BDNF genotype modulates resting functional connectivity in children
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Abstract

A specific polymorphism of the brain-derived neurotrophic factor (BDNF) gene is associated with alterations in brain anatomy and memory; its relevance to the functional connectivity of brain networks, however, is unclear. Given that altered hippocampal function and structure has been found in adults who carry the methionine (met) allele of the BDNF gene and the molecular studies elucidating the role of BDNF in neurogenesis and synapse formation, we examined in the association between BDNF gene variants and neural resting connectivity in children. We observed a reduction in hippocampal and parahippocampal to cortical connectivity in met-allele carriers within each of three resting networks: the default-mode, executive, and paralimbic networks. Thus, the BDNF gene, known to regulate synaptic plasticity and connectivity in the brain, appears to affect functional connectivity at rest in major neural networks. Further, we provide the first demonstration that the spatial topography of multiple high-level resting state networks in healthy children and adolescents is similar to that observed in adults.
1. Introduction


Brain-derived neurotrophic factor (BDNF) plays an essential role in the early growth of neural networks in the human brain 


(Huang and Reichardt, 2001; McAllister et al., 1999) ADDIN EN.CITE . BDNF is a polypeptide growth factor in a family of signaling molecules known as neurotrophins. These proteins regulate axonal and dendritic growth (Huang and Reichardt, 2001), synaptic structure and plasticity 


(Lu and Gottschalk, 2000; McAllister et al., 1999) ADDIN EN.CITE , neurotransmitter release, and long-term potentiation (LTP)-associated-learning 


(Chao, 2003; Lu and Gottschalk, 2000) ADDIN EN.CITE . Considerable progress has been made in understanding the ways in which neurotrophins exert their effects on neuronal health and synaptic plasticity (e.g., cellular signaling and ligand-receptor binding) 


(Lewin and Barde, 1996; Stoop and Poo, 1996) ADDIN EN.CITE ; how neurotrophin-related differences in neuronal health and synaptic plasticity may lead to selective impairments in nervous system function, however, is not well understood.


BDNF is a unique neurotrophin because activation of its cognate receptor, tropomyosin-related kinase B (TrkB), results in a wider set of functional consequences than is the case with other Trk receptors (Bath and Lee, 2006). BDNF is expressed predominantly in the central nervous system, including cortical regions, the hippocampus, limbic structures, the cerebellum, and the olfactory bulb (Huang and Reichardt, 2001). A common single-nucleotide polymorphism (SNP) in the BDNF gene produces an amino acid substitution (valine to methionine) at codon 66 (val66met) that alters secretion and intracellular trafficking of the mature peptide 


(Chen et al., 2004; Egan et al., 2003) ADDIN EN.CITE . This SNP has been useful in linking BDNF to human cognitive processes 


(Dempster et al., 2005; Egan et al., 2003; Gabrieli and Preston, 2003; Hariri et al., 2003; Ho et al., 2006) ADDIN EN.CITE  and, as a result, interest in BDNF has come from researchers spanning fields from developmental neurobiology to neurodegenerative and psychiatric disorders (Chao, 2003).


Individuals with the altered methionine (met) allele of the BDNF gene have been found to exhibit reduced hippocampal volume 


(Bueller et al., 2006; Chepenik et al., 2009; Frodl et al., 2007; Pezawas et al., 2004; Szeszko et al., 2005) ADDIN EN.CITE , memory impairment 


(Dempster et al., 2005; Egan et al., 2003; Hariri et al., 2003; Ho et al., 2006) ADDIN EN.CITE , increased susceptibility to neuropsychiatric disorders 


(Sen et al., 2003; Sklar et al., 2002; Ventriglia et al., 2002) ADDIN EN.CITE , and abnormal hippocampal activity during memory processing 


(Egan et al., 2003; Hariri et al., 2003) ADDIN EN.CITE . Given the established role of BDNF in mediating processes related to neural excitability, learning, and memory 


(Desai et al., 1999; Korte et al., 1995; Patterson et al., 1996) ADDIN EN.CITE , this gene is likely implicated in the formation and maintenance of major functional circuits in the human brain. To date, however, the effects of this BDNF polymorphism on the functioning of large-scale neural networks have not been examined.

