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The basal nucleus of Meynert (BNM) provides the primary cholinergic inputs to the cerebral cortex. Loss of
neurons in the BNM is linked to cognitive deficits in Alzheimer's disease and other degenerative conditions. Nu-
merous animal studies described cholinergic and non-cholinergic neuronal responses in the BNM; however,
work in humans has been hampered by the difficulty of defining the BNM anatomically. Here, on the basis of a
previous study that delineated the BNMof post-mortemhumanbrains in a standard stereotaxic space,we sought
to examine functional connectivity of the BNM, as compared to the nucleus accumbens (or ventral striatum, VS),
in a large resting state functionalmagnetic resonance imaging data set. The BNMandVS shared but also showed a
distinct pattern of cortical and subcortical connectivity. Compared to the VS, the BNM showed stronger positive
connectivitywith the putamen, pallidum, thalamus, amygdala andmidbrain, aswell as the anterior cingulate cor-
tex, supplementary motor area and pre-supplementary motor area, a network of brain regions that respond to
salient stimuli and orchestrate motor behavior. In contrast, compared to the BNM, the VS showed stronger pos-
itive connectivitywith the ventral caudate andmedial orbitofrontal cortex, areas implicated in rewardprocessing
andmotivated behavior. Furthermore, the BNMand VS each showed extensive negative connectivity with visual
and lateral prefrontal cortices. Together, the distinct cerebral functional connectivities support the role of the
BNM in arousal, saliency responses and cognitive motor control and the VS in reward related behavior. Consid-
ering the importance of BNM in age-related cognitive decline, we explored the effects of age on BNMand VS con-
nectivities. BNM connectivity to the visual and somatomotor cortices decreases while connectivity to subcortical
structures including the midbrain, thalamus, and pallidum increases with age. These findings of age-related
changes of cerebral functional connectivity of the BNM may facilitate research of the neural bases of cognitive
decline in health and illness.

© 2014 Elsevier Inc. All rights reserved.
Introduction

A prominent feature of the basal forebrain is the collection of large
cortically projecting neurons (basal nucleus of Meynert/BNM or
magnocellular basal forebrain cell groups) that serve as the primary
source of cholinergic input to the entire cortical mantle (Mufson et al.,
2003; Raghanti et al., 2011; Selden et al., 1998; Wenk, 1997;
Zaborszky et al., 2013, in press). In Alzheimer's and related neurodegen-
erative diseases, there is a severe loss of cholinergic neurons, and the
decrement in cholinergic inputs to the cerebral cortex may underlie
cognitive deficits that characterize these age-related conditions
enter S112, 34 Park Street, New
(Garibotto et al., 2013). Furthermore, decades of clinical trials showed
that medications enhancing cholinergic signals have efficacy in improv-
ing cognitive functions in some individuals with Alzheimer's diseases
(Doody et al., 2012; Wallace and Bertrand, 2013). Despite its broad
involvement in attention, memory, and other cognitive capacities,
how the BNM functionally integrates with the rest of the brain is not
well understood. This gap of knowledge arises at least in part from the
anatomical complexity of the basal forebrain.

The BNM is interdigitated with several anatomical systems in the
basal forebrain, including the ventral striopallidal system (ventral
pallidum and nucleus accumbens), and cell groups underneath the
globus pallidus that bridge the centromedial amygdala to the bed
nucleus of the stria terminalis (so-called ‘extended amygdala’; Heimer
et al., 1991). This complexity has hampered precise anatomical delinea-
tion of the BNM. Recently, with cytoarchitectonics of postmortem
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Table 1
Demographic information and imaging parameters of the resting-state functional MRI
data obtained from the image repository for the 1000 Functional Connectomes Project
and our laboratory.

Dataset Subjects Ages (years) Time points TR (s) Slice acquisition
order

Beijing_Zang 31 M/66 F 18–26 225 2 Interleaved
ascending

Leiden_2180 10 M/0 F 20–27 215 2.18 Sequential
descending

Leiden_2200 11 M/8 F 18–28 215 2.2 Sequential
descending

Newark 9 M/9 F 21–39 135 2 Interleaved
ascending

Our own 48 M/33 F 19–53 295 2 Interleaved
ascending

Note: M, males; F, females; and TR: repetition time.
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human brains, we presented stereotaxic probabilistic maps of the basal
forebrain areas containing the magnocellular cell groups (Zaborszky
et al., 2008). On histological sections in ten postmortem brains, the
individual compartments of the magnocellular cell groups of the basal
forebrain were delineated, 3D reconstructed, andwarped to a reference
space in Montreal Neurological Institute (MNI) coordinates. The super-
position of the cytoarchitectonic maps in the MNI brain shows
intersubject variability of the various nuclei and their stereotaxic posi-
tion relative to other brain structures. Both the right and left BNM
showed significantly smaller volumes with increasing age (Zaborszky
et al., 2008). This probabilisticmapwould provide a valuable tool for re-
search of the functions of the BNM in humans that has heretofore been
difficult.

