45

We imaged and measured Ca2þ activity in the apical tuft

branches (20e70 mm below pial surface) of L2/3 and L5 pyra-

midal neurones under both quiet resting and treadmill

running conditions (Fig. 5). In line with previous reports,43 we

observed a significant increase in the number of dendritic Ca2þ

spikes in mice running on the treadmill than in the quiet

awake state (Fig. 5a). In both vehicle- and repeated propofol-

treated mice, dendritic Ca2þ transients detected with

GCaMP6s occurred across long stretches of dendrites with

comparable DF/F0 and lasted several seconds (Fig. 5b and c).

Comparing propofol- with vehicle-treated mice, we found that

the average activity of dendritic Ca2þ spikes was substantially

decreased under both resting and running conditions

(running: 113.6% [1.8%] vs 138.5% [1.8%]; P<0.001) (Fig. 5d and

e). Moreover, the average length of dendritic segments

showing Ca2þ spikes was also reduced in propofol-treated

mice as compared with vehicle-treated controls (running:

31.9 [0.7] mm vs 41.5 [0.9] mm; P<0.001) (Fig. 5f and g). These

propofol-induced changes were not observed in mice that

were administered PTZ or CX546 after propofol exposure

(Fig. 5dei). Because dendritic Ca2þ spikes trigger large Ca2þ

influx into dendrites, these results suggest a decrease in

excitatory inputs onto cortical pyramidal neurones after

repeated propofol anaesthesia, consistent with the reduction

of vGLUT1 and AMPAR expressions in L1 of the cortex

(Fig. 3def). Thus, repeated propofol exposure in neonates

induced a reduction of pyramidal neurone dendritic activity.
Repeated propofol exposure effects on cortical
inhibitory interneurone activity

Recent studies have shown that SST-expressing inhibitory

interneurones have an important role in regulating dendritic

and somatic activities of pyramidal neurones.34,43,46,47 To

measure the impact of propofol on SST cell responses, we used

in vivo Ca2þ imaging to examine the activity of SST cells

expressing GCaMP6s after repeated propofol or vehicle in-

jections at P7, P9, and P11 (Fig. 6a). SST-IRES-Cre mice were

injected with Cre-dependent AAV to induce expression of

GCaMP6s specifically in SST cells. At 4 months of age, spon-

taneous activity of SST cells was significantly reduced in

propofol-treated mice compared with vehicle-treated controls

(Fig. 6bef). For animals trained on the treadmill, running-

evoked SST cell activity was substantially lower in propofol-

than vehicle-treated mice (propofol: 121.0% [2.7%]; vehicle:

219.6% [4.3%]; P<0.001). These in vivo Ca2þ recordings show
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Fig 3. Density of cortical neurones is reduced after repeated neonatal propofol anaesthesia and is rescued by PTZ or CX546 treatment. (a)

Representative coronal sections of the mouse motor cortex stained for NeuN (a pan-neuronal marker; magenta) and GCaMP6s (anti-GFP

immunoreactive; green) in layers 2/3 and 5. Density of (b) NeuNþ cells and (c) GCaMP6sþ pyramidal neurones in layers 2/3 and 5 (n¼9 brain

slices from three mice per group; unit: cell number per 100 mm2). For NeuNþ cells in L2/3 (� 10�2), vehicle: 36.9 (1.1); propofol: 31.4 (0.6),

t¼4.48, degree of freedom (df)¼12.65, P<0.001 vs vehicle; propofolþCX546: 37.9 (1.1), t¼5.14, df¼12.43, P<0.001 vs propofol; propofolþPTZ:

36.7 (1.6), t¼3.16, df¼10.4, P¼0.010 vs propofol; for NeuNþ cells in L5 (� 10�2), vehicle: 27.4 (0.2); propofol: 24.3 (0.8), t¼3.59, df¼9.48, P¼0.005

vs vehicle; propofolþCX546: 27.0 (0.8), t¼2.27, df¼16.00, P¼0.037 vs propofol; propofolþPTZ: 27.6 (0.4), t¼3.57, df¼11.15, P¼0.004 vs propofol.

