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ABSTRACT
Change in the timeline of neurobiological growth is an

important source of biological variation, and thus phe-

notypic evolution. However, no study has to date inves-

tigated sensory system development in any of the

prosimian primates that are thought to most closely

resemble our earliest primate ancestors. Acetylcholine

(ACh) is a neurotransmitter critical to normal brain

function by regulating synaptic plasticity associated

with attention and learning. Myelination is an important

structural component of the brain because it facilitates

rapid neuronal communication. In this work we investi-

gated the expression of acetylcholinesterase (AChE)

and the density of myelinated axons throughout post-

natal development in the inferior colliculus (IC), medial

geniculate complex (MGC), and auditory cortex (audi-

tory core, belt, and parabelt) in Garnett’s greater galago

(Otolemur garnetti). We found that the IC and MGC

exhibit relatively high myelinated fiber length density

(MFLD) values at birth and attain adult-like values by

the species-typical age at weaning. In contrast, neocort-

ical auditory fields are relatively unmyelinated at birth

and only attain adult-like MFLD values by the species-

typical age at puberty. Analysis of AChE expression

indicated that, in contrast to evidence from rodent sam-

ples, the adult-like distribution of AChE in the core area

of auditory cortex, dense bands in layers I, IIIb/IV, and

Vb/VI, is present at birth. These data indicate the dif-

ferential developmental trajectory of central auditory

system structures and demonstrate the early onset of

adult-like AChE expression in primary auditory cortex in

O. garnetti, suggesting the auditory system is more

developed at birth in primates compared to rodents.
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Comparative studies of ontogeny indicate that prima-

tes differ from other mammals in a number of the

growth processes that have led to the relative enceph-

alization of primates in general, and humans in particu-

lar (Deacon, 1997). These studies indicate that the

onset, duration, and rate of change in a particular

growth process are critical determinants of the adult

phenotype (Bogin, 1999). For example, many primate

species develop relatively large brains by modifying the

rate of brain growth, and humans generate such large

brains by extending the fetal rate of neural growth

through the first year of postnatal life (Leigh, 2004;

Sakai et al., 2012). In addition, the organization of the

basal forebrain nuclei, which produce acetylcholine

(ACh), differentiates in parallel with growth of the cere-

bral cortex and is the most complex in primates and

cetaceans (Raghanti et al., 2011; Semba, 2004).

Although the exact consequences of differential growth

in neurobiological tissues are unclear, these observa-

tions suggest that modifications to the developmental

schedule of brain growth play a critical role in the evo-

lution of primate cognition.

Prosimian primates represent a major evolutionary

branch of the primate radiation, and galagos are one of

only a few prosimians available for study. Furthermore,

there are no previous studies investigating the

development of any sensory system in prosimians.
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The prosimian nervous system is thought to be less

changed from our early primate ancestors than that of

other extant primates, representing the best opportunity

to study the neurobiological overlap between primates

and commonly used mammalian species, such as

rodents (Kaas, 2012). Results from studies of the devel-

oping nervous system in galagos therefore apply broadly

to other primate taxa and provide insight into the mecha-

nisms at work in the evolution of primate development.

The inferior colliculus (IC) receives input from brainstem

nuclei, providing the sole source of subcortical auditory

input to the medial geniculate complex (MGC). The MGC,

in turn, provides the sole source of auditory input to cor-

tex. In cortex, the core areas (A1 and R) are considered

primary regions because they receive the most dense pro-

jections from subdivisions of the MGC, specifically the

ventral nucleus (MGv), and project heavily to the border-

ing belt and parabelt regions. The auditory belt and para-

belt areas are generally considered successive, higher

stages of auditory integration because of dense input

from the core areas, and input from the dorsal (MGd) and

medial (MGm) nuclei of the MGC (Morel and Kaas, 1992;

Morel et al., 1993; Hackett et al., 1998, 2001). The struc-

tures of interest in the current worth therefore represent

serial stages of neuronal activity along the auditory path-

way, such that each synapse informs the receptive field

properties that define successive neuronal populations,

ultimately determining auditory behavior.