Numerous studies have suggested connectivity analysis of resting
state fMRI data as a useful alternative to characterizing functional archi-
tecture of a brain region. Specifically, low frequency blood oxygenation
level dependent (BOLD) signal fluctuations reflect connectivity
between functionally related brain regions (Biswal et al., 1995; Fair
et al., 2007; Fox and Raichle, 2007). For instance, based on the findings
that regions with similar functionality tend to be correlated in their
spontaneous BOLD activity, investigators described functional
subdivisions of many brain structures including the thalamus (Zhang
et al., 2008, 2010), basal ganglia (Barnes et al., 2010), medial superior
frontal cortex (Kim et al., 2010; Zhang et al., 2012), anterior cingulate
cortex (Margulies et al., 2007), orbitofrontal cortex (Kahnt et al.,
2012), cerebellum (O'Reilly et al., 2010), and precuneus (Cauda et al.,
2010a,b; Margulies et al., 2009; Zhang and Li, 2012a).

The current study aimed to employ the probabilisticmap (Zaborszky
et al., 2008) and characterize whole brain functional connectivity of the
BNM, as a step to understanding the systems-level functions of this
basal forebrain structure in humans. In particular, we compared the
functional connectivities of BNM and nucleus accumbens, a ventral
striatal structure that is in proximity of the cholinergic space, in the
hope of delineating the distinct roles of these two anatomically adjacent
structures. In addition to their spatial proximity, both BNM and VS have
been implicated in goal-directed behavior (Da Cunha et al., 2012; Grace
et al., 2007; Pauli and O'Reilly, 2008; Sarter et al., 2006). In particular,
evidence is accruing that the cholinergic and dopaminergic systems
may interact to mediate these motivated behaviors (Lester et al.,
2010;Mark et al., 2011; Threlfell and Cragg, 2011). For instance, nicotin-
ic receptor blockade or desensitization alters neuronal bursting and
dopamine outflow from the VS (Rice and Cragg, 2004). Depletion of
cholinergic signals in the ventral striatum resulted in deficits in sensori-
motor gating and other cognitive functions (Laplante et al., 2012). Thus,
examining the shared anddistinct circuitswould also further our under-
standing of the interacting roles of BNM and VS.

Additional goalswere to explore the effects of age and gender on the
functional connectivities of the BNM and VS. Because the BNM is impli-
cated in age-related cognitive changes, examining age-dependent pat-
terns of BNM connectivity will facilitate research of the neural bases of
mild cognitive impairment, Alzheimer's disease and other memory
disorders.

Materials and methods

Resting state data

Resting-state fMRI scans were pooled from three data sets
(Leiden_2180/Leiden_2200, Newark, and Beijing_Zang, n = 144),
downloadable from the 1000 Functional Connectomes Project (Biswal
et al., 2010), and our own data (n = 81). In selecting the data, we
tried to include as many subjects as possible in order to have more sta-
ble findings in the current study, as in our earlier work (Zhang and Li,
2014; Zhang et al., 2012). Thus, we used only datasets acquired under
conditions identical to our own datasets (e.g., similar TR, all under 3 T,
all eye closed). Individual subjects' images were viewed one by one to
ensure that thewhole brainwas covered. A total of 225healthy subjects'
resting state data (18–53 years of age; 109 men; one scan per partici-
pant; duration: 4.5–10 min) were analyzed. Table 1 summarizes these
data sets.

Imaging data preprocessing

Brain imaging data were preprocessed using Statistical Parametric
Mapping (SPM 8, Wellcome Department of Imaging Neuroscience,
University College London, U.K.). Images of each individual subject
were first realigned (motion corrected) and corrected for slice timing.
Individual structural image was normalized to an MNI (Montreal Neu-
rological Institute) EPI (echo-planar imaging) template with affine reg-
istration followed by nonlinear transformation (Ashburner and Friston,
1999, 2005). The normalization parameters determined for the struc-
ture volume were then applied to the corresponding functional image
volumes for each subject. Finally, the images were smoothed with a
Gaussian kernel of 8 mm at Full Width at Half Maximum.

Additional preprocessing was applied to reduce spurious BOLD var-
iances that were unlikely to reflect neuronal activity (Fair et al., 2007;
Fox and Raichle, 2007; Fox et al., 2005; Rombouts et al., 2003). The
sources of spurious variance were removed through linear regression
by including the signal from the ventricular system, white matter, and
whole brain, in addition to the six parameters obtained by rigid body
headmotion correction. First-order derivatives of the whole brain, ven-
tricular and white matter signals were also included in the regression.