For GCaMP6sþ cells in L2/3 (� 10�2), vehicle: 7.8 (0.3); propofol: 7.0 (0.3), t¼2.14, df¼15.98, P¼0.048 vs vehicle; propofolþCX546: 8.5 (0.3),
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vehicle: 7.7 (0.1); propofol: 6.2 (0.2), t¼5.26, df¼12.41, P<0.001 vs vehicle; propofolþCX546: 7.0 (0.2), t¼2.17, df¼16.00, P¼0.046 vs propofol;
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df¼15.72, P<0.001 vs vehicle; propofolþCX546: 78.1 (3.1), t¼5.31, df¼14.86, P<0.001 vs propofol; propofolþPTZ: 75.9 (1.7), t¼6.46, df¼14.39,

P<0.001 vs propofol. Data are presented as mean (standard error of the mean). *P<0.05; **P<0.01; ***P<0.001. Unpaired two-tailed t-test with

Welch’s correction in (b), (c), (e), and (f). AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; PTZ, pentylenetetrazol.
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that propofol treatment induced a marked and persistent

reduction in SST cell activity in the motor cortex.

In addition to SST neurones, we investigated whether PV-

positive interneurones were affected by propofol anaesthesia

using PV-IRES-Cre mice expressing GCaMP6s. We found that

PV cells also displayed amarked reduction in neuronal activity

in propofol-treated mice as compared with vehicle-treated

controls under both resting and treadmill running states

(running: 40.5% [0.9%] vs 139.5% [3.7%]; P<0.001) (Fig. 6gek).

Because SST and PV neurones target tuft dendrites and peri-

somatic regions of pyramidal cells, respectively, reductions of
Ca2þ activity from these cells suggest a reduced inhibitory

control of input and output of excitatory neurones.

Vasoactive intestinal polypeptide-expressing interneur-

ones represent another major inhibitory subclass in the

neocortex that directly inhibits the activity of both SST- and

PV-expressing interneurones in vitro and in vivo.48 To deter-

minewhether VIP neurone functionmight also be altered after

neonatal propofol anaesthesia, we infected VIP-IRES-Cre mice

with AAV virus encoding GCaMP6s and imaged Ca2þ activity of

VIP neurones. Similar to what was observed in SST and PV

cells, we found a significant decrease in the activity of VIP

neurones in propofol- vs vehicle-treated mice under quiet
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Fig 4. Pyramidal neuronal activity is reduced after repeated neonatal propofol anaesthesia and is rescued by PTZ or CX546 treatment. (a)

Schematic of two-photon Ca2þ imaging in cortical pyramidal (PYR) neurones during treadmill training. (b) Representative images of L5

somata expressing GCaMP6s during resting and running. (c) Representative maps showing the distribution of L5 somata activated during 1

min Ca2þ recording. Filled tangerine dots and empty grey circles represent cells active during resting and running, respectively. (d) Ca2þ

fluorescence traces of L5 somata during resting and running. Examples of 1 min traces are shown. (e) Density of active neurones in L2/3

and L5 of the motor cortex (cell number per 100 mm2). For L2/3 (� 10�2), vehicle: 6.0 (0.7); propofol: 3.6 (0.5), P¼0.030 vs vehicle; propo-

folþCX546: 6.3 (0.9), P¼0.81 vs vehicle, P¼0.047 vs propofol; propofolþPTZ: 5.9 (0.7), P¼0.93 vs vehicle, P¼0.028 vs propofol. For L5 (� 10�2),

vehicle: 8.7 (0.7); propofol: 6.4 (0.6), P¼0.031 vs vehicle; propofolþCX546: 9.2 (0.8), P¼0.65 vs vehicle, P¼0.032 vs propofol; propofolþPTZ: 8.9

