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Abstract

Recent studies suggest that memory formation in the hippocampus is modulated by the
motivational significance of events, allowing past experience to adaptively guide behavior. The
effects of motivation on memory are thought to depend on interactions between the hippocampus,
the ventral tegmental area (VTA), and the nucleus accumbens (NAcc). Indeed, animal studies
reveal anatomical pathways for circuit-level interaction between these regions. However, a
homologue circuit connectivity in humans remains to be shown. We characterized this circuitry in
humans by exploiting spontaneous low-frequency modulations in the fMRI signal (termed resting-
state functional connectivity) which are thought to reflect functionally related regions and their
organization into functional networks in the brain. We examined connectivity in this network
across two datasets (hi-resolution, n=100; standard resolution, n=894). Results reveal convergent
connectivity between the hippocampus and both the NAcc and the VTA centered on ventral
regions in the body of the hippocampus. Additionally, we found individual differences in the
strength of connectivity within this network. Together, these results provide a novel task-
independent characterization of circuitry underlying interactions between the hippocampus, NAcc
and VTA and provide a framework with which to understand how connectivity might reflect, and
constrain, the effects of motivation on memory.
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Memory is central to behavior, allowing past experience to guide later choices. For memory
to be adaptive it must be modulated by the motivational significance of events. Indeed,
rewards, rewarding contexts and reward-driven motivation all enhance long-term memory
(e.g. Adcock et al., 2006; Tse et al., 2007; Wittmann et al., 2005; Wolosin et al.; for review
see Shohamy and Adcock, 2010). The effects of reward on memory are thought to depend
on interactions between two specialized neural circuits: a memory circuit in the medial
temporal lobe (MTL) that includes the hippocampus and surrounding MTL cortices, and a
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reward-circuit in the midbrain that includes the ventral tegmental area (VTA) and the
nucleus accumbens (NAcc) (Lisman et al., 2011; Shohamy and Adcock, 2010).

Support for the existence of such a network comes primarily from animal studies. Both
anatomical and pharmacological studies demonstrate important modulatory inputs on the
hippocampus coming from VTA and NAcc. Dopamine neurons in the VTA project directly
to the hippocampus (Gasbarri et al., 1994; Samson et al., 1990) and modulate plasticity of
hippocampal neurons (e.g. Huang and Kandel, 1995; for review see Lisman et al., 2011 ).
VTA neurons also project to the NAcc, which itself has strong anatomical links to the MTL
(Groenewegen et al., 1987). Together, these connections provide a putative mechanism by
which motivationally important events, signaled in the VTA and NAcc, could impact
memory formation in the hippocampus.

The hippocampus, in turn, also modulates activity in the VTA, providing opportunities for
bidirectional influences of memory and context on motivational responses. In rodents at
least two distinct polysynaptic pathways between the hippocampus and VTA have been
described: one originating in the ventral hippocampus (Floresco et al., 2001; Valenti et al.,
2011; for review see Lisman and Grace, 2005) and one in the dorsal hippocampus (Luo et
al., 2011; Rossato et al., 2009).

Neuroimaging studies in humans have also begun to reveal functional interactions between
midbrain dopamine regions and the hippocampus during memory formation (Adcock et al.,
2006; Shohamy and Wagner, 2008; for review see Shohamy and Adcock, 2010). However,
many open questions remain about functional connectivity between subregions of the
hippocampus, the VTA and the NAcc, and the characterization of this circuit in the human
brain.

Here, we sought to examine intrinsic functional connectivity between the hippocampus,
VTA and the NAcc in humans using resting state functional MRI. Resting-state fMRI
detects large-amplitude spontaneous low-frequency (< 0.1Hz) modulations in the fMRI
signal observed during rest and reveals correlations across functionally related regions.
Previous studies have separately characterized memory networks centered on the MTL
(Kahn et al., 2008; Libby et al., 2012) and on subregions of the striatum (Di Martino et al.,
2008). These studies reveal important characterization of each of these networks, but leave
open the question of whether there exists intrinsic cross-talk between them. In particular, it
remains unknown (1) to what extent the hippocampus, VTA and NAcc are interconnected at
rest; (2) the specific subregions within the hippocampus that are involved in this network;
(3) whether expression of this network varies across individuals, and thus might reflect, and
constrain, variability in experience and behavior.