Excitatory neurons in sensory systems of the forebrain

generally express molecules that determine synaptic con-

nectivity for a finite period of time during early life, also

known as critical periods of development. These critical

periods reflect the dynamic interaction between intrinsic

and extrinsic processes ultimately responsible for the

development of adaptive neural circuitry. ACh is a neuro-

transmitter associated with synapse formation and

activity-dependent plasticity (Lucas-Meunier et al., 2003).

Specifically, the cholinergic system modulates the spon-

taneous firing rate of pyramidal neurons and influences

the process of long-term depression and potentiation

(Foehring and Lorenzon, 1999; Li, 2012). ACh has also

been implicated in Alzheimer’s disease and may be

important in maintaining synaptic plasticity during adult-

hood (Bartus et al., 1982; Davies and Maloney, 1976;

Descarries et al., 2005). Despite this crucial role, ontoge-

netic data on the cholinergic system during primate evo-

lution are limited.

In the central nervous system, oligodendrocytes gener-

ate myelin, a lipid membrane crucial to normal neurological

function in vertebrates. Mammalian forebrain sensory sys-

tems exhibit a period of myelination that generally begins

during gestation and continues during postnatal life until

maturity (Davison and Dobbing, 1966; Moore, 1985).

Myelin biogenesis results from a dynamic process of cellu-

lar signaling that draws upon the molecular cascades initi-

ated by neuronal activity to promote saltatory action

potential conduction, dramatically increasing the speed of

neuronal communication (Fields, 2010; Ishibashi et al.,

2006; Simons and Trajkovic, 2006; Stevens et al., 2002;

Wake et al., 2011). Myelination is thus an important factor

in establishing connectivity in the developing brain and

facilitates the rapid transfer of information in neural

systems.

The present study is the first to investigate the post-

natal development of the auditory system in any prosi-

mian primate. We determined the expression level of

ACh (measured by acetylcholinesterase [AChE]) and the

myelinated fiber length density (MFLD) of axons in the

central nucleus of the inferior colliculus (ICc), the dorsal

and ventral nuclei of the medial geniculate complex, and

the core, medial belt (MB), lateral belt (LB), and parabelt

(PB) regions of auditory cortex in galagos ranging in age

from newborn to adult. As higher levels of the auditory

system depend upon the preceding level(s), myelination

patterns are expected to mature subcortically first, and

then in the core areas followed by the belt and parabelt

regions. In contrast, AChE levels may reflect periods of

development when neurons are most subject to chang-

ing synaptic contacts. Understanding the time course of

myelination and AChE expression of auditory structures

in galagos will thus indicate the relative degree of plas-

ticity these structures may exhibit, and when they

become fully functional.

MATERIALS AND METHODS

Sample
All procedures involving animals followed the

National Institutes of Health (NIH) Guidelines for the

Use of Laboratory Animals, and were approved in

advance by the Vanderbilt University Institutional Ani-

mal Care and Use Committee. Animals used in this

study were part of an internal, long-term breeding col-

ony under protocols approved by the Vanderbilt Univer-

sity Institutional Animal Care and Use Committee. The

study sample consisted of postmortem brain sections

from 20 Garnett’s greater galagos (Otolemur garnetti)

ranging in age from birth to adulthood (Table 1).

All animals were injected with a lethal dose of

sodium pentobarbital (60 mg/kg or more; Sigma-

Aldrich, St. Louis, MO) and perfused intracardially with

phosphate-buffered saline (PBS; 0.1 molar, pH 7.4;

Sigma-Aldrich). For fixation, 4% paraformaldehyde

(Sigma-Aldrich) in PBS and 4% paraformaldehyde in PBS

with 10% sucrose solution were delivered in succession.