(0.9), P¼0.87 vs vehicle, P¼0.048 vs propofol. (f) Measures of average Ca2þ activity in L2/3 somata during resting or running (n¼998e1174

cells from four to five mice per group). For resting-only cells, vehicle: 62.1 (1.3); propofol: 49.8 (0.9), P<0.001 vs vehicle; propofolþCX546: 62.8

(1.6), P¼0.66 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 61.3 (1.9), P¼0.059 vs vehicle, P<0.001 vs propofol. For running-only cells, vehicle:

162.5 (4.9); propofol: 112.2 (2.7), P<0.001 vs vehicle; propofolþCX546: 148.5 (4.5), P¼0.13 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 162.1

(5.2), P¼0.25 vs vehicle, P<0.001 vs propofol. For restingþrunning cells during resting state, vehicle: 55.4 (1.6); propofol: 42.4 (0.73), P<0.001 vs

vehicle; propofolþCX546: 55.4 (1.8), P¼0.33 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 52.6 (1.53), P¼0.052 vs vehicle, P<0.001 vs propofol;

during running state, vehicle: 186.9 (10.2); propofol: 145.5 (5.0), P<0.001 vs vehicle; propofolþCX546: 195.2 (9.7), P¼0.60 vs vehicle, P¼0.049 vs

propofol; propofolþPTZ: 187.7 (9.5), P¼0.61 vs vehicle, P¼0.022 vs propofol. (g) Distribution of Ca2þ activity in individual somata of L2/3

during resting or running. (h) Measures of average Ca2þ activity in L5 somata during resting or running (n¼1347e1992 cells from four to five

mice per group). For resting-only cells, vehicle: 58.4 (3.2); propofol: 35.5 (1.8), P<0.001 vs vehicle; propofolþCX546: 56.8 (2.7), P¼0.66 vs

vehicle, P<0.001 vs propofol; propofolþPTZ: 67.8 (2.8), P¼0.051 vs vehicle, P<0.001 vs propofol. For running-only cells, vehicle: 171.5 (9.2);

propofol: 107.4 (2.9), P<0.001 vs vehicle; propofolþCX546: 154.1 (6.3), P¼0.13 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 172.6 (8.8), P¼0.89

vs vehicle, P<0.001 vs propofol. For restingþrunning cells during resting state, vehicle: 55.5 (1.4); propofol: 43.2 (0.7), P<0.001 vs vehicle;

propofolþCX546: 56.1 (1.3), P¼0.11 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 53.3 (1.1), P¼0.071 vs vehicle, P<0.001 vs propofol; during

running state, vehicle: 184.3 (7.8); propofol: 122.4 (3.2), P<0.001 vs vehicle; propofolþCX546: 192.1 (5.9), P¼0.43 vs vehicle, P<0.001 vs pro-

pofol; propofolþPTZ: 180.5 (5.6), P¼0.47 vs vehicle, P<0.001 vs propofol. (i) Distribution of Ca2þ activity in individual somata of L5 during

resting or running. Data are presented as mean (standard error of the mean). *P<0.05; ***P<0.001. (e) Two-tailed ManneWhitney U-test and

(f) and (h) KolmogoroveSmirnov’s test. PTZ, pentylenetetrazol.
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P<0.001 vs propofol. (e), (g), and (i) Distribution of Ca2þ activity on individual branches and length of active segment during resting and

running (n¼3e5 mice per group). Data are presented as mean (standard error of the mean). *P<0.05, **P<0.01, ***P<0.001. (d), (f), and (h)

KolmogoroveSmirnov’s test. PTZ, pentylenetetrazol.

Anaesthesia and neuronal circuit dysfunction - 1151
resting states (92.1% [2.6%] vs 121.8% [3.8%]; P<0.001)
(Fig. 6lep). Notably, motor-training-evoked activity in VIP

neurones was increased in propofol-treatedmice as compared

with vehicle controls (448.4% [31.4%] vs 231.9% [10.6%];
P<0.001) (Fig. 6lep), consistent with the connectivity scheme

that VIP neurones inhibit SST and PV cells.