Cordes and colleagues suggested that BOLD fluctuations below a
frequency of 0.1 Hz contribute to regionally specific BOLD correlations
(Cordes et al., 2001). Thus, we applied a temporal band-pass filter
(0.009 Hz b f b 0.08 Hz) to the time course in order to obtain low-
frequency fluctuations, as in previous studies (Fair et al., 2007; Fox
and Raichle, 2007; Fox et al., 2005; Lowe et al., 1998).

Head motion

As extensively investigated in VanDijk et al., 2012,microheadmotion
(N0.1 mm) is an important source of spurious correlations in resting
state functional connectivity analysis. Therefore, we applied a “scrub-
bing”method proposed by Power et al. (2012) and successfully applied
in previous studies (Power et al., 2012; Smyser et al., 2010; Tomasi and
Volkow, 2014) to remove time points affected by head motions. Briefly,
for every time point t, we computed the framewise displacement given
by FD(t) = |Δdx(t)| + |Δdy(t)| + |Δdz(t)| + r|α(t)| + r|β(t)| + r|γ(t)|,
where (dx, dy, dz) and (α, β, γ) are the translational and rotational move-
ments, respectively, and r (=50 mm) is a constant that approximates
the mean distance between center of MNI space and the cortex and
transform rotations into displacements (Power et al., 2012). The second
head movement metric was the root mean square variance (DVARS) of
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the differences in % BOLD intensity I(t) between consecutive time points

across brain voxels, computed as follows: DVARS tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I tð Þ−I t−1ð Þj j2

q
,

where the brackets indicate the mean across brain voxels. Finally, to
compute each subject's correlation map, we removed every time point
that exceeded the headmotion limit FD(t) N 0.5 mm or DVARS(t) N 0.5%
(Power et al., 2012; Tomasi and Volkow, 2014). On average, 1% of the
time pointswere removed across subjects, and 2 (out of 225) individuals
were excluded from further analyses because of excessive head
movements.

Seed regions: basal nucleus of Meynert and ventral striatum

A mask of the basal nucleus of Meynert was created based on a
stereotaxic probabilistic map of magnocellular cell groups in the basal
forebrain (Zaborszky et al., 2008). Briefly, a T1-weighted MRI scan of
1.17 × 1 × 1mmwas obtained of each individual brain (n= 10) before
histological processing. The outlines of various basal forebrain compart-
ments were traced on 2D images of silver-stained (Merker, 1983) histo-
logical sections (20 μm thick, 1.2 mm apart) with a final resolution of
7000 × 6000 pixels. The outlines were processed as contour line for
each histological section. As described in Zaborszky et al., 2008, we
used a modified version of the Ch1–Ch4 nomenclature of Mesulam
et al. (1983) to delineate the magnocellular basal forebrain cell groups.
Ch1–Ch2 compartment largely corresponds to the medial septum and
the diagonal band of Broca. The Ch3 group corresponds to the horizontal
nucleus of the diagonal band of Broca as defined by Hedreen et al.
(1984). Cell aggregates in the subcommissural–sublenticular region
largely correspond to the basal nucleus of Meynert as defined by
Vogels et al. (1990) and De Lacalle et al. (1991) and were collectively
defined as “Ch4”. Subdivisions of the “Ch4” as suggested by Mesulam
et al. (1983) were not delineated.

Magnocellular neurons in the basal forebrain often constitute cell
aggregates or clusters that facilitate their recognition. As a rule, borders
of delineated areas were drawn where the number of large cells
decreased precipitously. Details of reconstruction of these nuclei on a
3D template were described in Zaborszky et al., 2008. Briefly, a 3D
volume was reconstructed, with a known algorithm from the digitized
histological sections using the MRI scans of the fixed brain as a shape
reference with a resolution of 1 mm isotropic (Hoemke, 2006;
Schormann and Zilles, 1998). Each 3D reconstructed histological vol-
ume was spatially normalized to the single subject T1-weighted MNI
reference brain (Collins et al., 1994; Holmes et al., 1998) using a
-26 -22 -18 -14 -10Z=

-10 -4 2 8Y=

VS BNM Overlapping voxels

Fig. 1. Seed regions: basal nucleus ofMeynert (red) and ventral striatum (green), with overlapp
+26) sections. Overlapping voxels were removed from each seed region prior to whole brain
combination of affine linear and non-linear, elastic transformations
(Henn et al., 1997; Hoemke, 2006). Based on the 3Dwhole-brain recon-
structions, volume and shape of the magnocellular cell groups were
computed. Probability maps were computed separately for each Ch
compartment. In this study we used the mask that corresponds to the
Ch4 cell groups. These probabilistic maps describe the relative frequen-
cywithwhich the same basal forebrain area (e.g., Ch4)was represented
in each voxel of the reference space.