To address these questions, we defined regions of interest anatomically and compared these
to reported activated voxels in previously published fMRI studies, focusing on the VTA,
NAcc and hippocampus (subdivided along the posterior—anterior axis). We computed the
correlation between these regions of interest and whole-brain correlation maps.

Resting state fMRI scans from a total of 994 participants were included in the present study.
All fTMRI data were collected during a continuous passive session in which participants were
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instructed to stay awake and remain still. Two datasets were included. A high-resolution
dataset was used to identify the nature of functional connectivity between the hippocampus,
ventral tegmental area and nucleus accumbens. An additional more expanded dataset was
used to confirm the results in standard acquisition resolution, and test whether individual
variability resulting from age, gender and acquisition protocol is correlated with
connectivity patterns.

Dataset 1 (high-resolution; n=100) was acquired on a 3 T TimTrio system at Massachusetts
General Hospital using a gradient-echo echo-planar pulse sequence and a 12-channel
phased-array whole-head coil (TR = 5000 ms, TE = 30 ms, FA =90°, 55 axial slices, 2 x 2 x
2 mm voxels, no interslice gap). These data have been used in previous analyses of
spontaneous BOLD correlations (Kahn et al., 2008; Vincent et al., 2008; Vincent et al.,
2010). Informed consent was obtained in accordance with guidelines set forth by the ethics
committee of the Massachusetts General Hospital.

Dataset 2 (n = 894) was derived from the 1000 Functional Connectomes Project (http://
fcon_1000.projects.nitrc.org/). Resting-state fMRI scans were aggregated from 21
community-based datasets (mean age 29.7 + 13.6 years; only participants over age 18; 1-5
scans per participant; duration: 216-560 s; n =860 at 3 T, n = 34 at 1.5 T; voxel size, in-
plane 1.5-5 mm; slice thickness, 3-8 mm). Each contributor’s respective ethics committee
approved submission of deidentified data. The institutional review boards of NYU Langone
Medical Center and New Jersey Medical School approved the receipt and dissemination of
the data.

Data preprocessing and analyses were identical to previous published work (Kahn et al.,
2008; Vincent et al., 2008; Vincent et al., 2010). Both datasets were normalized to a 2 mm3
voxel target atlas. Seed-based Fisher’s r-to-z transformed (Zar et al. 1996) correlation maps
and seed-to-seed correlation analyses were computed for regions of interest (ROIs)
identified previously (Figure 1A). Midbrain and striatum ROIs were based on Adcock et al.
(2006) and eight hippocampal ROIs along the long axis of the hippocampus covering its full
extent were based on Kahn et al. (2008). We computed the correlation values from NAcc
(Montreal Neurological Institute [MNI] coordinates; [-11 4 0]; 8 mm diameter sphere; 28
voxels x 2 mm?3 = 224 mm3 volume) and VTA ([-4 —15 -9]; 8 mm diameter sphere; 36
voxels x 2 mm3 = 288 mm3 volume) with each of the anatomically defined seed regions in
the hippocampus (3 mm diameter spheres; 7 voxels x 2 mm?3 = 56 mm?3 volume; for
coordinates of all hippocampal seeds see Table 1 in Kahn et al. [2008]). Note that variation
in the volumes of NAcc and VTA seeds resulted from the transformation between
previously reported MNI coordinates and the normalized target volume (sampled at 2 mm3).
To characterize the pattern of connectivity between ROIs such that we are able to
distinguish between the contributions of sub-networks independently, we computed partial
correlations between each pair of regions while controlling for the third region. The partial
correlation between X and Y given a set of n controlling variables Z = {Zy, Z, ..., Zn},
written pXY-Z, is the correlation between the residuals Ry and Ry resulting from the linear
regression of X with Z and of Y with Z, respectively.
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Midbrain and striatal ROIs identified from prior functional studies provided a conservative
approach to delineating functional connectivity of these networks. We found reliable
correlation between VTA and NAcc to the hippocampus (Figure 1B). Correlation was
maximal in the body of the hippocampus at y = =22 (Figure 1C). Partial correlation analyses
focused on NAcc, VTA and the body of the hippocampus (seed ROI [-26 —22 —14]; bHipp)
revealed that these patterns of correlation are independent for each pair of ROIs (Figure 1D).
Specifically, NAcc and VTA were maximally correlated with each other when controlling
for bHipp (r = 0.13; P = 7.97e-12). Next, NAcc and bHipp demonstrated reliable correlation
when controlling for VTA (r = 0.084; P = 3.75e-6), suggesting that these regions are
correlated independently of the correlation between NAcc and VTA. Similarly, VTA and
bHipp were reliably correlated when controlling for NAcc (r = 0.061; P =.0025).