Taken together, these experiments indicate that repeated

exposure to propofol during early postnatal life caused
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persistent changes in SST, PV, and VIP interneurones in the

cortex: spontaneous activity was decreased, whilst running-

evoked activity was lower in SST and PV interneurones and

higher in VIP interneurones, relative to vehicle-treated control

mice. Mice administered PTZ or CX546 after propofol showed

similar Ca2þ activity in SST-, PV-, and VIP-expressing in-

terneurons as controls (Fig. 6bep).
Discussion

How neonatal anaesthesia impairs neuronal circuit develop-

ment, contributing to cognitive and behavioural deficits later

in life, is poorly understood. In this study, we found that

repeated exposure of mice to propofol anaesthesia during

early postnatal development caused neuronal circuit

dysfunction in the adult motor cortex (Fig. 6q). During the

process of motor learning, task-associated activity was

reduced in pyramidal neurones and in SST and PV interneur-

ones. Potentiation of neuronal activity during post-

anaesthesia recovery by PTZ or CX546 protected cortical

network development and alleviated behavioural deficits.

Preclinical research has shown that anaesthetic neurotox-

icity is dependent on the cumulative dose and duration of

anaesthetic exposure.17 Several well-designed human trials

have studied whether the most common paediatric anaes-

thetics affect intelligence and other behavioural domains in

healthy children.49e51 Short exposures (<1 h) do not cause

measurable decreases in general intelligence, consistent with

findings in laboratory animals. It remains to be investigated

whether repeated or prolonged exposure in young children,

for example those undergoing extended and repeated surgery

and those sedated for days in the neonatal ICU, may lead to

behavioural and learning difficulties later in life. Nevertheless,

it is imperative to understand the effects of clinically used

anaesthetics and sedatives on brain development.

Propofol is used with increasing frequency for paediatric

and obstetric procedures requiring anaesthesia or sedation.

Propofol interacts with the b-subunit of the GABAA receptor to

slow deactivation and desensitisation of the channel.52 We

found that a single dose of propofol anaesthetised P7 mice for

less than 1 h, but suppressed neuronal activity in the cortex for
Fig 6. Repeated neonatal propofol anaesthesia affects inhibitory interneur

of Ca2þ imaging of SST, PV, and VIP cells in L2/3 of the motor cortex duri

during resting and running. (c) Population average response of SST inte

Measures of Ca2þ activity in SST neurones during resting. Vehicle: 50.6 (0

P<0.001 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 53.7 (0.8), P¼0.001

neurones during running. Vehicle: 219.6 (4.3); propofol: 121.0 (2.7), P<0.00
propofol; propofolþPTZ: 240.8 (3.8), P¼0.003 vs vehicle, P<0.001 vs propof

resting and running (n¼76e88 cells from three to four mice per group). (g

mice per group). (i) Vehicle: 17.6 (0.5); propofol: 12.4 (0.3), P<0.001 vs vehic

propofolþPTZ: 17.0 (1.2), P<0.001 vs vehicle, P¼0.001 vs propofol. (j) Vehic

148.8 (4.2), P¼0.17 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 122.3 (3.8

VIP cells (n¼52e95 cells from three to five mice per group). (n) Vehicle: 121

(3.6), P¼0.31 vs vehicle, P<0.001 vs propofol; propofolþPTZ: 127.1 (3.2), P¼
448.4 (31.4), P<0.001 vs vehicle; propofolþCX546: 306.1 (15.1), P¼0.001 vs

vehicle, P¼0.020 vs propofol. Data are presented as mean (SEM) *P<0.05; *
oveSmirnov’s test. (q) Schematic illustrating changes of neuronal circuits

after propofol exposures, spontaneous activities are low in both pyrami

During running, despite VIP activation, PYR neuronal activity remains lo

and generation of dendritic Ca2þ spikes. Administration of low-dose PT

cortex. M1, primary motor cortex. Up and down arrows indicate high and

PTZ, pentylenetetrazol; PV, parvalbumin; SST, somatostatin; VIP, vasoact
more than 2 h, indicating a prolonged effect of propofol

exposure on brain activity. Similar findings have been reported

in young mice administered ketamine,18 an anaesthetic that

primarily blocks N-methyl-D-aspartate (NMDA) receptors.