Immediately after perfusion the brains were removed,
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separated from the thalamus and brainstem, and cut

into blocks. The blocks containing the temporal lobe or

brainstem and thalamus were immersed in 30% sucrose

in PBS overnight and then cut in a coronal or semicoro-

nal plane (off-coronal type A, perpendicular to the supe-

rior temporal plane and midline) at 20 or 40 lm on a

freezing microtome. A 1-in-6 series of adjacent sections

were processed with thionin for Nissl substance, the

Gallyas silver impregnation method to reveal myelinated

axon fibers (Gallyas, 1971), and AChE (Geneser-Jensen

and Blackstad, 1971). Architectonic analyses were con-

ducted in sections stained to visualize Nissl substance,

myelin, and AChE. The locations of regions of interest

were identified based on cytoarchitecture, facilitated by

the simultaneous availability of multiple stains, and by

descriptions provided in previous publications (Morel

and Kaas, 1992; Morel et al., 1993; Hackett et al.,

1998, 2001).

Stereology
MFLD was quantified by D.J.M. and E.P.L. using a

computerized stereology system consisting of a Nikon

E80i microscope with a 1003 oil immersion objective

lens and StereoInvestigator software (MBF Bioscience,

Williston, VT). D.J.M. trained E.P.L. and interrater reli-

ability was assessed by means of the intraclass correla-

tion coefficient, revealing a strong agreement between

observers (single measures correlation coefficient 5

0.783, P < 0.001).

Beginning at a random starting point, three myelin-

stained sections equidistantly spaced within available tis-

sue were selected for analysis. Therefore, the sections

selected for analysis were distributed across 560 lm

(40 lm cut 3 3 sections 3 1-in-6 series). We used adja-

cent Nissl- and AChE-stained sections to confirm the

cytoarchitecture of each region of interest. In the case

of cortical areas, we used Nissl-stained sections to

locate the white matter / gray matter interface. MFLD

was evaluated using the SpaceBalls probe, a 6-lm sam-

pling hemisphere for lineal features combined with a

fractionator sampling scheme (Mouton et al., 2002).

Fibers were marked where they intersected the outline

of the hemispheric probe. Sampling hemispheres were

placed in a systematic random fashion every 280 3 280

lm to cover the region of interest with �30 frames per

section (actual mean 5 29.4), and mean mounted sec-

tion thickness was measured every eight sampling loca-

tions. The analysis was performed under Koehler

illumination at 1003 magnification. To obtain MFLD, the

total fiber length was divided by the planimetric mea-

surement of the reference volume that was sampled, as

calculated by the StereoInvestigator software. We investi-

gated a total of 10,364 sampling locations.

Densitometry
Laminar density profiles for AChE in the core auditory

cortex of each age group were generated using code

customized for use with ImageJ by Dr. John Smiley

(Nathan Kline Institute, Orangeburg, NY). Three AChE-

stained sections equidistantly spaced within available

tissue were photographed at 23 magnification (72 dpi)

and converted to grayscale for densitometric analysis.

Density profiles were recorded as transects from the

lower boundary of cortical layer VI to the pial surface

across core auditory cortex. Adjacent Nissl-stained sec-

tions were used to locate the white matter / gray mat-

ter interface. DJM recorded a total of 1,637 transects

(actual mean per age group 5 233.8), each containing

an average of 1,106.4 measurements.

Data analysis
Photomicrographs were produced using the Adobe

suite software (San Jose, CA). All images were modified

up to 5% of their brightness and contrast to match

image quality across figures. The R software program

was used for statistical analysis. Probability values (P)

lower than 0.05 were considered significant.

In the analysis of MFLD data, best-fit curves depicting

growth effects during development were calculated using

hierarchical multiple regression for linear, quadratic, and

cubic functions. Initial groups were determined based on

life history stages (for reviews, see Leigh and Park,

TABLE 1.

Specimens Used in This Study

Age Region Hemisphere

0 WK CORTEX LEFT
0 WK BS LEFT
0 WK CORTEX LEFT
1 WK BS LEFT
2 WK ALL LEFT
2 WK CORTEX LEFT
4 WK ALL LEFT
4 WK CORTEX LEFT
8 WK CORTEX BILATERAL
8 WK ALL BILATERAL
20 WK CORTEX BILATERAL
20 WK ALL BILATERAL
50 WK BS LEFT
54 WK CORTEX LEFT
60 WK CORTEX LEFT
2.5 YR ALL BILATERAL
3 YR CORTEX LEFT
9 YR ALL LEFT
15 YR ALL BILATERAL
21 YR CORTEX LEFT

WK, week; YR, year; CORTEX, neocortex; BS, brainstem and thalamus;

ALL, neocortex, brainstem and thalamus; LEFT, left hemisphere;

BILATERAL, both hemispheres.