Next, we sought to examine the selectivity of these results by comparing connectivity across
the brain for each of these networks — hippocampus with NAcc and hippocampus with VTA
(Figure 2). Specifically, we aimed to characterize the extent to which these two networks
overlap. This analysis revealed overlap in the body of the hippocampus. Outside of the
hippocampus the patterns of connectivity were more distinct and displayed only partial
overlap. In particular, spontaneous fluctuations in the NAcc seed correlated with a broader
network of regions, including the full extent of the caudate and putamen, as well as the
hippocampus, thalamus, dorsolateral prefrontal cortex and cingulate cortex. VTA by contrast
showed a more selective pattern of connectivity with regions within the midbrain, the body
of the caudate, dorsal putamen, and the hippocampus. Together, then, overlapping
connectivity for both the NAcc and the VTA was found primarily in the body of the
hippocampus, the body of the caudate, dorsal putamen and the thalamus, suggesting that
these regions comprise a functional unit..

Next we sought to confirm the results obtained in Dataset 1 by asking whether the same
pattern would be observed in Dataset 2, across differing scanning parameters, age groups
and genders. In Dataset 2 we computed the correlation values for the NAcc and VTA to the
hippocampal seeds. Confirming the results from Dataset 1, we found that the maximal
correlation value was observed at y = =22 for both seeds (NAcc: r =.044; VTA: r = 0.037; P
values < .001 corrected for multiple comparisons using Bonferroni correction).

The large sample size in Dataset 2 allowed us additionally to ask whether there is individual
variability in the extent of connectivity within these networks. This question is particularly
important given that the behaviors thought to depend on this circuit have been shown to vary
substantially across individuals (e.g. Adcock et al., 2006; Shohamy and Wagner, 2008;
Wimmer and Shohamy, 2012). Thus, individual variability in network connectivity might
suggest that behavioral differences may be driven, in part, by differences in intrinsic
connectivity.

To address this question, we explored variability in functional connectivity between the
bHipp and NAcc, bHipp and VTA and NAcc and VTA. As shown in Figure 3A, there was
indeed variability across participants in intrinsic connectivity between these regions. This
variability was not found to be significantly related to gender (unpaired two-tail t-test
NAcc-VTA: tggr=.21, P = .84; bHipp-NAcc: tggp=1.245, P = .21; bHipp-VTA: tggp=.07, P
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= .94) (Figure 3B). Linear regression demonstrated no reliable correlation with age for
NAcc-VTA (F=.10, P > .1) or for bHipp—-NAcc (F=2.61, P > .1); connectivity between
bHipp-VTA did show a trend for correlating with age (F=5.46, P = .06) (all analyses
corrected for multiple comparisons using Bonferroni method).

In summary, our results indicate that there is intrinsic connectivity between the
hippocampus, known for its role in long term memory, and between midbrain dopamine
regions and the NAcc, known for their role in motivation and reward processing. The
current results further reveal that functional connectivity within this network is localized to a
relatively subscribed region within the body of the hippocampus. To the best of our
knowledge, this finding in humans is the first to describe the localization within the
hippocampus for this network, complementing recent characterization of two distinct multi-
synaptic hippocampal-VTA pathways in rodents (Floresco et al., 2001; Lisman and Grace,
2005; Luo et al., 2011; Rossato et al., 2009; Valenti et al., 2011).