In primates, the nucleus accumbens merges imperceptibly with the
rostroventral parts of the caudate nucleus and putamen. We used both
cytoarchitectonic and topographical criteria to generate a ventral
striatal mask, that largely corresponds to the nucleus accumbens using
the following criteria for delineation on enlarged images of the histolog-
ical sections: there is a higher cell density in the nucleus accumbens
than in dorsal striatum; the slightly smaller cells are of round/oval
shape; and very few or no fiber bundles pass through the area. Caudally,
the lower edge of the ventral pallidum, which appears dark due to its
high iron content in silver-stained sections, served as the dorsal border.
However, ventral pallidal islands are invaginated into the nucleus ac-
cumbens; therefore, caudally the ventral striatal volume inevitably con-
tains some ventral pallidal tissue. In the region of the anterior
perforated substance, the nucleus accumbens extends almost to the
ventral surface of the brain. Cell groups such as the ‘interface islands’
(Heimer, 2000) were excluded, provided that they are surrounded by
thin glial layer.

These two regions of interest are shown in Fig. 1. We excluded from
each region the overlapping voxels (yellow) to form the BNM and VS
seed regions for connectivity analyses.
Orthogonalization

To highlight the distinct functional connectivity patterns between
basal nucleus of Meynert (BNM) and the ventral striatum (VS), we
constructed BNM and VS seed masks by excluding the overlapping
area between them as depicted in Fig. 1. Additionally, the Gram–

Schmidt method was used to orthogonalize the BNM and VS signals
(Di Martino et al., 2008; Margulies et al., 2007; Tomasi and Volkow,
2014). The orthogonalization process highlights the variances unique
to BNM and VS signals, by reducing the common confounding fluctua-
tions. However, when querying cerebral functional connectivity of a
region of interest (ROI), investigators are primarily interested in con-
nectivities of the ROI without considering whether these results are
-6 -2 2

14 20 26         

ing voxels in yellow, shown on axial (from z=−26 to+2) and coronal (fromy=−10 to
regressions.
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independent of those of other brain regions. Therefore, we presented
the results obtained with the original time series in the main text and
those with the orthogonalized time series in the Supplementary data.
In practice, orthogonalization is expected to have little impact when
comparing the BNM and VS correlation maps, since common variations
are eliminated in the statistical test.

Seed region-based linear correlation and random effects analysis

The BOLD time courses were averaged spatially over each of the two
seeds. For individual subjects, we computed the correlation coefficient
between the averaged time course of each seed region and the time
courses of all other brain voxels. To assess and compare the resting
state “correlograms,” we converted these image maps, which were not
normally distributed, to z score maps by Fisher's z transform (Berry and
Mielke, 2000; Jenkins and Watts, 1968): z = 0.5 loge[(1 + r)/ (1− r)].
The Z maps were used in group random effect analyses. We performed
one-sample t test each on the Z maps of BNM and VS and paired-
sample t test comparing the two Z maps.

Age dependent changes and gender differences in BNM and VS connectivity

We performed a simple regression of the Z maps against age, each
for the BNM and VS, to identify age-related changes of functional
connectivity in the two structures. To examine gender differences, we
compared men and women with age as a covariate in an analysis of
variance, each for the BNM and VS. All results were reported for a
corrected threshold.

Results

Whole brain functional connectivity of the nucleus of Meynert and ventral
striatum

For each seed region, we performed one sample t-test of the Z
maps (positively and negatively correlated regions) across the
group (n = 223). Regions functionally connected with nucleus of
Meynert (BNM) and ventral striatum (VS) are presented in Figs. 2
and 3, respectively.

The BNM showed positive connectivity with the medial prefrontal
cortex, includingdorsal/rostral/perigenual/subgenual anterior cingulate
cortex (ACC), supplementary motor area (SMA) as well as pre-SMA,
medial orbitofrontal cortex, inferior temporal pole, hippocampus,
amygdala, insula, thalamus, midbrain, and basal ganglia. The BNM
showed negative connectivity with the cuneus, parahippocampal gyri,
precuneus, somatosensory cortex, posterior parietal cortices, middle
and lateral frontal cortices, including the dorsolateral prefrontal cortex
and frontal eye field, and cerebellum (Fig. 2).

The VS showed positive connectivity with the medial orbitofrontal
cortex, rectus gyrus, subcallosal gyrus, inferior temporal pole, amygdala,
hippocampus, perigenual/subgenual ACC, and ventral part of the cau-
date head. TheVS showed negative connectivitywith the visual cortices,
posterior parietal cortex, temporoparietal junction, superior temporal
gyri, precentral cortex, lateral frontal cortices including the dorsolateral
prefrontal cortex, inferior frontal cortices, posterior thalamus/pulvinar,
parahippocampal gyrus, and cerebellum (Fig. 3). These results are
consistent with previous findings of resting state VS connectivity with
the medial orbitofrontal cortex and ventral caudate (Baliki et al., 2013;
Cauda et al., 2011; Di Martino et al., 2008; Gopinath et al., 2011),
amygdala and midbrain (Cauda et al., 2011), and hippocampus (Cauda
et al., 2011; Kahn and Shohamy, 2013).