D.J. Miller et al.
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Figure 1. Developmental series of high-magnification photos of the galago auditory system. Representative sections from the central

nucleus of the inferior colliculus (A,D,G,J,M), ventral nucleus of the medial geniculate complex (B,E,H,K,N) and layer III of primary auditory

cerebral cortex (C,F,I,L,O) stained for myelinated axons and vertically arranged by age. Weaning occurs at 20 weeks; puberty occurs at

52 weeks. WK, week. Scale bars 5 20 lm.
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1998; Bogin, 1999; Kennedy, 2005), punctuated by the

species-typical age at weaning (�20 weeks), and puberty

(�52 weeks or 1 year; Ehrlich, 1974). We grouped older

adult values together at the first postpubertal age to

summarize variability due to senescent processes.

In the analysis of AChE laminar density profiles, trans-

ects were normalized to account for interimage variability

and divided into 20 bins, each containing an average of

54.7 measurements. Bins were grouped according to

their respective layers and the Welch’s T statistic was

calculated to determine differences in the density of

AChE expression. The Welch’s T statistic was calculated

for density values in each of the following comparisons:

layer I < layer II and upper layer III; lower layer III (IIIb)

and upper layer IV < layer II, upper layer III, lower layer

IV and upper layer V; lower layer V (Vb) and upper layer

VI < lower layer IV, upper layer V and lower layer VI.

RESULTS

All of the regions in our cross-sectional sample (Table

1) showed increasing myelination with age (Figs. 1, 2).

Figure 2. Developmental series of low-magnification photos of galago auditory system. Representative sections from the IC, MGC, and

auditory neocortex stained for myelinated axons (A–C,E–G,I–K) and neuron cell bodies (D,H,L). Photographs are arranged by region of

interest along the vertical axis (Neocortex, A–D; MGC, E–H; IC, I–L) and by age along the horizontal axis (A, 4 weeks; B, 20 weeks; C,D,

adult; E,I, 0 weeks; F,J, 20 weeks; G,H,K,L, adult). Dashed lines delineate edges of tissue, and regions of interest. WM, white matter; DC,

dorsal cortex of the IC; CG, central gray matter. Scale bars 5 1 mm.

D.J. Miller et al.
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The stereological quantification of myelin in our sample

produced data best fit by a quadratic growth curve (Fig.

3, Table 2; see Materials and Methods). The ICc and

the MGv and MGd of the thalamus achieved maximal

fiber density values at earlier life-history periods than

cortical auditory fields (Fig. 3; Table 3). All of the age

groups in our sample showed statistically significantly

more dense AChE staining in layers I, IIIb/IV, and Vb/

VI compared to surrounding layers (Figs. 4, 5, Table 4).

The length density of myelinated axons in cortical gray

matter at birth is extremely low (�0.0004 lm/lm3), but

increases rapidly thereafter until sexual maturity (Figs. 1,

2). Specifically, mean cortical MFLD at birth is �1% of

the maximal values attained in our sample, but achieves

�46% of the maximal values by the end of weaning

(�20 weeks) and approximates maximal adult-like values

by puberty (�1 year; Ehrlich, 1974) (Fig. 3; Table 3). The

developmental trajectory of cortical MFLD in our sample

was best fit by a quadratic regression function for all

regions (Fig. 3; Table 2). The core auditory areas exhib-

ited the highest neocortical gray matter myelinated fiber

density values throughout life, and the PB had the lowest

average values (Fig. 3; Table 3). Qualitative observation

of cortical auditory fields identified a rostral to caudal

gradient of increasing myelination that was present

throughout life in galagos (Fig. 6).

In contrast to the neocortex, subcortical MFLD values

observed at birth are relatively high (>0.01 lm/lm3) and

increase until the species-typical age at weaning (Fig. 3).