Together, these studies suggest that the impact of general

anaesthetics on the developing brain may extend into the

anaesthesia recovery period. Given the important role of

neuronal activity in neural development, anaesthesia in the

neonatal period may have long-lasting effects on neuronal

circuits in the neocortex.

The motor cortex is known to control both simple and

complex motor behaviours. Acquisition of motor skills in-

volves activation of pyramidal neurones in both L2/3 and L5 of

the primary motor cortex, and remodelling of spines on py-

ramidal neurone dendrites.43,53e55 The number of dendritic

spines formed and persisting after motor learning correlates

with the degree of performance improvement in mice.53,56

Many lines of evidence indicate that dendritic spikes

contribute to synaptic plasticity.44,45 Dendritic calcium spikes

in apical dendrites of L5 pyramidal neurones are important for

dendritic spine plasticity in the motor cortex.43 By imaging

apical tuft dendrites and somata of pyramidal neurones in the

motor cortex, we found a substantial and persistent reduction

in dendritic and somatic Ca2þ activity after repeated propofol

anaesthesia. Moreover, both vGLUT1 and AMPAR expressions

were reduced in the motor cortex, consistent with a decrease

of excitatory synaptic input and function. Similar findings

have been reported in neonatal mice after repeated ketamine

anaesthesia.18 Pyramidal neurone hypofunction after multiple

anaesthetic doses may account for the reduction of learning-

induced synaptic plasticity andmotor learning impairments.18

Inhibitory circuits in the neocortex control and shape the

activity of principal cells. Development of inhibitory circuits

occurs later than excitatory circuits and is activity depen-

dent.57 Thus, early exposure to anaesthetics may not only

have a significant impact on excitatory neurones, but also on

the development of inhibitory circuits. Blockade of either

glutamate receptors or GABAA receptors interferes with

migration of GABAergic neurones,58 and glutamate-mediated

activity has an important role in the development of axons

and dendrites of cortical inhibitory neurones in vivo.59 In vitro,
one activity that is rescued by PTZ or CX546 treatment. (a) Schematic

ng treadmill training. (b) Images of SST somata expressing GCaMP6s

rneurones. Envelopes indicate standard error of the mean (SEM). (d)

.3); propofol: 42.0(0.4), P<0.001 vs vehicle; propofolþCX546: 52.7 (0.4),

vs vehicle, P<0.001 vs propofol. (e) Measures of Ca2þ activity in SST

1 vs vehicle; propofolþCX546: 227.6 (4.7), P¼0.18 vs vehicle, P<0.001 vs

ol. (f) Distribution of Ca2þ activity in individual SST neurones during

ek) Similar to (bef), but in PV cells (n¼84e90 cells from three to five

le; propofolþCX546: 14.9 (0.7), P<0.001 vs vehicle, P<0.001 vs propofol;

le: 139.5 (3.7); propofol: 40.5 (0.9), P<0.001 vs vehicle; propofolþCX546:

), P¼0.002 vs vehicle, P<0.001 vs propofol. (lep) Similar to (bef), but in

.8 (3.8); propofol: 92.1 (2.6), P<0.001 vs vehicle; propofolþCX546: 118.2

0.83 vs vehicle, P<0.001 vs propofol. (o) Vehicle: 231.9 (10.6); propofol:

vehicle, P¼0.010 vs propofol; propofolþPTZ: 299.9 (19.1), P¼0.010 vs

*P<0.01; ***P<0.001; NS, not significant. (d, e, i, j, n, and o) Kolmogor-

in the motor cortex after repeated neonatal anaesthesia. Four months

dal (PYR) neurones and inhibitory interneurones (SST, PV, and VIP).

