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Abstract
Recent studies describe distinct DNA methylomes among phenotypic subclasses of neurons in the human brain, but
variation in DNA methylation between common neuronal phenotypes distinguished by their function within distinct neural
circuits remains an unexplored concept. Studies able to resolve epigenetic profiles at the level of microcircuits are needed to
illuminate chromatin dynamics in the regulation of specific neuronal populations and circuits mediating normal and
abnormal behaviors. The Illumina HumanMethylation450 BeadChip was used to assess genome-wide DNA methylation in
stratum oriens GABAergic interneurons sampled by laser-microdissection from two discrete microcircuits along the trisynaptic
pathway in postmortem human hippocampus from eight control, eight schizophrenia, and eight bipolar disorder subjects.
Data were analysed using the minfi Bioconductor package in R software version 3.3.2. We identified 11 highly significant dif-
ferentially methylated regions associated with a group of genes with high construct-validity, including multiple zinc finger of
the cerebellum gene family members and WNT signaling factors. Genomic locations of differentially methylated regions
were highly similar between diagnostic categories, with a greater number of differentially methylated individual cytosine res-
idues between circuit locations in bipolar disorder cases than in schizophrenia or control (42, 7, and 7 differentially methy-
lated positions, respectively). These findings identify distinct DNA methylomes among phenotypically similar populations of
GABAergic interneurons functioning within separate hippocampal subfields. These data compliment recent studies describ-
ing diverse epigenotypes among separate neuronal subclasses, extending this concept to distinct epigenotypes within similar
neuronal phenotypes from separate microcircuits within the human brain.

Introduction
Ongoing advances in technology for sampling and interrogating
cells and tissues are refining long-standing concepts of cellular cat-
egorization. As the resolution and throughput of multiple - omics

techniques improve, the field is developing new insight into the
diversity of individual cells within specific subtypes of neurons
(1,2). Chromatin regulation plays an established role in the genera-
tion and maintenance of cellular diversity in response to both
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programmed developmental events (3) and unique environmental
influences (4). DNA methylation is one facet of chromatin regula-
tion known to play a prominent role in CNS development and the
pathogenesis of multiple psychiatric illnesses (5,6). Recent studies
have demonstrated DNA methylation profiles to be distinct in
separate subclasses of neurons in mouse and in human brain (7,8),
and high-throughput single-cell DNA methylation sequencing has
been used to identify novel neuronal populations within the
human cortex (9). As we learn more about epigenomic mecha-
nisms that distinguish neuronal subpopulations from one another,
how those subpopulations are different or similar across
separate circuit locations in health and disease is the next neces-
sary question. A given neuronal subpopulation is likely not
interchangeable from one circuit location to another, and
distinct chromatin states among similar neuronal subpopulations
functioning within separate circuits in the brain is an underex-
plored concept essential to our understanding of the mechanisms
leading to dysfunction of specific circuits resulting in disease
symptomatology.

The hippocampus is an attractive site for studying the regu-
lation of neuronal subtype specific physiology across circuits
due to its well-characterized and comparatively simple
cytoarchitecture. The cornu ammonis (CA), or hippocampus
proper, contains three cellular layers, the stratum oriens (SO),
stratum pyramidale, and stratum radiatum, and the stratum lacuno-
sum-moleculare containing fiber tracts and distal dendrites of
pyramidal cells, which proceed through four subfields, CA4,
CA3, CA2 (in this work considered together as CA3/2), and CA1
(Fig. 1). The neurons within this structure form a highly pat-
terned cytoarchitecture organized along the trisynaptic path-
way, a prototypical circuit composed of projections from the
entorhinal cortex to the dentate gyrus, the dentate gyrus to sec-
tors CA3/2, and sectors CA3/2 to sector CA1.

This work focused on the SO, a layer containing exclusively
GABAergic interneurons (as well as glia and supportive cell popu-
lations) that form synapses with pyramidal neurons whose cell
bodies reside within the stratum pyramidale. GABAergic interneur-
ons within the SO fall into a small number of subclasses based on
their connectivity, primarily basket cells, bistratified cells, and
oriens-lacunosum-moleculare cells (10). While the neurons
within separate subfields of the SO are not differentiated by typi-
cally assessed phenotypic markers such as connectivity, mor-
phology, and calcium-binding peptide expression, they function
within distinct microcircuits that support separate cognitive
functions and are affected differently in health and disease.
Activity within CA3 is implicated in direct encoding of associative
memories (11), while CA1 operates as a comparator of input arriv-
ing from regions CA3 and entorhinal cortex layer III to discrimi-
nate between similar stimuli (12). In schizophrenia, imbalance
between these opposing functions of pattern completion and pat-
tern separation has been postulated to result in distorted percep-
tions and psychotic thought process (13).