Specifically, neonatal MFLD in the IC and MGC is 19.9%

and 11.5%, respectively, of the maximal values in our

sample, and both regions attain maximal density around

20 weeks after birth (Figs. 1–3; Table 3). The develop-

mental trajectory of MFLD in the IC and MGC was best

fit by a quadratic regression function (Fig. 3; Table 2).

Staining for AChE in the IC was diffuse throughout

life, and the dorsal cortex (DC) stains more heavily than

the ICc (Fig. 4). From birth onward, AChE expression in

the MGC revealed more dense staining of the MGv and

MGd compared to the MGm (Fig. 4). Staining for AChE

in the core area of auditory cortex revealed that the

adult-like distribution of AChE was present at birth

(Figs. 4, 5). Specifically, staining in the core auditory

field revealed dense bands of AChE in the molecular (I),

Figure 3. Developmental trajectory of MFLD. Graphs show best-fit curves and percent adult fiber density values for MFLD in galagos (n 5

20) for neocortical (A,C) and subcortical structures (B,D). MFLD values are plotted along the vertical axis. The horizontal axis is arranged

by postnatal age (A,B). Percent maximal density values are plotted along the vertical axis, the short dashed line represents 50% maximal

values and the long dashed line represents 100% maximal values (C,D). A: Diamonds represent the MB, squares represent the core, trian-

gles represent the LB, and circles represent the PB regions of auditory neocortex. B: Diamonds represent the MGC, squares represent the

IC. C: Blue represents the MB, red represents the core, gold represents the LB, and black represents the PB. D: Blue represents the MGC,

red represents the IC.
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granular (IIIb/IV), and infragranular layers (Vb/VI) (Figs.

4, 5; Table 4). In addition, the infragranular layers near

the white matter / gray matter interface showed an

overall increase in staining density after the first 4

weeks of postnatal life (H0: age < 4 weeks vs. age > 4

weeks; Welch’s T statistic, 40.65; P 5 0.00001)

DISCUSSION

Our data demonstrate the differential developmental

trajectory of structures in the central auditory system

and distinguish the immediate postnatal expression of

AChE in auditory cortex of Garnett’s greater galago from

that of other mammals, such as rodents. Auditory fields

in the cerebral cortex of this prosimian primate exhibit

fewer myelinated axons at birth and attain mature den-

sity values later than subcortical auditory structures. Our

sample of prosimian auditory cortex conforms to the typ-

ical primate pattern of laminar AChE expression (Morel

and Kaas, 1992; Morel et al., 1993; Hackett et al., 1998,

2001), differing from other mammals such as rodents in

that the adult-like pattern of AChE immunoreactivity is

Figure 4. Developmental series of low-magnification photos of AChE expression in galago auditory system. Representative sections from

the auditory neocortex (A–D), MGC (E–H) and IC (I–L) stained for AChE (A–C, E–G, I–K) and neuronal cell bodies (D,H,L). Photographs are

arranged by region of interest along the vertical axis and by age along the horizontal axis (A,E,I, 0 weeks; B,F,J, 20 weeks; C,D,G,H,K,L,

adult). I, molecular layer 1; IIIb/IV, granular layers 3b/4; Vb/VI, infragranular layers 5b/6; WM, white matter. Scale bars 5 1 mm.

D.J. Miller et al.
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present at birth (Hohmann and Ebner, 1985; Robertson

et al., 1991; Semba, 2004; Shideler and Yan, 2010).

Early life-history stages are periods of intense learning in

primates as the trend towards increasing lifespan and

sophisticated social behavior places selective pressure

on the convergence of neurobiological growth processes

and exposure to novel social and environmental factors.

Therefore, modification to the developmental schedule of

neurobiological connectivity in the auditory system dur-

ing primate evolution may contribute to the neurobiologi-

cal substrates of adaptive auditory-related behaviors,

perhaps as a result of differential plasticity during critical

periods in development.