Currently, one of the most informative methods for interrogating the integrity of neural networks is to measure activation across distinct brain regions by conducting functional connectivity (FC) analysis on data obtained through whole-brain functional magnetic resonance imaging (fMRI). FC can be operationally defined to refer to temporal correlations across cortical regions representing an index of function 


(Friston et al., 1993; Horwitz, 2003) ADDIN EN.CITE  and anatomical connectivity 


(Greicius et al., 2009; Hagmann et al., 2008; Koch et al., 2002; Quigley et al., 2003) ADDIN EN.CITE . In the present study we used fMRI to probe resting FC as a function of BDNF gene variants across the three most frequently examined high-order cognitive- and emotion-processing networks of the brain: the default-mode network (DMN), the executive network (EN), and the salience network (SN). Because neurotrophins profoundly affect the development of the nervous system (Lewin and Barde, 1996), we examined BDNF and FC in a sample of children and adolescents, in whom neural development is actively progressing and for whom BDNF may therefore be expected to exert significant effects. We hypothesize that because BDNF secretion is decreased in met-allele carriers 


(Chen et al., 2004) ADDIN EN.CITE , study participants who carry a BDNF met allele will be broadly characterized by reduced FC, although this may differ across the three resting-state networks. Moreover, because BDNF is widely expressed in the hippocampus (Conner et al., 1997) and has been linked to reduced memory ability 


(Dempster et al., 2005; Egan et al., 2003) ADDIN EN.CITE  and hippocampal function 


(Egan et al., 2003) ADDIN EN.CITE  and volume 


(Bueller et al., 2006; Chepenik et al., 2009; Frodl et al., 2007; Pezawas et al., 2004; Szeszko et al., 2005) ADDIN EN.CITE , these effects may be particularly pronounced with respect to connectivity between the hippocampal formation and critical neocortical and subcortical brain regions. 
2. Materials and Methods

2.1 Participants

Participants were 38 children and adolescents (25 females) between the ages of 9 and 16 years (M=12.2, SD= 2.1). They were recruited through their mothers via Craigslist and other online advertisements and parent networks, and each mother-child pair was compensated $25/hour. All participants had no reported history of brain injury, no behavioral indications of possible mental impairment, no past or present Axis I disorder, were right-handed, fluent in English, and had no learning disorder. Parents and children gave informed consent and assent, respectively, as approved by the Stanford Institutional Review Board.

2.2 Procedure


Participants were assessed in two sessions. In the first session, participants were administered the Schedule for Affective Disorders and Schizophrenia for School-Aged Children-Present and Lifetime version (K-SADS) (Geller et al., 1996; Geller et al., 2001) to assess current and lifetime psychopathology in order to ensure the absence of any current or past diagnosable DSM-IV psychiatric disorder. During this session, children and parents also provided saliva samples for genetic testing and viewed a video to prepare them for the MRI scan session. In the second session, brain-imaging data were acquired using a whole-brain MRI scanner.

2.3 Genetic Data

DNA was extracted from saliva using the Oragene.DNA saliva kit. The target 300bp BDNF gene fragment was amplified using the G196A primer 5’-ATC CGA GGA CAA GGT GGC-3’ (forward) and 5’-CCT CAT GGA CAT GTT TGC AG-3’ (reverse). The PCR amplification was carried out in a final volume of 20ul consisting of 50ng of genomic DNA, 200nM each of sense and antisense primers, 200uM of dNTP mix, 2 units of Expand High Fidelity PCR System ( Roche, Cat# 11-795-078-001). Annealing was carried out at 60C for 45 s, extension at 72C for 1 min, and denaturation at 95C for 30 s for a total of 35 cycles. 5 ul of the PCR products were digested by 10 units of Pml I (New England Biolabs) in a 15ul reaction at 37C for 3 hours. The digestion mixture was electrophoresed through 7% Polyacrylamide gel (Acrylamide/bis-Acrylamide ratio 19:1) at 150 V for 40 min. 100bp and 10bp marker was used to measure the digestion and PCR product size. Allele A (methionine) was not digested showing one 300bp band, but the G allele (valine) was digested showing 2 bands, at 180bp and 120bp. As we describe below, this genotyping yielded two groups of children: homozygous val (n = 23) and val/met (n = 15).
2.4 fMRI data acquisition