We performed a genome-wide analysis of a previously
described dataset to investigate the hypothesis that DNA meth-
ylation patterns differ between populations of neurons as
closely related as GABAergic interneurons found within the SO
of hippocampal subfield CA1 versus those of CA3/2. Further, we
tested whether this mechanism acts differently across these
sites in schizophrenia (SZ) and bipolar disorder (BD) as com-
pared with healthy controls (CON). From a cohort of 24 postmor-
tem human hippocampus tissue samples (eight cases from
each diagnostic group), SO tissue was laser-microdissected
from subfields CA3/2 or from CA1 separately, and in these
regions, genome-wide DNA methylation was assessed using the

Illumina HumanMethylation450 BeadChip (HM450, Illumina,
San Diego, CA). Comparing CA1 to CA3/2 identified 11 highly sig-
nificant differentially methylated regions (DMRegions) with
large effect sizes associated with a set of ten genes with high
construct-validity with multiple common themes including the
WNT signaling pathway, zinc-finger transcription factors, diver-
gently transcribed tandem gene pairs, and development. While
the genomic locations of differentially methylated regions were
highly similar between diagnoses, methylation differences were
consistently of larger magnitude and more highly significant in
BD as compared with SZ and CON cases. Additionally, there
were a greater number of differentially methylated positions
(DMPositions) comparing CA1 to CA3/2 in BD as compared with
SZ and CON cases (42, 7, and 7 DMPositions, respectively).

These data demonstrate that recently described neuronal
subtype specific epigenotypes (7–9) also differ between common
neuronal subtypes functioning within separate neuronal cir-
cuits. Our results offer insight into the depth of complexity
involved in the regulation of cellular diversity within the human
brain and identify genes of known and of unknown function as
potentially important in the differences between phenotypically
similar populations of GABAergic interneurons participating in
distinct microcircuits within the human hippocampus. This
work demonstrates the importance of pursuing microcircuit
level resolution with physical microdissection techniques when
sampling the brain, as traditional homogenization techniques
and even emerging high-throughput single-cell technologies
will not detect potentially important microcircuitry based dif-
ferences such as those described here.

Results
Sample characterization

Tissue was sampled from SO of CA3/2 and from SO of CA1, loca-
tions containing exclusively GABAergic neurons functioning in
support of the second and the third synapse of the trisynaptic
circuit, respectively (Fig. 1). To demonstrate that DNA methyla-
tion differences between these samples is not due to different
proportions of cellular subpopulations present in each location,
we assessed gene-expression profiles from a previously
reported microarray study that investigated equivalently micro-
dissected tissue samples in a separate non-overlapping cohort
of postmortem human hippocampus from 21 individuals (14).
In this prior dataset, we investigated at each circuit location
mRNA expression of genes commonly used as markers of cell
phenotype, including ENO2, GFAP, GAD1 and GAD2, SLC17A7,
SST, CCK, PVALB, CALB1, and CALB2, as normalized to the
expression of the housekeeping gene GAPDH. Supplementary
Material, Figure S1 shows that sampled tissues are not signifi-
cantly different in the expression of any of these markers of
neuronal and non-neuronal cellular phenotypes.

Differentially methylated regions

In each sample, DNA methylation was assessed across the
genome at 485 512 CpG sites using the HM450. Methylation pro-
files were compared across CA3/2 and CA1 samples using the
“bump hunting” approach (15) implemented with the minfi
package (16) in R version 3.3.2. Our cohort is well balanced for
potential confounds, including age, postmortem interval, and
tissue pH (Table 1), and as all comparisons were done with per-
fect matching (the cases in the CA3/2 and CA1 groups are
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identical), demographic variables of the cohort were not further
considered in our analyses.