We performed a paired t-test to compare functional connectivity of
the BNM and VS (Fig. 4). Compared to the VS, the BNM showed greater
connectivity with the medial frontal cortex, including rostral/dorsal
ACC, SMA, pre-SMA, dorsolateral prefrontal cortex, inferior frontal cor-
tex, lateral orbitofrontal cortex, inferior parietal lobule, temporo-
parietal junction, insula, thalamus, dorsal caudate, midbrain, and cere-
bellum. Compared to the BNM, VS showed greater connectivity with
the medial orbitofrontal cortex, ventral caudate, subcallosal/rectus
gyri, olfactory sulcus, cuneus, precuneus, posterior cingulate cortex,
parahippocampal gyrus, middle/inferior occipital cortex, and
postcentral gyri. We summarize these results in Tables 2 and 3,
where we further distinguish whether a contrast arises from differ-
ences in positive or negative connectivity.

The effects of age and gender on BNM and VS connectivity

In a simple regression, BNM connectivity to the midbrain in the area
of the ventral tegmental area and substantia nigra (MNI coordinates
[−9,−16,−14], Z = 5.41; and [6, −19, −20], Z = 5.08, 1215 mm3),
left pallidum and parahippocampal gyrus ([−30, −7, −11], Z = 5.62,
1026 mm3), and right pallidum ([27, −7 −5], Z = 5.04, 189 mm3)
showed a positive correlationwith age (Fig. 5). In contrast, BNM connec-
tivity to the bilateral motor cortices ([−33, −37, 70], Z = 5.63; and
[−45, −16, 61], Z = 4.85, 2187 mm3; and [45, −25, 64], Z = 5.44,
1161 mm3) and right visual cortex ([15, −94, 25], Z = 5.59,
2133 mm3) showed a negative correlation with age. At the
same, corrected threshold, VS connectivities did not show any age
dependence.

In a covariance analysiswith age as a covariate, we examined gender
differences.Men andwomen did not differ in BNMor VS connectivity at
the same, corrected threshold.

Discussion

Functional connectivity of the nucleus of Meynert and ventral striatum

Compared to the VS, the BNM showed stronger positive connectivity
with the putamen, pallidum, thalamus, amygdala and midbrain, cere-
bellum, as well as the anterior cingulate cortex, supplementary motor
area and pre-supplementary motor area, a network of brain regions
that respond to salient stimuli and orchestrate goal-directed behavior.
In contrast, the VS showed stronger positive connectivity with the ven-
tral caudate andmedial orbitofrontal cortex, areas implicated in reward
processing, compared to the BNM. Together, the distinct cerebral func-
tional connectivities support the role of the BNM in arousal and cogni-
tive motor control and the VS in reward related behavior.

The BNM shows connectivity with a selective set of cortical and sub-
cortical structures, consistent with anatomical studies in rodents and
non-human primates (Chandler and Waterhouse, 2012; Mesulam
et al., 1984; Zaborszky et al., in press). In particular, studies in monkeys
showed that the density of cholinergic fibers and choline acetyltransfer-
ase activities are particularly rich in agranular areas of the insula, caudal
orbitofrontal cortex (OFC), temporal pole, and parahippocampal region
(Mesulam et al., 1984, 1986), a patternmirrored by the current findings
of regions positively connected to the BNM (Fig. 2). The VS receives ex-
tensive projections from the OFC (Haber et al., 2006), amygdala, and
dysgranular part of the insula that process taste, olfaction and other vis-
ceral information (Fudge et al., 2005; Nakano et al., 1999), in accord
with VS responses to primary reinforcers.

Functional implications for the basal nucleus of Meynert and ventral
striatum

The BNM, alongwith the pulvinar and amygdala, responds to salient
stimuli (Morris et al., 1997). Manipulations of cholinergic signaling alter
neural responses to salient stimuli in a variety of behavioral paradigms,
including odd-ball tasks (Klinkenberg et al., 2013). For instance, during
auditory conditioning in humans, augmenting cholinergic signaling
with physostigmine (an inhibitor of acetylcholinesterase) enhances
processing of behaviorally irrelevant stimuli and attenuates differential
conditioning-related cortical activations (Thiel et al., 2002).
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Fig. 2. Brain areas that show positive (warm color) and negative (cool color) functional connectivity to the basal nucleus of Meynert; one-sample t test, p b 0.05, corrected for familywise
error of multiple comparisons. White matter voxels are excluded with a mask.
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Scopolamine, an antagonist of muscarinic acetylcholine receptors, im-
pairs categorization of new but not learnt visual stimuli in monkeys
(Aggelopoulos et al., 2011). Donepezil, a cholinesterase inhibitor, facili-
tates reaction time to targets following a cue that instructs voluntary
shift of attention (Rokem et al., 2010). In rodents, increasing cholinergic
activity in gustatory cortex enhances the salience of a familiar, condi-
tioned stimulus in taste aversion learning (Clark and Bernstein, 2009).
Cholinergic deafferentation lowers the signal-to-noise ratio of target
evoked responses in posterior parietal neurons (Broussard et al.,
2009). Infusion of a cholinergic immunotoxin in the basal forebrain
compromises cued target detection (Bushnell et al., 1998). A study
using microdialysis demonstrated that acetylcholine release in the
frontal cortex and hippocampus is elicited by behavioral conditioning
to salient stimuli (Acquas et al., 1996). Taken together, numerous
studies support a role of the BNM in processing salient and novel stimuli
for learning and cognitive motor control (Wenk, 1997).