ACh is a major nervous system neurotransmitter and

the cortical branch of the cholinergic system is primarily

innervated by the basal forebrain nuclei, or the nucleus

of Meynert in primates (Semba, 2004; Raghanti et al.,

2011). Early studies of the cholinergic system in a wide

range of species identified a positive correlation between

the size and organization of cholinergic nuclei and the

evolution of the cerebral cortex such that the cholinergic

nuclei of the basal forebrain differentiate as cortical vol-

ume increases (Gorry, 1963). Studies of the cholinergic

system have employed a variety of techniques to infer

the presence and localization of ACh, making it difficult

to draw firm conclusions. Despite this difficulty, the onset

of cholinergic activity seems to occur during gestation in

mammals (Nadler et al., 1973; Coyle and Yamamura,

1976; Kostovic and Goldman-Rakic, 1983; Krmpotic-

Nemanic et al., 1983; Hohman et al., 1985; Heckers

et al., 1992), and the volume of cholinergic nuclei

increased during mammalian evolution (Gorry, 1963;

Semba, 2004; Raghanti et al., 2011). Cholinergic innerva-

tion of the cerebral cortex in rodents appears shortly

after birth and enzymatic activity associated with ACh

increases to adult levels and exhibits the mature laminar

distribution by the end of the third postnatal week,

around the time of the species-typical transition into

adulthood (Coyle and Yamamura, 1976; Hohmann and

Figure 5.

Figure 5. Developmental series of AChE laminar density profiles

in core auditory cortex. Graphs show laminar density profiles of

AChE expression in the core area of auditory cortex from each

age group (A, 0 weeks; B, 2 weeks; C, 4 weeks; D, 8 weeks; E,

20 weeks; F, 52 weeks; G, adult). Data are represented as nor-

malized density values that vary along the y-axis between 21

(dense staining) and 11 (light staining). Data are represented

along the x-axis as transects across the cortical layers, such that

layer VI is represented on the left and layer I is represented on

the right. Arrows depict cortical layers Vb/VI (left), IIIb/IV (mid-

dle), and I (right) tested for increased AChE staining using

Welch’s T statistic (see Materials and Methods and Table 4). The

solid line represents the mean laminar density profile and the

dashed lines represent the standard deviation from the mean.

Evolution of primate auditory system
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Ebner, 1985; Aubert et al., 1996). Our data provide evi-

dence that the distribution of AChE in the core auditory

area in Garnett’s greater galago at birth is more adult-like

than would be expected based on previous work in

rodents and other mammals. However, this prosimian pri-

mate is similar to rodents in that the intensity of AChE

expression in the infragranular layers of the cortical man-

tle near the white matter / gray matter interface tends

to increase during the first month of postnatal life. Our

results suggest that the distinct pattern of AChE expres-

sion in higher-order structures of the prosimian auditory

system compared to other mammals may be important in

the evolution of complex auditory behavior in primates.

Myelination is ubiquitous throughout the vertebrate

nervous system and critical to normal neurological func-

tion, playing an important role in neuronal communica-

tion by regulating axon conductance and resistivity

(Waxman, 1977; Simons and Trotter, 2007). The myelin

sheath is also important from functional and engineer-

ing standpoints because it permits an order of

magnitude faster conduction velocity with a minimal

volumetric cost (Waxman, 1977). The density of myelin-

ated axons is a common metric in basic descriptive

work of cortical field identity (Krubitzer and Kaas, 1990;

Preuss and Goldman-Rakic, 1991; Bock et al., 2011)

and has been used to assess the relative maturity of

brain regions (Flechsig, 1901; Langworthy, 1933; Yakov-

lev and Lecours, 1967; Gibson, 1970; Moore et al.,

1995; Moore and Linthicum, 2001; Miller et al., 2012).

However, methodological heterogeneity among previous

histological studies of myelination has made direct

comparisons between regions or species difficult (Lang-

worthy, 1933; Yakovlev and Lecours, 1967; Gibson,

1970; Moore, 1985; Brody et al., 1987; Kinney et al.,

1988; Benes, 1989; Moore et al., 1995, 1996, 1997;

Moore and Guan, 2001; Moore and Linthicum, 2001;

Abraham et al., 2010; Takahashi et al., 2011; Miller

et al., 2012). Despite differences in the timing of the

onset of myelination in different species and of specific

fiber tracts, mammalian forebrain sensory system myeli-

nation is generally complete by puberty, if not before

(Langworthy, 1933; Davison and Dobbing, 1966; Gilles,

1976; Moore, 1985; Looney and Elberger, 1986; Moore

et al., 1995; Moore and Linthicum, 2001; Levitt, 2003;

Watson et al., 2006). Work in rodents, for example, has

TABLE 2.

