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9 Abstract—It has been half a century since brain volume

enlargement was first reported in animals reared in an

enriched environment (EE). As EE animals show improved

memory task performance, exposure to EE has been a use-

ful model system for studying the effects of experience on

brain plasticity. We review EE-induced neural changes in

the cerebral cortex and hippocampus focusing mainly on

works published in the recent decade. The review is orga-

nized in three large domains of changes: anatomical, elec-

trophysiological, and molecular changes. Finally, we

discuss open issues and future outlook toward better under-

standing of EE-induced neural changes. � 2014 Published

by Elsevier Ltd. on behalf of IBRO.
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33INTRODUCTION

34The plastic nature of the brain allows animals to change

35their behavior to adapt to their environment. Remarkably,

36a given animal’s capacity for both plasticity and

37successful behavioral adaptation is greatly influenced by

38its postnatal experience. For example, animals nurtured

39in a housing condition with environmental enrichment

40(EE, enriched environment) develop enhanced memory

41and learning abilities compared with those with standard

42caging conditions (van Praag et al., 2000; Nithianan-

43tharajah and Hannan, 2006; Simpson and Kelly, 2011,

44for reviews). EE is achieved across three axes. First, EE

45contains a larger habitable area in which physical objects

46like toys, tunnels, and running wheels are placed to pro-

47mote animals’ sensory and motor experience. Second,

48these objects are changed regularly, so as to keep ani-

49mals’ curiosity and voluntary exploration high. Third, ani-

50mals are housed in groups to promote social interactions.

51Animals are typically reared in EE for a few to several

52weeks, during which these components are thought to syn-

53ergistically influence brain plasticity. Additionally to cogni-

54tive enhancement effects, EE rearing has gained growing

55attention in the recent decade as it has been shown to have

56resilient, mitigating and sometimes recuperating effects in

57various neurological conditions including Alzheimer’s dis-

58ease, Huntington’s disease, Rett Syndrome, and stroke

59(Nithianantharajah and Hannan, 2006; Pang and

60Hannan, 2013, for reviews).

61Past studies have demonstrated that EE induces

62visible structural and functional changes in the brain.

63Description of enlarged brain volume and increase of

64dendritic morphological complexity in the cerebral cortex
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65 and hippocampus date back to 1960s (Bennett et al.,

66 1964; Diamond et al., 1964) and detailed anatomical stud-

67 ies carried out in the following years confirmed these

68 results. Another significant structural change is enhanced

69 adult neurogenesis in the dentate gyrus of the hippocam-

70 pus (Kempermann et al., 1997). While the contribution of

71 neurogenesis to improved memory task performance

72 remains controversial (Bruel-Jungerman et al., 2005;

73 Meshi et al., 2006; Kerr et al., 2010; Bednarek and

74 Caroni, 2011; Akers et al., 2014), these newly generated

75 cells certainly innervate their target cells thus reorganizing

76 the neural circuit.

77 Molecular genetics and physiological recording

78 techniques have progressed tremendously since the

79 days EE-induced structural changes were first noticed.

80 Almost every cell type can now be molecularly labeled

81 and manipulated by clever combinations of transgenic

82 mice and recombinant viruses. Moreover, the activity of

83 these cells can be manipulated by optogenetics or

84 pharmacogenetics. In vivo two-photon microscopy and

85 high-density extracellular electrophysiology provide

86 means to observe dynamic changes of neural structure

87 and activity, respectively. With these methodological

88 advancements, the next likely step to advance our

89 knowledge on experience-dependent modification of

90 brain capacity is to understand the neuropil dynamism

91 caused by EE exposure. This review aims to discuss

92 recent progress on the neuropil reorganization and

93 associated molecular changes triggered by EE exposure

94 during juvenility to adulthood.

95 RECENT VIEWS OF NEUROPIL

96 The term ‘‘neuropil’’ traditionally refers to the commingled

97 substrate consisting of axons, dendrites, and glial cells

98 typically observed in the gray matter of the central

99 nervous system (Fig. 1). Serial electron microscopic

100 reconstruction of neuropil, particularly by use of

101 block-face scanning electron microscopy, has made it

102possible to efficiently quantify the composition of

103neuropil. For instance, Mishchenko et al. (2010) reported

104that in rat hippocampal CA1 stratum radiatum neuropil,

105axons and dendrites occupy nearly 50% and 40% of the

106volume, leaving 8% for glial processes and the rest for

107the extracellular space (ECS). It has been suggested that

108ECS fraction assessed by electron microscopy could be

109underestimated as cells swell during the fixation process

110(Van Harreveld et al., 1965). In fact, other works by elec-

111tron microscopy using rapid-freezing samples, in vivo ion-

112tophoretic or optical measurements estimated the ECS

113fraction to be 15–20% (reviewed in Sykova and

114Nicholson, 2008).

115While the volume of axons and dendrites are

116comparable, individual axons are smaller in volume than

117dendritic processes. Intricate axonal innervation in the

118neuropil often results in several axons being within

119reach of a single dendritic spine (Stepanyants et al.,

1202002; Mishchenko et al., 2010). Of note, the average

121number of reachable axons from a spine is a few times

122higher in primates than in rodents, suggesting a higher

123degree of freedom for connectivity modification of the

124neural circuit (Escobar et al., 2008).

125The majority of cortical and hippocampal synapses

126are excitatory asymmetrical synapses characterized by

127the presence of electron-dense postsynaptic density

128(PSD) in the electron micrograph. The PSD is packed

129with proteins for synaptic signal transduction, such as

130glutamate receptors, calcium/calmodulin-dependent

131kinase 2, actin, PSD95 and shank family proteins. The

132ratio of symmetrical and asymmetrical (i.e. inhibitory vs.
133excitatory) synapses is roughly 1/9 and is similar among

134mammalian species. The density of synapses are

135estimated to be 1.1/lm3 in human temporal cortex, 1.4/

136lm3 in rat hindlimb somatosensory cortex, 2.9/lm3 in

137mouse barrel cortex, and 2.5/lm3 in mouse visual

138cortex (DeFelipe et al., 2002). Mouse synapses are gen-

139erally more compact than those of humans or rats, with

140the mean cross section length being about 75% of rat or

Fig. 1. A simplified representation of neuropil. (A) The main cellular constituents of neuropil are dendritic segments (brown object with thick outline –

a dendritic branch with spines and a filopodia), axons (yellowish structures with thin outline), and surrounding astrocytic microprocesses (green

structures with dashed outline). (B) In addition, the extracellular space (ECM, cyan background) and extracellular matrix, which consists of a

meshed network organization consisting of hyaluronic acid, chondroitin sulfate proteoglycan, tenascin R, along with collagen and other

glycoproteins such as laminin and fibronectin (not shown in this diagram).
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