Although earlier studies largely focused on the role of the ventral
striatum (VS) in reward processing, a growing body of work has
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Fig. 3. Brain areas that show positive (warm color) and negative (cool color) functional connectivity to the ventral striatum; one-sample t test, p b 0.05, corrected for familywise error of
multiple comparisons. White matter voxels are excluded with a mask.
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suggested that the VS responds not only to rewarding but more gener-
ally to stimuli that are just salient (Jensen et al., 2003, 2007; Litt et al.,
2011; Pohlack et al., 2012; Veldhuizen et al., 2011; Zink et al., 2003,
2006; see also Brooks and Berns, 2013 for a review). For instance, the
VS responds to painful stimulation as well as anticipation of such aver-
sive stimuli (Jensen et al., 2003; Zink et al., 2006). A critical issue then is
to distinguish functional roles of the BNM and VS in saliency processing.
The current findings on the differences in functional connectivity may
help address this question. Compared to the VS, the BNM shows stron-
ger positive connectivity with the medial frontal and fronto-parietal
cortices, as well as the thalamus, insula, basal ganglia, and midbrain —

areas that form a task-related network (Robinson et al., 2009; Zhang
et al., 2008), as well as stronger negative connectivity with the
precuneus, a core area of the default mode network (Raichle and
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Fig. 4. Brain areas that show differences in functional connectivity to the basal nucleus of Meynert (BNM) versus ventral striatum (VS): BNM N VS (warm color); VS N BNM (cool color);
paired-sample t test, p b 0.05, corrected for familywise error of multiple comparisons.
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Snyder, 2007; Raichle et al., 2001; Zhang and Li, 2012a). These differ-
ences suggest that, compared to the VS, the BNM is more directly and
readily engaged in task related processing.

This difference in functional connectivity is consistentwith a general
role of the BNM in task-related behavior such as perception and percep-
tual motor learning andmemory (Chen et al., 2012; Conner et al., 2010;
Froemke et al., 2013;Goard andDan, 2009; Leach et al., 2013;Miasnikov
and Weinberger, 2012). In particular, the BNM may mediate learning
and memory even when such processes are motivationally neutral. In
behavioral conditioning of rats, specific associative memory can be in-
duced by direct activation of the BNM without detectable motivational
effects as in seeking reward or avoiding punishment (Miasnikov et al.,
2008). Indeed, neurons in the BNM did not respond to primary rein-
forcers, positive (juice) or negative (salt water), in monkeys (Wilson



Table 2
Regions showing greater connectivity with basal nucleus of Meynert (BNM) as compared to ventral striatum (VS); paired t-test, n = 223.

Volume
(mm3)

Peak voxel
(Z)

MNI coordinate Side Identified brain region Connectivity

x y z BNM VS

365472 inf 24 −1 −8 R Putamen/Pallidum/Thalamus/Midbrain/Cerebellum/Amygdala/Insula/TP/lOFC ++ +/~/−
inf −24 −4 −8 L Putamen/Pallidum/Thalamus/Midbrain/Cerebellum/Amygdala/Insula/TP/lOFC ++ +/~/−
inf 9 11 34 R ACC/SMA/pre-SMA + ~/−
inf −9 14 37 L ACC/SMA/pre-SMA + ~/−

4563 7.48 63 −31 28 R Temporo-parietal junction/Supramarginal G +/~ −/−−
7.33 −66 −28 25 L Temporo-parietal junction/Supramarginal G +/~ −/−−

1026 6.60 63 −46 1 R Middle temporal G/Inferior frontal G/DLPFC + −
729 6.05 −60 −55 1 L Middle temporal G/Inferior frontal G/DLPFC + −