w, which is associated with a decrease in excitatory synaptic inputs

Z or CX546 after propofol ameliorates neuronal dysfunction in the

low activities, respectively, relative to vehicle-treated control mice.

ive intestinal polypeptide.
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low concentrations of ketamine impair dendritic growth of

immature GABAergic neurones and cause branch atrophy of

differentiated GABAergic neurones.22,23 We found a persistent

reduction of spontaneous activity in three different subtypes

of interneurones (SST, PV, and VIP) in the motor cortex after

repeated propofol anaesthesia during P7eP11, indicating

hypofunction of neuronal circuits in the motor cortex. In the

cerebral cortex, a unique mode of inhibitory control is pro-

vided by VIP inhibitory neurones that specifically suppress the

firing of other inhibitory neurones (SST and PV cells). Such

disinhibition could lead to selective amplification of local

processing and could provide gating and gain modulation.48

We found that in propofol-treated mice, running-evoked ac-

tivity in pyramidal neurones remained lower than in control

mice despite increased VIP activation. Thus, early-life anaes-

thesia exposure induces lasting changes of neuronal activity

in both excitatory pyramidal neurones and inhibitory

interneurones.

Administration of the ampakine drug CX546 to potentiate

AMPAR activity during emergence from ketamine anaes-

thesia restores neuronal activity and prevents long-term

learning deficits induced by repeated neonatal exposure.18

In line with the beneficial effects of ampakine for keta-

mine anaesthesia, we found that CX546 is also effective in

protecting against the detrimental effects caused by pro-

pofol anaesthesia. These findings indicate that potentiation

of AMPA function during anaesthesia recovery could offer

neuroprotection to wide-ranging anaesthetics that target

either NMDA or GABAA receptors in the CNS. Moreover, we

found that systemic administration of PTZ to attenuate

GABAA receptor activity in neonatal mice is also effective in

promptly restoring brain activity after anaesthesia. Pentyl-

enetetrazol is a non-competitive GABAA receptor antagonist.

Previous studies have shown that chronic administration of

low-dose non-competitive GABAA antagonists, including

PTZ, ameliorates cognitive deficits in a mouse model of

Down’s syndrome that has excessive inhibition in the

dentate gyrus.41,60 We found that injections of PTZ after

propofol expedited the recovery of neuronal activity in

cortical pyramidal neurones. Importantly, mice treated with

PTZ after propofol showed normal density of neurones,

neuronal network activity, and behavioural performance.

These findings corroborate the idea that pharmacologically

enhancing neuronal activity during the anaesthesia recov-

ery period could reduce the adverse effects of early-life

anaesthesia.

There are several limitations in this study. First, in vivo two-

photon Ca2þ imaging was performed on animals in head re-

straint. Because the awake, head-restraining situation may

induce stress and potentially cause changes in neuronal ac-

tivity, it is crucial to habituate animals to the imaging set-up

before imaging to minimise stress. Second, the current study

focused on motor learning and associated changes in excit-

atory and inhibitory neuronal activities in the motor cortex.

Future studies of brain regions important for cognitive, social,

and emotional development, such as hippocampus and pre-

frontal cortex, are needed to better understand the impact of

general anaesthetics on neurodevelopment.

In summary, our data reveal long-lasting effects of general

anaesthesia on cortical circuit development. Repeated expo-

sure to propofol during early postnatal brain development

caused a persistent reduction of cortical pyramidal neuronal

activity and alterations of local inhibitory interneurone net-

works. Post-anaesthesia suppression of GABAA receptor
activity or potentiation of AMPAR function prevented

anaesthesia-induced learning and neuronal circuit deficits.

Thus, prompt restoration of neuronal activity during recovery

from anaesthesia is an effective strategy to reduce the adverse

effects of early-life anaesthesia.
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