Pooled comparison of genome-wide DNA methylation pat-
terns between hippocampal subfields in all 24 cases identified
11 DMRegions with FWER< 0.05 (Fig. 2A), six of which were rela-
tively hypomethylated in CA3/2 versus CA1, and five hyperme-
thylated (Table 2). Four of these DMRegions were found
immediately downstream of genes within divergently tran-
scribed tandem pairs, including three genes within the zinc fin-
ger of the cerebellum (ZIC) gene family (Fig. 3 - additional
DMRegions are depicted in Supplementary Material, Fig. S2). As
shown in Figure 4 and Supplementary Material, Figure S3, meth-
ylation measurements at sites within DMRegions are robustly
different between circuit locations, with methylation measure-
ments in CA1 and CA3/2 separating completely at most
assessed CpG loci. Effect sizes measured by Cohen’s d (differ-
ence in group means divided by the pooled standard deviation)
at all 95 individual CpG sites found within significant
DMRegions range from 0.68 to 6.33, with an average of 3.96.

As revealed by cluster analysis, methylation profiles differ
more across hippocampal subfields than across diagnoses (Fig. 5).
Comparison of the eight CA3/2 samples to the eight CA1 samples

within each diagnostic group identified zero DMRegions with
FWER< 0.05. However, as shown in Figure 2B, the 15 most signifi-
cant DMRegions in each diagnostic group show a high degree of
overlap with the locations of DMRegions identified in the pooled
analysis. DMRegions within individual groups were highly similar
in location and in rank order to each other and to DMRegions
identified in pooled analysis of all 24 cases. All of the 11 signifi-
cant pooled comparison DMRegions (with the exception of
TRIML1) were found within the top 14 DMRegions in analyses of
each individual diagnosis. Despite this high degree of similarity
in methylation profiles among diagnostic groups, the BD group
contained more DMRegions with uncorrected P-value less than
0.01 than the SZ and CON groups (22, 9, and 6 DMRegions, respec-
tively; chi-squared¼ 11.73, df¼ 2, P¼ 0.0028).

With the same approach described under “Sample
Characterization,” we checked for differential expression
between SO of CA1 and CA3/2 of genes associated with
DMRegions in the pooled analysis within the previously
reported gene expression dataset. Of the 11 DMRegion-
associated genes, only five (MEIS2, OTOF, SFRP1, ZIC1, and ZIC4)
are assessed by probes present on the microarray used in the
previous gene expression study (14), and none of these five

Figure 1. Hippocampus cytoarchitecture and microdissection of stratum oriens tissue from CA3/2 and CA1. (A) The schematic depicts the cytoarchitecture of the human

hippocampus, focusing on the neurons of SO and the projections of pyramidal neurons of SP. Within the SO, neurons are exclusively GABAergic and primarily fall into

three subtypes: basket cells, with axons synapsing with pyramidal cell somata within SP; bistratified cells, with axons synapsing with pyramidal cell dendrites within

layers SO and SR; and oriens-lacunosum-moleculare cells, with axons synapsing with pyramidal cell dendrites in the SLM. The organization of the trisynaptic pathway

is depicted, and the circled numbers indicate the location of the three synapses within this prototypical hippocampal circuit. Synapse 1 occurs between projections

from the entorhinal cortex layers II and III to the neurons of the dentate gyrus via the perforant pathway. Projections from the dentate gyrus (mossy fibers) to the pyra-

midal neurons of CA3 form synapse 2. Synapse 3 occurs between projections from CA3 pyramidal neurons (Schaffer collaterals) and pyramidal neurons of CA1. The

major populations of SO GABAergic interneurons of CA3 and CA1 are the same; what distinguishes these neuronal populations is their functioning within separate

microcircuits supporting the function of the second and third synapses within the trisynaptic pathway. Shown at bottom is a single Nissl-stained 30 mm section of

postmortem human hippocampus before (B) and after (C) laser microdissection of tissue from stratum oriens of subfields CA3/2 and CA1. SO, stratum oriens; SP, stratum

pyramidale; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; P, pyramidal neuron; BC, basket cell; BSC, bistratified cell; O-LM, oriens-lacunosum-moleculare cell;

DG, dentate gyrus; EC, entorhinal cortex.
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genes were found to be differentially expressed in that dataset
(Supplementary Material, Fig. S4).

Differentially methylated positions

In addition to the bump hunting analysis, we investigated dif-
ferences between hippocampal subfields at the level of individ-
ual CpG sites by performing paired Student’s t-test between
DNA methylation measurements from CA3/2 and CA1 at each
of the 485 512 assessed CpG sites and applying Bonferroni cor-
rection. In diagnosis-specific analyses, we observed 7, 7, and 42

significantly differentially methylated CpG sites (DMPositions –
Fig. 6B) in the CON, SZ, and BD groups, respectively (v2¼ 44,
df¼ 2, P-value¼ 3.2e-10). While many of the significant
DMPositions in individual diagnoses fall within the genomic
locations of DMRegions, there is little overlap between the spe-
cific CpGs identified as DMPositions in each diagnosis, with zero
DMPositions common to all three diagnoses, and just one
DMPosition shared by the BD and CON groups (cg25334575).