Note: inf: infinity; R: right; L: left; TP: temporal pole; lOFC: lateral orbitofrontal cortex; G: gyrus; ACC: anterior cingulate cortex; SMA: supplementary motor area; DLPFC: dorsolateral
prefrontal cortex; +/− indicates positive and negative connectivity (with ++/−− for stronger connectivity), and ~ indicates no significant connectivity at one-sample t test, p b 0.05,
FWE corrected.
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and Rolls, 1990). While the BNM responds to visual or acoustic stimuli
that signal reinforcers, it does not respond to the reinforcers themselves
(Wilson andMa, 2004). Other work suggests that the BNMneurons en-
code saliency irrespective of valence of the stimuli (Lin and Nicolelis,
2008). These results are concordant with a learning-related or
memory-promoting role for the BNM that places it “downstream” of
motivational systems (Miasnikov et al., 2008), consistent with the ana-
tomical finding that, the cholinergic neurons in basal forebrain receive
input from the nucleus accumbens (Zaborszky and Cullinan, 1992).
Through its extensive cortical projections, the BNMmaymediate atten-
tional effort in a circuitry that integrates brain systems involved in
modulation of input functions, incentive processing and performance
monitoring (Sarter et al., 2006).

On the other hand, one is cautioned not to over-interpret the differ-
ences of BNM and VS in saliency- and reward-related processing. For in-
stance, reward is intrinsically salient, and cerebral structures such as the
medial orbitofrontal cortex, with positive connectivity to both the BNM
and VS, is involved in processing reward and emotionally salient stimuli
(Hardin et al., 2009; Kühn and Gallinat, 2012; Liu et al., 2011; Rothkirch
et al., 2012). Likewise, as discussed earlier, although VS is predominantly
implicated in reward processing, there is accumulating evidence that VS
responds to salient, non-rewarding stimuli (Esslinger et al., 2013; Jensen
et al., 2007; Pohlack et al., 2012; Spicer et al., 2007; Zink et al., 2003,
2006). Future researchmay take advantage of the current findings in fur-
ther delineating the respective roles of BNM and VS in motivated
behavior.

Age-related connectivity of the nucleus of Meynert

Previous imaging studies suggest that aging is related in a complicat-
ed way to cerebral functional connectivities, with different brain areas
increasing and decreasingwith age in connectivity to regions of interest
(Bernard et al., 2013; Campbell et al., 2013; Hafkemeijer et al., 2013;
Hoffstaedter et al., 2014; Liu et al., 2012; Roski et al., 2013; Taniwaki
et al., 2007; Ystad et al., 2010; see also Ferreira and Busatto, 2013 for a
review). Here, we observed that age is associated with increased BNM
connectivity to subcortical structures including the midbrain and
Table 3
Regions showing greater connectivity with ventral striatum (VS) as compared to the basal nuc

Volume
mm3

Peak voxel
Z

MNI coordinate Side

x y z

326160 inf 12 17 −11 R
inf −9 14 −14 L
inf −18 −49 22 L
inf 18 −46 25 R

1512 6.47 42 −28 64 R
864 5.91 −39 −31 67 L

Note: inf: infinity; R: right; L: left; mOFC: medial orbitofrontal cortex; G: gyrus; S: sulcus; p
++/−− indicating stronger connectivity), and ~ indicates no significant connectivity at
pallidum and decreased connectivity to somatomotor and visual corti-
ces. Although statistically highly significant, these results are not
straightforward to interpret without a functional concomitant. Given
that the current BOLD time series were obtained during resting state,
one is tempted to speculate that these changes are not related to specific
contextual or task conditions. Future studies are needed to examine the
relationship between this contrasting pattern of increased and de-
creased connectivity to subcortical and cortical structures and cognitive
motor performance (Hu et al., 2012, 2013) and evaluate whether and to
what extent these changes may reflect a compensatory process.

In over 1000 adolescents and young adults, Tomasi and Volkow
characterized age-related increases in the functional connectivity of
the ventral tegmental area (VTA) with limbic regions and with the de-
fault mode network and decreases in the connectivity of the substantia
nigra (SN) with motor and medial temporal cortices (Tomasi and
Volkow, 2014). In terms of mean strength and statistical significance
of connectivity, the VTA demonstrated bilateral positive connectivity
with the nucleus accumbens, hippocampus, parahippocampus, globus
pallidus, caudate, cerebellar vermis, and anterior insula, as well as the
angular gyrus, inferior frontal cortex, and anterior cingulate cortex,
and negative connectivity with the inferior occipital cortex. The SN
demonstrated bilateral positive connectivity with the globus pallidus,
subthalamic nucleus, thalamus, and cerebellar vermis, as well as the
Broca's and Wernickes's areas, anterior cingulate cortex, and supple-
mentary motor area, and negative connectivity with orbitofrontal, tem-
poral, and occipital cortices, ventral precuneus, and angular gyrus. Thus,
there is much overlap between subcortical and cortical connectivities
between the VTA/SN and BNM/VS, suggesting the need in future studies
to investigate early developmental changes in functional connectivity of
the BNM/VS and their relevance to clinical conditions that manifest
early during development.

Potential clinical implications

In addition to implications for our understanding of the cognitive
deficits in Alzheimer's disease and other forms of age-related cognitive
decline, the current findings may also facilitate research of the
leus of Meynert (BNM); paired t-test, n = 223.