Best-fit Regression Functions for MFLD Data

Region Function Adj. R2 P value

IC Quadratic 0.8318 0.00028
MGC Quadratic 0.8966 0.00002
MB Quadratic 0.7491 0.00182
Core Quadratic 0.7668 0.00011
LB Quadratic 0.6929 0.00317
PB Quadratic 0.8048 0.00260

Values calculated by using hierarchical multiple regression analysis

with adults as endpoint (see Materials and Methods).

TABLE 3.

Percent of Maximal, Mature Adult MFLD During Different

Developmental Stages in Auditory System

Neonate Weaning Puberty

0 - 1 WK 2 - 8 WK 20 WK 1 YR

IC Mean 19.9 (2) 49.5 (3) MAX (1) MAX
SEM 10.5 5.3 21.3 NA

MGC Mean 11.5 (2) 33.9 (3) MAX (1) MAX
SEM 2.2 11.3 14.1 NA

MB Mean 0.2 (2) 19.9 (8) 36.5 (2) MAX (2)
SEM 0.3 4.8 5.6 22.9

Core Mean 0.3 (2) 21.2 (8) 51.7 (2) MAX (2)
SEM 0.4 4.1 7.3 27.8

LB Mean 0.2 (2) 17.3 (8) 41.9 (2) MAX (2)
SEM 0.3 3.5 6.1 30.5

PB Mean 0.3 (2) 13.8 (8) 38.8 (2) 88.9 (2)
SEM 0.4 2.8 3.6 2.3

MFLD values arranged by life history and age, divided by maximum

adult density; all values represent percentages. Parentheses indicate

number of specimens in calculation. WK, week; YR, year; SEM, stand-

ard error of the mean; MAX, maximal adult value; NA, not applicable

due to sample size.

TABLE 4.

Statistical Tests on Differences Between Average Lami-

nar AChE Density

Age group Layer Welch’s T P value

0 WK I 37.09 0.00002
IIIb/IV 11.04 0.00079
Vb/VI 27.31 0.00005

2 WK I 36.66 0.00002
IIIb/IV 9.82 0.00111
Vb/VI 26.98 0.00005

4 WK I 59.04 0.00005
IIIb/IV 10.81 0.00084
Vb/VI 24.92 0.00007

8 WK I 64.41 0.00004
IIIb/IV 10.03 0.00105
Vb/VI 20.91 0.00012

20 WK I 41.61 0.00001
IIIb/IV 15.38 0.00029
Vb/VI 19.45 0.00015

1 YR I 55.98 0.00006
IIIb/IV 12.01 0.00062
Vb/VI 23.57 0.00008

Adult I 80.53 0.00002
IIIb/IV 7.12 0.00284
Vb/VI 12.11 0.00061

Welch’s T statistic and the associated P values for the three compari-

sons among cortical layers in each age group (see Materials and Meth-

ods). Layer I was compared to layer II and upper layer III. Lower layer

III (IIIb) and upper layer IV were compared to layer II, upper layer III,

lower layer IV and upper layer V. Lower layer V (Vb) and upper layer VI

were compared to lower layer IV, upper layer V and lower layer VI. P

values lower than 0.05 were considered significant. WK, week; YR, year.
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Figure 6. Rostral to caudal gradient of increasing myelination density during development and adulthood. Representative sections from

the rostral (upper) to caudal (lower) temporal lobe of the core auditory area of the cerebral cortex in galagos stained for myelin. The hori-

zontal axis is arranged by age (8 weeks, A,C,E; adult, B,D,F), and the vertical axis is arranged by position along the temporal lobe. Dashed

line in C marks outer edge of section. WM, white matter. Scale bar 5 1 mm.
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shown that myelination of the corpus callosum and