Pooled analysis of all 24 cases using the paired Student’s
t-test to assess each CpG locus individually identified 16 089
sites, or 3.3% of all assessed sites, as DMPositions with
Bonferroni-corrected P-value< 0.05. These sites are diffusely
distributed across the genome (Fig. 6A), but the most signifi-
cantly different sites again show a large amount of overlap with
locations of significant DMRegions.

To investigate the potential influence of the disparate medi-
cation exposures present in the SZ, BD, and CON groups on the
differences in the numbers of CA1 vs. CA3/2 DMPositions
observed in each group, we repeated the DMPosition analysis in
the seven patients with exposure to lithium, 6 patients with
exposure to valproate, and 9 patients with exposure to dibenzo-
diazepine type antipsychotics. The number of DMPositions
identified with Bonferroni-corrected P-value<0.05 from each
medication exposed group was compared with the number
identified by an equivalent analysis of a randomly selected
group of subjects without the exposure. For each medication
class the number of DMPositions identified in the exposed sub-
jects was comparable to the number identified in the unexposed
subjects (lithium exposed 5, lithium unexposed 3; dibenzodiaze-
pine antipsychotic exposed 56, dibenzodiazepine antipsychotic
unexposed 61; valproate exposed 1; valproate unexposed 1).

Distribution of DMRegions and DMpositions among
functional genomic elements

We investigated the overlap of DMRegions with annotated func-
tional genomic elements by assessing the number of DMRegion
probes located within each class of element, normalized to the
total number of DMRegion probes genome-wide (Fig. 7). A simi-
lar calculation was performed for probes identified as
DMPositions, and for all probes present on the HM450. If
DMRegions and DMPositions are distributed randomly across

Table 1. Tissue cohort and demographic variables

Diagnosis Gender Age PMI pH COD Medication exposures

CON M 57 22.3 6.60 Cancer Lorazepam
CON F 51 30.7 6.60 PE
CON F 71 22.0 6.13 MI
CON F 71 22.3 6.28 Cancer
CON M 88 11.1 6.37 Cancer
CON M 49 27.1 6.29 MI
CON M 75 20.3 6.41 MI
CON F 51 23.1 6.09 CVA
Mean 4Mj4F 64.13 22.35 6.35
SZ F 73 28.8 6.19 Cancer Clozapine, Lithium
SZ M 77 25.3 6.50 PNA Clozapine, Quetiapine, Valproate
SZ F 64 18.5 6.55 Resp Fail Lorazepam, Olanzapine
SZ F 73 24.0 6.05 Cancer Risperidone
SZ M 83 43.5 6.18 Cancer Fluphenazine
SZ M 56 20.0 6.24 MI Clozapine
SZ F 85 12.8 6.69 MI Fluphenazine, Haloperidol
SZ M 32 38.4 6.56 Suicide Risperidone, Valproate
Mean 4Mj4F 67.88 26.42 6.37
BD F 76 22.8 6.08 MI Lithium, Valproate
BD M 69 29.5 6.14 PNA Lithium
BD M 77 24.2 6.58 Cancer Diazepam, Lithium
BD F 51 30.1 6.45 MI Diazepam, Risperidone, Valproate
BD M 80 13.4 6.08 PNA Haloperidol, Lithium, Risperidone
BD F 76 19.9 6.52 PNA Fluphenazine, Lithium, Olanzapine
BD F 51 35.1 6.02 PNA Clozapine, Lithium, Valproate
BD F 66 25.0 6.27 Suicide Olanzapine, Valproate
Mean 3Mj5F 68.25 24.98 6.27
p 0.86 0.82 0.58 0.46

Listed are the demographic variables for our assembled cohort. Sample groups were not significantly different for age, gender, PMI, or pH as assessed by ANOVA with

p value listed in the bottom row. PMI, postmortem interval; COD, cause of death; CVA, cerebrovascular accident; PE, pulmonary embolism; MI, myocardial infarction;

PNA, pneumonia

257Human Molecular Genetics, 2018, Vol. 27, No. 2 |

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx395#supplementary-data
Deleted Text: Differentially Methylated Positions
Deleted Text: -
Deleted Text: Figure 
Deleted Text: chi-squared
Deleted Text: Figure 
Deleted Text: to
Deleted Text: Distribution of DMRegions and DMPositions Among Functional Genomic Elements
Deleted Text: Figure 


the genome, we would expect the ratios observed for each
genomic element to be similar between all HM450 probes and
probes associated with DMRegions or DMPositions. What we
found however indicates that sites of significant methylation
change are enriched and depleted within specific classes of
functional genomic elements. DMPositions are enriched at
enhancer elements and gene bodies, while they are depleted
from CpG islands. DMRegions are enriched within CpG islands
and shores, highly enriched within previously annotated
DMRegions, and depleted from gene bodies.