Identified brain region Connectivity

BNM VS

ventral Caudate/mOFC/Subcallosal G/Rectus G/Olfactory S ~/− ++
ventral Caudate/mOFC/Subcallosal G/Rectus G/Olfactory S ~/− ++
pCG/Cuneus/Precuneus/Parahippocampal G −− ~/−
pCG/Cuneus/Precuneus/Parahippocampal G −− ~/−
Postcentral G − ~
Postcentral G − ~

CG: posterior cingulate gyrus; +/− indicates positive and negative connectivity (with
one-sample t test, p b 0.05 FWE corrected.



T-values
RL

T-values

Fig. 5. Brain areas with functional connectivity to the basal nucleus of Meynert (BNM) that correlates positively (warm color) and negatively (cool color) with age. p b 0.05, corrected for
familywise error of multiple comparisons.
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cholinergic mechanisms of drug and alcohol addiction (Adinoff et al.,
2010; Kurosawa et al., 2013; Miki et al., 2014; Paolone et al., 2013;
Williams and Adinoff, 2008). Altered cholinergic neurotransmission is
known to play a critical role in nicotine addiction (Dani and Balfour,
2011). More broadly, nicotinic acetylcholine receptors are heavily
expressed in limbic dopamine circuitry and the medial habenula–
interpeduncular nucleus complex, which are critical mediators of rein-
forced and addictive behavior (Leslie et al., 2013; Mark et al., 2011).
For instance, behavioral performance that requires sustained attention
is associated with extracellular levels of cortical acetylcholine. Rats
that are prone to attribute incentive salience to reward cues (“sign
trackers”), relative to “goal-trackers”, are vulnerable to developing obe-
sity and addiction (Paolone et al., 2013). Because of its interaction of the
limbic reward and prefrontal cognitive control circuits, cholinergic neu-
rotransmission has been a target for pharmacotherapy development for
stimulant addiction (Sofuoglu and Mooney, 2009). Thus, the current
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findings of the systems level functional connectivity of the BNM will
help future studies to pursue the etiology and treatment of addiction
on these related fronts.

Furthermore, the VS and its cerebral connectivity has been implicat-
ed in various neuropsychiatric disorders such as autism (Delmonte
et al., 2013; DiMartino et al., 2011) or psychological processes of clinical
interest such as consciousness (Cauda et al., 2009a) and pain (Baliki
et al., 2013; Cauda et al., 2009b, 2010a,b). For instance, with differential
functional and structural connectivities, the shell and core regions of the
VS may each mediate prediction of monetary reward and cessation of
pain (Baliki et al., 2013). Functional connectivity of the VS and hippo-
campusmay allow integration ofmotivational significance andmemory
to guide behavior (Kahn and Shohamy, 2013), a process of relevance to
depression and psychomotor retardation. Notably, animal studies have
also implicated the BNM in pain (Zhang et al., 2010) and anesthesia
(Laalou et al., 2008); thus, the current findings may shed light on future
studies to directly contrast the roles of VS and BNM in these neural pro-
cesses of clinical significance.

A methodological consideration

Negative functional connectivity has been observed and reported
since the very beginning of the resting state fMRI study (Biswal et al.,
1995). Negative functional connectivity, also called anti-correlation,
represents negative cross-correlation in spontaneous BOLD signal be-
tween two brain regions. It was suggested that the global signal regres-
sion, a common step of data preprocessing in seed region based
functional connectivity analyses, is a likely cause of anti-correlated func-
tional networks (Murphy et al., 2009;Weissenbacher et al., 2009). How-
ever, recent investigations demonstrated that the negative correlations
are not an artifact but have biological origins (Chai et al., 2012; Chen
et al., 2011; Fox et al., 2009). For instance, negative functional connec-
tivity is associated predominantly with long range connections and cor-
relates with the shortest path length in the human brain network (Chen
et al., 2011; Scholvinck et al., 2010; Schwarz and McGonigle, 2011). In-
deed, the negative correlations between brain regions with presumably
opposing functional roles have been consistently observed in different
studies (Chen et al., 2011; Fox et al., 2005; Fransson, 2005; Greicius
et al., 2003; Kelly et al., 2008; Uddin et al., 2009), including those
using independent component analysis, which does not involve global
signal regression (Cole et al., 2010; Zhang and Li, 2012b; Zuo et al.,
2010). Furthermore, the existence of the negative functional connectiv-
ity was also suggested by computational simulations of cerebral net-
work activities in both monkeys and humans (Deco et al., 2009;
Honey et al., 2007; Izhikevich and Edelman, 2008) and supported by si-
multaneous recording of unit activity and local field potential from task-
positive and task-negative (default mode) networks in cats (Popa et al.,
2009). Together, these earlier studies suggest functional significance of
negative functional connectivity.
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