internal capsule is complete by the transition between

weaning and adulthood (Hamano et al., 1996, 1998),

coincident with an age-related decrease in the expres-

sion of myelin-related genes in rats (Matsuoka et al.,

2010), and that mice exhibit a critical period of myeli-

nation that ends around the onset of fertility (Makino-

dan et al., 2012). Previous nonhuman primate research

indicates that neocortical myelination is also complete

by the onset of full reproductive maturity in macaque

monkeys and chimpanzees (Gibson, 1970; Knickmeyer

et al., 2010; Miller et al., 2012). In contrast to these

results, myelination in humans continues well into adult-

hood (Yakovlev and Lecours, 1967; Sowell et al., 2003;

Miller et al., 2012). Using stereologic methods to quan-

tify the length density of myelinated axon fibers within

the gray matter of the cerebral cortex and subcortical

nuclei, our data corroborate previous observations

based on histological and neuroimaging techniques that

cortical myelination proceeds in a caudal to rostral gra-

dient, that myelin develops in primary before secondary

cortical areas, and that subcortical areas mature earlier

than neocortical regions in mammals (Flechsig, 1901;

Langworthy, 1933; Davison and Dobbing, 1966; Yakov-

lev and Lecours, 1967; Gibson, 1970; Moore, 1985;

Brody et al., 1987; Kinney et al., 1988; Benes, 1989;

Moore et al., 1995, 1996, Moore and Guan, 2001;

1997; Gogtay et al., 2004; Moore and Linthicum, 2007;

Sano et al., 2007, 2008; Knickmeyer et al., 2008,

2010; Shaw et al., 2008; Deoni et al., 2011; Miller

et al., 2012; Shi et al., 2013). Specifically, our data

indicate that myelination of subcortical auditory struc-

tures such as the MGC and IC attain fully mature fiber

density profiles at weaning, a full life-history stage

before the cortical auditory fields which attain maximal

density values around puberty. These data provide evi-

dence that the ancestral mammalian trend to complete

myelination at or before puberty is conserved in prosi-

mian primates. Furthermore, these results are consist-

ent with the conclusion that the auditory pathway is a

hierarchical system and may not be fully functionally

developed until the onset of sexual maturity.

The functional significance of the differential expres-

sion of AChE in early development of the core auditory

cortex in primates is uncertain, in part because AChE

may not guarantee the presence of ACh. However, one

possibility is that during early development ACh acts as

a trophic factor (Ruediger and Bolz, 2007), supporting a

specific population of afferent fibers that may contrib-

ute to a distinct pattern of laminar innervation in prima-

tes compared to other mammals. An alternative

possibility is that ACh has a modulatory impact on the

release of other neurotransmitters (Metherate and

Hsieh, 2003; Semba, 2004) and thus serves to regulate

neuronal response properties more globally (Zhang,

2006). Myelination is a relatively late-stage develop-

mental process and recent evidence indicates that mye-

lin growth is stimulated by activity-dependent molecular

cascades (Wake et al., 2011). The observation that

myelination of the auditory cortex largely takes place

after the development of AChE expression suggests

that ACh is an important modulatory influence on syn-

aptic activity in early postnatal development and may

similarly facilitate myelin growth. Together, these obser-

vations suggest that the core auditory cortex in prima-

tes may exhibit distinct physiological properties and

connections compared to rodents as a result of the

laminar-specific expression of ACh at birth. ACh expres-

sion is decreased in neurodegenerative diseases like

Alzheimer’s (Davies and Maloney, 1976; Bartus et al.,

1982), and may be important in maintaining specific

physiological properties in neurons important in atten-

tion, learning, and memory during adulthood (Semba,

2004). Given the observation that humans lose more

neocortical tissue during aging than other primates

(Sherwood et al., 2011) and that cholinergic nuclei

expand in parallel with neocortical tissue (Gorry, 1963),

these first observations of sensory system development

in any of the prosimian primates are consistent with

the conclusion that the adult-like distribution of AChE

expression at the time of birth in the core area of audi-

tory cortex in primates is distinct from that in other

mammals, and may play an important role in the evolu-

tion of primate cognition and auditory behavior.
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