
ALTERATIONS OF MOTOR CORTICAL MICROCIRCUIT IN A
DEPRESSIVE-LIKE MOUSE MODEL PRODUCED BY LIGHT DEPRIVATION

YUN-FENG ZHANG, a,b* QI-QIN LI, a,b JIA QU, a,b

CUI-MIN SUN a,b AND YUN WANG a,b,c*

aSchool of Ophthalmology & Optometry, The Eye Hospital,

Wenzhou Medical University, Wenzhou, Zhejiang, China

bState Key Laboratory Cultivation Base and Key Laboratory of

Vision Science, Ministry of Health P.R. China and Zhejiang

Provincial Key Laboratory of Ophthalmology and Optometry, China

cAllen Institute for Brain Science, Seattle, WA 098109, United States

Abstract—Depression is one of the most prevalent and life-

threatening forms of mental illness. The heavy social burden

imposed by this disorder calls for a better understanding of

its pathogenesis. Light deficiency is an important factor

potentially leading to depression. However, how the light

deficiency affects neural microcircuit underlying depression

remains largely unknown. This study investigated the prop-

erties of morphology, electrophysiology, and synaptology

of layer V pyramidal cells (L5PCs) in the motor cortex of a

mouse model with depressive behavioral phenotype that

was produced by light deprivation (LD). The depressive

behavioral phenotype was characterized by increased

immobility and decreased locomotor activity in behavioral

tests. LD decreased burst firing neurons and suppressed

the intrinsic excitability of L5PCs, and also reduced the neu-

ronal morphological complexity as evidenced by simplified

basal and apical dendrites. Moreover, LD reduced the

synaptic connecting probability of L5PCs. These alterations

of the simplified morphology, the suppressed excitability,

and the reduced connecting probability of L5PCs together

could well explain the depression-like behaviors of the

mouse model. However, it was surprising to find that the

excitatory postsynaptic potentials (EPSPs) of single L5PC

connections were significantly enhanced and the paired

pulse ratio (EPSP2/EPSP1) was significantly increased.

These synaptological results indicate that the absolute

synaptic strength of single L5PC connections was

enhanced and the transmitter release probability was

increased although the connections between L5PCs

became sparse. Therefore, a compensation mechanism

accompanied the negative changes that were consistent

with the depressive behavioral phenotype. Our findings

from the motor cortex of depression-like behavior mice

may underlie the neural microcircuit mechanism of

depression, providing insights into the pathogenesis of

depression at a level of single neurons and synaptic

connections. � 2016 IBRO. Published by Elsevier Ltd. All

rights reserved.

Key words: depression, layer V pyramidal cells, morpholog-

ical complexity, synaptic connecting probability, paired pulse

ratio, transmitter release probability.

INTRODUCTION

Depression is one of the most prevalent and life-

threatening forms of mental illness affecting about 21%

of the world’s population (Stepanichev et al., 2014).

Depression is characterized by a state of low mood and

aversion to activity, and behavioral indices of depression

such as enhanced immobility time and decreased climb-

ing time during the forced swimming test are associated

with a loss of cortical NA fibers/boutons in multiple brain

areas (Gonzalez and Aston-Jones, 2008). Depression

usually presents abnormalities in different brain areas

including the noradrenergic (NA) locus coeruleus,

serotoninergic dorsal raphe and median raphe, and

dopaminergic ventral tegmental area (VTA) systems

(Ressler and Nemeroff, 2000; Harro and Oreland, 2001;

Gonzalez and Aston-Jones, 2008). Moreover, the medial

prefrontal cortex (mPFC) dysfunction was related to

depression-like behavioral responses to stress while an

enhanced excitatory synaptic drive onto mPFC neurons

was suggested to underlie the hyperactivity of this brain

region in depression (Wang et al., 2014). Rodents with

depression-like behaviors showed suppressed neurogen-

esis in the subventricular zone and hippocampus (Lau

et al., 2011), and mice model of depression exhibited a

hyperactivity of dopamine neurons in the VTA

(Friedman et al., 2014). In view of these complicated phe-

nomena observed from depression conditions, the under-

lying neural microcircuit mechanism is one of the most

fundamental issues worthy of being studied in depth.

The mammalian cerebral cortex acts as a convenient

carrier for investigating neural microcircuit. Cerebral

cortical pyramidal cells (PCs) are principal excitatory

neurons, forming local excitatory connections and
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providing cortico-cortical and cortical-subcortical

projections (DeFelipe and Fariñas, 1992; Romand et al.,

2011). Layer V (L5) as the major output layer contains

the largest PCs in the cortex. Most Layer V pyramidal

cells (L5PCs) send axons subcortically or contralaterally

to fulfill the information processing (Molnár and Cheung,

2006; Molyneaux et al., 2007). The abnormality of intrinsic

electrophysiological and synaptic properties of L5PCs in

mouse motor cortex has a potential causal relationship

with neurological disorders (Zhang et al., 2015). More-

over, electrophysiological responses of motor cortical

neurons are closely related to mammalian locomotor

behavior (Scott et al., 1997; Moran and Schwartz,

1999), and uncovering synaptic properties of L5PCs in

mouse motor cortex is important for understanding neural

microcircuit mechanisms involved in regulating movement

(Hooks et al., 2013). The mice with depressive behavioral

phenotypes were characterized by increased immobility

and decreased activity in behavioral tests (Gonzalez

and Aston-Jones, 2008; Fan et al., 2015). However,

changes of the motor cortical microcircuit have not yet

been studied in a depression-like behavior mouse model.