In addition to the points of convergence within the hippocampus, our results also point to
dissociations between the VTA vs. NAcc. In particular, we found that the VTA is
interconnected with a more restricted number of targets, while the NAcc is part of a broader
PFC-striatal-MTL network, consistent with known anatomical projections (Alexander et al.,
1986; Di Martino et al., 2008; Haber and Knutson, 2010; Lisman and Grace, 2005).

Our findings demonstrate correlated activity in this network during rest, when neither
motivation nor memory are being manipulated or explicitly engaged. The fact that there is
correlated activity between these regions during rest provides evidence for an intrinsically
connected network, which could provide a pathway for enhancing effects of motivation on
long-term memory formation.

Interestingly, our current results also point to individual differences in the strength of
connectivity between the VTA, NAcc, and hippocampus: while some people show very
robust connectivity between these regions, others do not. These individual differences may
reflect relatively stable trait-like differences in ability across individuals, or, they could
reflect differences in engagement of brain networks specific to the rest activity itself. In
general, open questions remain about the relationship between rest activity patterns and
functional consequences (Buckner and Vincent 2007; Fox and Raichle, 2007). A critical
challenge for future research is to address this question by examining the link between
intrinsic connectivity, task-evoked connectivity , and, most critically, behavior. Such studies
will help determine whether variability in intrinsic connectivity is indeed related to
individual differences in behavior, and, if so, how.

Abnormalities in the striatum, midbrain dopamine system, and the hippocampus are
implicated in a wide variety of psychiatric and neurological disorders (e.g. Parkinson’s
disease, Huntington’s disease, schizophrenia). Much work over the past decades has focused
on characterizing the distinct contributions of each of these regions. But converging
evidence indicates that they in fact operate as a dynamic network. Characterizing the
intrinsic functional relationship between the hippocampus, midbrain dopamine regions and
the ventral striatum in the healthy brain, rather than focusing on each region independently,
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provides a baseline towards starting to understand how these networks are impacted by, and
contribute to, disease.
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Figure 1. Functional connectivity of the hippocampusto ventral striatum and midbrain regions
A, Nucleus accumbens (NAcc; [-11 4 0]) and ventral tegmental area (VTA; [-4 —-15 -9])

seeds (8 mm diameter spheres) were used to derive a correlation map in the hippocampus.
Hippocampal seeds (3 mm diameter spheres) were used to identify the locus of maximal
correlation to NAcc and VTA seeds. B, Sagittal (top) and coronal (bottom) cross sections in
the hippocampus depict correlation to NAcc (red), VTA (blue) or both (green) in the
hippocampus and amygdala. Reliable correlation is observed in the body of the
hippocampus and amygdala. C, Correlation along the long axis of the hippocampus to the
NAcc and VTA seeds demonstrates reliable correlation values with peak response aty =
-22. D, Partial correlation between the three regions of interest bHipp (at the peak
correlation value region, y = =22), NAcc and VTA are depicted. Each graph depicts the
partial correlation between a pair of regions (black edge) while controlling for the third
region (dashed edges).
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Overlap

Figure 2. Functional connectivity of ventral striatum and midbrain revealslimited connectivity
to the cerebral cortex and extensive connectivity in the basal ganglia and thalamus

Correlation maps were obtained after within-subject transformation using Fisher’s r-to-z and
submitted to a second level analysis using a random effects model (threshold P < 0.05
corrected for multiple comparisons using family-wise error). A, Two distinct networks were
observed in the cerebral cortex. The NAcc correlated with dorsolateral prefrontal,
frontopolar, anterior cingulate and insular cortices. The VTA correlated with lateral inferior
parietal and posterior cingulate cortices. B, Sagittal, coronal and axial cross sections depict
overlap primarily in the body of the hippocampus, body of the caudate, dorsal putamen and
the thalamus.
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Figure 3. Individual variability in functional connectivity of the hippocampusto ventral striatum
and midbrain

A, Histograms of correlation values in Dataset 2 (n = 894) demonstrates normally distributed
reliable responses with positive peak between bHipp and NAcc, bHipp and VTA, and NAcc
and VTA. B, Plotting the distribution of correlation values as a function of age (x axis) and
gender (blue: female; black: male) reveals that none of these factors explains functional
connectivity strength, such that reliable functional connectivity is equivalent across both age
and genders.
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