Magnetic resonance imaging was performed on a 3.0 T GE whole-body scanner. Participants were positioned in a purpose-built single channel T/R head coil and stabilized by clamps and a bite bar formed with dental impression wax (made of Impression Compound Type I, Kerr Corporation, Romulus, MI) to reduce motion-related artifacts during scanning. During the resting-state experiment, participants completed a six-minute scan during which they were instructed to lay still with eyes closed. For this study, 29 axial slices were taken with 4mm slice thickness. High-resolution T2-weighted fast spin echo structural images (TR = 3000ms, TE = 68ms, ETL=12) were acquired for anatomical reference. A T2*-sensitive gradient echo spiral in/out pulse sequence (Glover and Law, 2001) was used for all functional imaging (TR = 2000ms, TE = 30ms, flip angle = 77°, FOV = 22 cm, 64 x 64). An automated high-order shimming procedure, based on spiral acquisitions, was used to reduce B0 heterogeneity (Kim et al., 2002). Spiral in/out methods have been shown to increase signal-to-noise ratio and BOLD contrast-to-noise ratio in uniform brain regions, as well as to reduce signal loss in regions compromised by susceptibility-induced field gradients generated near air-tissue interfaces such as PFC (Glover and Law, 2001). Compared to traditional spiral imaging techniques, spiral in/out methods result in less signal dropout and greater task-related activation in PFC regions (Preston et al., 2004). A high-resolution volume scan (140 slices, 1mm slice thickness) was collected for every participant using a spoiled grass gradient recalled (SPGR) sequence for T1 contrast (TR = 3000ms, TE = 68ms, TI = 500ms, flip angle = 11°, FOV = 25 cm, 256 x 256). During the resting-state scan, children’s heart-rate and respiration waveform were recorded.

2.5 fMRI Preprocessing


Before preprocessing began, all images were reconstructed with a correction that removes respiratory variations and heart rate 


(Birn et al., 2008; Chang et al., 2009) ADDIN EN.CITE . fMRI data were then preprocessed using AFNI (http://afni.nimh.nih.gov/afni) (Cox, 1996). Preprocessing included slice-timing correction, volume registration, smoothing (4mm), bandpass filtering (0.008 < f < 0.15), and co-registration of functional and anatomical images. 

2.6 ICA versus ROI-based connectivity analysis

Previous resting state connectivity analyses have used FSL melodic Independent Component Analysis (ICA) software and an automated MATLAB analysis routine 


(Greicius et al., 2007; Greicius et al., 2004) ADDIN EN.CITE . This processing pathway was not suitable for the present study because in a small number of cases (<20%) the melodic ICA process would separate the executive control network for an individual subject into two lateralized maps, one right and one left. For this reason, and because our past work has demonstrated that seed-based FC and ICA-based network analyses yield comparable DMNs in children (Thomason et al., 2008), we used the ROI-based connectivity analysis to evaluate multiple resting networks in the present study. 
2.7 Functional connectivity (FC) analysis

ROI-based connectivity analysis followed well-documented steps from the adult resting-state literature 


(Fox et al., 2005; Greicius et al., 2003; Lowe et al., 1998; Seeley et al., 2007) ADDIN EN.CITE . Selected seed regions were based on those reported in published studies (Default: 10, -50, 30; Executive: 44, 36, 20; Salience: 38, 26 -10) 


(Seeley et al., 2007; Thomason et al., 2008) ADDIN EN.CITE , as they have been shown to yield robust connectivity across the major resting-state networks. Following signal extraction and detrending for motion, the trace from each participant’s seed region was used to calculate the correlation between this seed region and time-course data in all of the other voxels in the brain. After correlation coefficients were calculated for every voxel in the brain, we normalized the distribution of these values using Fisher’s r-to-z transformation. We submitted the resulting correlation maps to main-effects analysis, conducting two-tailed t-tests to identify regions in which whole-brain z-converted regression maps differed between the two gene groups. We conducted group-level analyses separately for each resting network, and report results at p<0.01, uncorrected. 

2.8 Region of interest (ROI) analysis

ROI analysis was conducted for hippocampal ROIs created using the AFNI software package and subroutines for creating smoothed (3mm), resampled (3.75mm3), binary masks for the left and right hippocampi. Results within the masks were held to a liberal threshold (p < .05) for completeness in reporting; moreover, the ANFI process of AlphaSim was run to determine the minimal cluster size within the hippocampal ROIs that would survive false detection rate (FDR) criterion. Using Monte Carlo simulations to establish the minimum cluster size of voxels that exceeded a cluster-wise corrected p-value of .05 (Ward, 2000), AlphaSim yielded a cluster size of k = 5.

3. Results

Participants

Participants were 26 Caucasians (68%), 3 Asian Americans (8%), 2 Hispanic Americans (5%), and 7 participants of multi- or bi-racial descent (18%). BDNF genotyping yielded two groups of children: homozygous val (n = 23) and val/met (n = 15). These allelic frequencies were in Hardy-Weinberg equilibrium, χ2 = 0.65, p = 0.42. Demographic data for the two genotype groups are presented in Table 1. The two groups did not differ significantly with respect to age, F(1,36) = 0.96, p = 0.33, or gender, χ2 = 0.63, p = 0.43. 
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3.1 Network maps