Pyrosequencing validation

In the same layer- and subfield-specific DNA samples used for
the HM450 analysis, we performed bisulfite pyrosequencing
measurements of DNA methylation levels within the most sig-
nificant (ZIC2-associated) and the least significant (ZIC4-associ-
ated) DMRegions from the bump hunting analysis to validate
our microarray findings. These assays measured methylation
levels at four contiguous CpG sites within the ZIC2-associated

DMRegion, and five contiguous CpG sites within the ZIC4

DMRegion. Methylation at all nine of these CpG sites was highly
significantly different between CA1 and CA3/2 (uncorrected
P-values between 6e-12 and 1e-19 – Supplementary Material,
Fig. S5).

Discussion
To our knowledge, this study is the first genome-wide investiga-
tion of methylation patterns in phenotypically similar popula-
tions of neurons sampled from multiple circuit locations within
a single structure of the human brain. The majority of prior epi-
genetic postmortem human brain analyses have been per-
formed using homogenized samples of whole cortex.
Bioinformatic approaches have been developed to deconvolute
signal from the many distinct cell types present within such a
sample (17,18), and such approaches are necessary to control
for differences in the cellular composition of samples across
comparator groups, and to identify which cell-type may be the
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host of a significant finding. These approaches are limited, how-
ever, in that they cannot address the increased risk of type II
statistical error present in studies of cell-specific phenomena
such as DNA methylation performed with highly heterogeneous
samples, and they cannot localize findings to common cellular
subtypes at one circuit location but not another within the
larger structure. For these reasons, more advanced methods for
physically fractionating sampled cell types and circuit locations
[laser microdissection (5,19), fluorescence-activated cell or
nuclear sorting (7,20), genetic labeling of neuronal subpopula-
tions in animal models (8), microfluidics (21,22)] are necessary
to advance our understanding of the regulation of neuronal
diversity and the functional distinctions that occur across cell
types and neuronal circuits in both health and disease.

Essential in the analysis of postmortem human brain is rig-
orous control for the many potential confounding factors
present in an assembled cohort. Our study design mitigates this
problem by comparing two hippocampal subregions microdis-
sected from each individual case, resulting in a perfectly bal-
anced comparison and sidestepping the confounding influence
of factors such as the age, gender, agonal state, and lifetime
exposures unique to each case. Nevertheless, the cohort
employed in this study was well balanced across diagnostic

groups with respect to age, gender, and postmortem interval
(Table 1). Exposure to psychotropic medications is also perfectly
balanced in each CA1 versus CA3/2 comparison, but is not bal-
anced between the control and patient groups. The issue of
chronic medication exposure as a confounding factor in DNA
methylation studies of psychiatric illness is difficult to rigor-
ously control for multiple ethical and practical reasons. The
ideal study would assess a large cohort of medication naive
patients, but this is difficult to achieve, especially for a study
requiring access to brain tissue. Model systems have been used
to measure epigenetic effects of medication exposure in rodent,
non-human primate, or cell culture models (23), with findings
often specific to the medication administered and the genomic
loci assessed. Statistical methods employed to control for medi-
cation effects in human studies are to include medication or
other environmental exposures (i.e. smoking or drugs of abuse)
as a covariate in regression analysis where appropriate (24), to
reanalyse data grouping subjects on exposure status rather
than diagnostic categorization (5,25), or to investigate the
impact of surrogate variables (i.e. principal components),
thought to encompass unmeasured potential confounds includ-
ing medication effects, on DNA methylation variability (26). In
our cohort circuitry specific DMRegions are highly similar
between medication exposed patient groups and the unexposed
control subjects, leading us to conclude that medication is not a
driving factor in these methylation differences. To further
investigate the potential influence of medication exposure on
differential methylation across hippocampal subfields in our
cohort, we analysed DMPositions in groups of patients with
exposure to three types of medication, lithium, which has been
shown to influence DNA methylation in a gene-specific manner
in human neuroblastoma cells (27), valproate, which is known
to influence chromatin structure through its activity as a his-
tone deacetylase inhibitor (28), and dibenzodiazepine type anti-
psychotic medications (including clozapine, olanzapine, and
quetiapine) which have been shown in animal studies to alter
DNA methylation patterns while other antipsychotic medica-
tions (including haldol and risperidone) did not (23). The num-
ber of significant DMPositions identified in each medication-
exposed group was comparable to that observed in a randomly
selected group of subjects of equal size without the exposure,
again supporting our conclusion that medication exposure is
not a primary factor in the differences observed between the SZ,
BD, and CON groups.