A large range of animal models has emerged for the

investigation of pathophysiological mechanisms

underlying depression (Kato et al., 2015). A depressive

behavioral phenotype in rodents has been produced by

giving either a chronic constant light (Tapia-Osorio

et al., 2013) or the light deprivation (LD) (Gonzalez and

Aston-Jones, 2008; Lau et al., 2011; Leach et al.,

2013). Light plays a crucial role in the regulation of mood,

and light deficiency is considered as one important factor

potentially leading to depression. The seasonal affective

disorder commonly defined as a seasonal pattern of major

depression disorder occurs at a high frequency in high lat-

itudes where light exposure is limited (Monteleone and

Maj, 2008). On the other hand, the bright light therapy

has been used as an effective antidepressant treatment,

which significantly relieves depression symptoms such

as hypersomnia and overeating (Rosenthal et al., 1984;

Krysta et al., 2012; Martensson et al., 2015). The depres-

sive behavioral phenotype of mice is characterized by

increased immobility and decreased activity in the forced

swimming test and tail suspension test (Gonzalez and

Aston-Jones, 2008; Fan et al., 2015). These

depression-like behaviors are considered to be mediated

via the fundamental changes of complex neural circuits in

the nervous system (Tzingounis and Nicoll, 2006;

Buschman and Kastner, 2015). However, the knowledge

about how the LD affects neural microcircuit underlying

depression-like behaviors remains largely unknown.

A critical goal of neuroscience is to relate the activity

of neural circuits to behavior (Tzingounis and Nicoll,

2006; Buschman and Kastner, 2015). The delineation of

anatomical neural circuits that support emotional behavior

(mainly derived from animal studies) made significant

advances toward elucidating the pathophysiology of

depression (Price and Drevets, 2012). In the present

study, a depressive behavioral phenotype was produced

by housing mice in constant darkness for three weeks,

which showed a significant increase in immobility and

impairment of locomotor activity. Using this depression-

like behavior mouse model, we investigated the morpho-

logical, intrinsic electrophysiological and synaptic proper-

ties of L5PCs in the motor cortex by multi-neuron whole-

cell patch clamp recording and 3D neuronal morphologi-

cal reconstruction, aiming to decipher the neural microcir-

cuit mechanism underlying depression.

EXPERIMENTAL PROCEDURES

Animals and housing

Adult ICR mice were obtained from the Laboratory Animal

Unit of Wenzhou Medical University. All animal

experimental procedures were approved by the Animal

Care and Ethics Committee at Wenzhou Medical

University (approval ID: wydw 2010-0001/0002), and

followed to international guidelines on the ethical use of

animals. One adult male with two female mice were

placed in individual transparent cages (29 � 18 � 14 cm)

and maintained in a ventilated chamber (24 ± 2 �C) with
free access to food and water, in order to obtain

neonatal mice. Cages were exchanged with clean ones

every three days. Neonatal mice were housed either in

a 12/12-h light–dark cycle (the control group) or in

constant darkness (the LD group) since birth (P0) for

three weeks. Mice used in behavioral and

electrophysiological studies were at postnatal days 22 to

35 (P22-P35). In order to avoid potentially mutual

effects among different behavioral tests, separate

cohorts of animals with similar physiological conditions

were used for each behavioral test. These animals were

sacrificed for electrophysiological recordings followed by

morphological studies. To exclude the potential effect of

body weight on behavior tests, a positive control group

with mice housed under the same condition to the

control group was designed. The mice from the positive

control group having body weight commensurate with

that of the LD group were used to make a comparison

with those in the control group. No significant difference

(P> 0.05) was found in behavioral tests between the

control group and the positive control group, indicating

no significant effect of body weight on behavior tests.

Behavioral tests

Forced swimming test. The forced swimming test

(FST) that is commonly used to assess antidepressant

activity (Petit-Demouliere et al., 2005; Slattery and

Cryan, 2012), was also used for testing depression-like

behavior (or termed learned helplessness) in rodents

(Gonzalez and Aston-Jones, 2008). The mouse was indi-

vidually submitted to a modified FST after three weeks for

housing. In brief, the mouse was placed in a cylindrical

plexiglas tank (40 cm high � 12 cm in diameter; Jiutai

Chemical Reagent Company, China) with warm water

(28 ± 2 �C) in a depth of 10 cm. The tank was placed

inside a black cylinder to minimize visual stimulation for

the LD group during the test. Mice were submitted to

the swimming test for 15 min on the first day and retested

for 5 min 24 h later. A digital video mounted over the tank

recorded behaviors during both FSTs. The following mea-
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