Because multiple networks have not before been published in a sample of children and adolescents, it was necessary to first elucidate the presence and similarity of the spatial extent of these mappings in this age group. Complete network maps generated using three separate one-sample t-tests, each collapsing across the full sample, yielded maps similar to those produced in previous studies of adults; see Figure 1 (for comparisons, see 
 ADDIN EN.CITE 
(Fox et al., 2005; Fransson, 2005; Habas et al., 2009; Seeley et al., 2007; Taylor et al., 2008)
; regarding reproducibility, see (Meindl et al., 2009)). These maps demonstrate reliable generation of the high-order cognitive and/or affective resting network maps in a sample of children and adolescents that have previously been reported in samples of adults. 
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Figure 1. Map of neural connectivity for the 3 major resting-state 

networks across all subjects (n = 38). p < .0001. Red circles denote 

locations of seed-point ROIs.
3.2 Default-mode network (DMN) comparison

The between-groups whole-brain comparison of DMN statistical maps showed significantly (p < .01, uncorrected) increased hippocampal, fusiform, insula, caudate, cingulate, frontal and cerebellar contribution to the DMN in children homozygous for the val BDNF allele; see Figure 2. The reverse contrast for areas with significantly greater contribution in met-allele carriers produced fewer significant clusters, and included regions of the parietal and temporal lobes; see Table 2. 
A total of 10 voxels in the between-groups, within-hippocampal ROI comparison of DMN statistical maps were significant at p < .05. The largest significant cluster was k = 5 voxels in the left hippocampus (-34, -19, -7) where resting functional connectivity in the DMN was greater in children homozygous for the val BDNF allele than in children who carried a met allele. There were no areas in the hippocampal ROI analysis where met-allele carrier contributions to the DMN network were significantly greater than val/val homozygotes; see Figure 3.
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3.3 Executive network (EN) comparison


Whole-brain between-groups analysis of the EN showed that children homozygous for the BDNF val allele showed significantly increased (p < .01, uncorrected) contributions from a number of clusters in temporal and parietal cortices, including parahippocampal and neighboring temporal lobe regions and a large area in the precuneus. In addition, there were frontal areas, insula, anterior cingulate, and striatal regions that showed greater FC in the val/val than in the met-allele carriers within this network; see Figure 2. In the reverse contrast, met-allele carriers again had fewer significant clusters, and these were located in inferior frontal and temporal regions, insula, and cingulate cortex. 

The between-groups, within-hippocampal ROI comparison of EN resulted in 17 voxels that showed significantly increased contribution to the EN by children homozygous for the BDNF val allele. Of these 11 fell within the left hippocampal ROI and 6 fell within the right hippocampus ROI. The largest, most significant cluster was k = 4 voxels in the left hippocampus at -26,-26,-7. There were no areas in the hippocamal ROI analysis in which met-allele contributions to the EN network were significantly greater than val/val homozygotes; see Figure 3.
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Figure 2. One-sample t-tests for 3 major resting-state networks. BDNF 
gene group differences (val/val > val/met: blue; val/met > val/val: 
orange) across 3 resting networks. FG = fusiform gyrus, Ins = insula, 
Hip = hippocampus, IPL = inferior parietal lobule, PHG = parahip-

pocampal gyrus, SPL = superiorparietal lobe, Pu = putamen, Am = 

amygdala; p < .01, uncorrected.

3.4 Paralimbic network (PN) comparison


The whole-brain between-groups analysis produced a different pattern of results in the PN. Whereas the DMN and EN comparisons were dominated by regions in which val/val carriers had significantly higher FC than did met-allele carriers, the reverse was true for the PN (see Table 2); many more regions showed significantly increased connectivity in the PN in met-allele carriers. In a number of cortical areas, amygdala, insula, and caudate, met-allele carriers showed significantly greater FC than did val/val homozygotes. In contrast, val/val participants showed significantly greater reliance than did met-allele carriers only in regions of the posterior cingulate and a region of the parahippocampal gyrus.


The hippocampal ROI analysis also yielded different results in the PN. Only 3 voxels showed significant differences between the gene groups, and these were all located in the left hippocampus. Here, significantly (p < .05, uncorrected) greater FC was observed in met-allele carriers than in val-allele homozygotes, a contrast to what was observed for the other networks. This test of between-group differences, however, did not survive either FDR correction at p < .05 established using AlphaSim in the hippocampal ROI analyses or the p < 01, uncorrected, criterion placed on the whole-brain analysis.
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Figure 3. BDNF gene group differences (val/val > val/met: blue; val/met > val/val: yellow) for each of the 3 resting networks within hippocampal ROIs.
4. Discussion
Studies of the BDNF gene polymorphism have reliably documented episodic memory deficits associated with the met allele 


(Egan et al., 2003; Hariri et al., 2003) ADDIN EN.CITE . Contemporary models of declarative memory function suggest that strong neural connectivity between neocortical association areas and medial temporal lobe (MTL) regions underlies successful memory encoding, long-term maintenance, and retrieval (Ranganath et al., 2005). In this study we show a reduction in hippocampal and parahippocampal to cortical connectivity at rest in carriers of the met allele within each of the three resting networks examined: the default-mode, executive, and paralimbic networks. Analyses of all three networks provided evidence of higher basal connectivity between MTL structures and neocortical association areas in val-allele homozygotes than in met-allele carriers. These differences in resting FC may result from differences in anatomical connectivity, in which met-allele carriers have less robust cortical-to-MTL projections, particularly in the network important for executive control and in the default-mode network.


Studies of the BDNF gene polymorphism have identified increased risk for the development of psychiatric disorders in met-allele carriers 


(Sklar et al., 2002; Ventriglia et al., 2002) ADDIN EN.CITE . Comprised primarily of insular and cingulate cortices that are connected with subcortical limbic structures, the paralimbic network may be the neural network most broadly relevant to psychiatric disorders for the role it is expected to exert in the detection, integration, and filtering of interoceptive, autonomic, and emotional information 


(Habas et al., 2009; Seeley et al., 2007) ADDIN EN.CITE . The insula plays a critical role in the experience of emotion, interoceptive awareness, and bodily homeostasis 


(Critchley et al., 2004; Pollatos et al., 2007) ADDIN EN.CITE . In a complementary fashion, the cingulate cortex is implicated in resolution of emotional conflict, in part through mediation of MTL structures, in particular, the amygdala (Etkin et al., 2006). Overall, the system is posited to play an important role in response selection and orientation toward action by integrating its numerous inputs. Given the unique role of paralimbic neural networks in integrating sensory stimuli, and generating responses to those stimuli, it is not surprising that aberrant resting connectivity in this circuit is associated with the met allele. In the present study we demonstrate that connectivity between this network and neocortical association areas and the amygdala is enhanced in met-allele carriers. It is possible, therefore, that greater connectivity between the cortico-limbic structures underlies the propensity of met-allele carriers to experience higher levels of neuroticism (Sen et al., 2003) and increased risk of psychopathology 


(Sklar et al., 2002; Ventriglia et al., 2002) ADDIN EN.CITE .


We found reduced resting connectivity in widespread brain regions in met-allele carriers compared to val-allele homozygotes in both the default-mode and executive networks. We emphasized the differences observed in parahippocampal and hippocampal regions because of the major role these structures play in memory formation. Nevertheless, as we point out above, effective memory processing relies on distributed cortical and subcortical brain regions. In fact, the resting-state approach has been particularly fruitful in demarcating major memory networks by examining healthy participants and showing that regions of the precuneus, posterior cingulate, and parietal lobule that show greater activity to successfully remembered items are the same regions that are connected at rest to the hippocampal formation (Vincent et al., 2006), and by drawing conceptual links between memory impairments in Alzheimer patients and reduced resting-state connectivity in the DMN in the hippocampus (Greicius et al., 2004). Collectively, studies examining resting-state networks have found that levels of connectivity and integrity in these networks are related to the anomalies in the psychological and cognitive operations served by those networks (for reviews of DMN and neuropsychiatric disorders, see 


(Broyd et al., 2009; Greicius, 2008) ADDIN EN.CITE ). In the present study we found reduced connectivity in default-mode and executive networks in a number of regions known to be implicated in memory processing (hippocampus, precuneus, BA 31, inferior parietal lobule). We suggest, therefore, that reductions in FC in met-allele carriers observed for the DMN and EN may represent anomalous development of these cognitive networks in children and adolescents, a process that may give rise to the kinds of memory impairments previously reported in adult BDNF met-allele carriers 


(Dempster et al., 2005; Egan et al., 2003; Hariri et al., 2003; Ho et al., 2006) ADDIN EN.CITE .

Taken together, the reduced mnemonic function, altered MTL function, reduced hippocampal and cortical volume, and disposition to affective illness attributed to the BDNF met allele, combined with the functional connectivity analysis in our study, suggest that reduced BDNF has implications for the formation of large-scale neural networks. Our results extend previous fMRI findings by identifying altered neural system-level functional cooperativity in carriers of the met-allele. It remains for future research to elucidate the nature of the associations among these measures in affecting specific behavioral phenotypes. The role of exogenously applied neurotrophins, for example, is an active area of investigation, and advances in this area will inform our understanding of how these large-scale networks are formed and maintained.
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