Limitations of this study include the sample size, which is
limited by the labor and time intensive task of laser microdis-
section. This is most problematic in the analyses of individual
diagnostic groups where no DMRegions met our stringent meas-
ure of genome-wide significance and follow-up studies of larger
cohorts may identify circuitry specific DMRegions that are spe-
cific to patient or control populations. Additional limitations are
intrinsic to the methodology, including the bias introduced by
any microarray technology that can only investigate genomic
regions targeted by the array, and the inability of any bisulfate
conversion based assay of DNA methylation to differentiate
5-methylcytosine from 5-hydroxymethylcytosine. Furthermore,
the HM450 array targets only cytosine residues within CpG
dinucleotides, while non-CpG cytosine methylation may be
more informative for neuronal physiology (9,29). Also, while
gene expression analysis from a separate non-overlapping
cohort did not detect gene expression changes in DMRegion
associated genes, this postmortem human brain analysis is
unable to investigate causal links to other potential functional
outcomes of the observed methylation differences.
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ments. Open circles indicate the average beta value at a single CpG for all cases

in that subfield. Genomic location and length of scale bar are indicated at the

base of each plot. Similar plots for the remaining five significant DMRs, as well

as ZIC5, are included in Supplementary Material, Figure S3.
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The neuronal populations sampled from CA3/2 and from CA1
are highly similar and are differentiated primarily by their func-
tioning within discrete microcircuits along the trisynaptic path-
way. While phenotypic characteristics including expression of a

number of mRNAs commonly used as phenotypic markers of
GABAergic interneuronal subtypes (Supplementary Material, Fig.
S1) are not distinct between CA3/2 and CA1 on a population basis,
subtle differences in GABAergic populations identified by patterns
of connectivity in SO of these subfields have been described (back-
projection neurons specific to CA1 SO, horizontal trilaminar cells
specific to CA1 SO) (10). Considering the robust effect sizes and the
fact that subfield-specific GABAergic neuron subtypes are greatly
outnumbered by neuronal populations common to CA3/2 and CA1
(10), we propose that the observed subfield-specific methylation
profiles are present in common GABAergic subtypes distinguished
not by phenotype but by the unique environment of each hippo-
campal subfield.

The data presented here identify significant differences in
DNA methylation profiles observed in SO of CA3/2 as compared
with SO of CA1. While there are interesting differences in meth-
ylation profiles between SZ, BD, and CON at specific circuit loca-
tions (5), cluster analysis demonstrates that methylation
profiles differ more between hippocampal subfields than
between diagnostic categories (Fig. 5). An analysis of methyla-
tion differences between hippocampal circuit locations within
individual diagnostic groups identified multiple DMPositions
significant after Bonferroni correction (Fig. 6), and DMPositions
in all diagnoses often overlap with a discrete number of
genomic loci corresponding to DMRegions described below.
Beyond these similarities between diagnoses, the BD group was
found to have significantly more DMPositions (Fig. 6B, P-val-
ue¼ 3.2e-10) than the other two groups. While interpretation of
this finding is uncertain, it suggests that phenomena driving

Table 2. Differentially methylated regions and associated genes

Genomic
location

FWER HM Associated
gene

DTTGP
Member

Gene
product

Protein
function

DMR location

13q32.3 0.006 CA1 ZIC2 X Zinc Finger of the
Cerebellum 2

Zinc Finger TF, 2 kb Downstream
CNS Development,
WNT Signaling

15q14 0.006 CA1 LOC145845/
MEIS2

Long Non-Coding RNA Non-Coding RNA Third Intron, 10kb
Downstream of MEIS2

4q35.2 0.009 CA2/3 TRIML1 X Tripartite Motif Family
Like-1

Zinc Finger TF,
CNS Development

90 kb Downstream

1p32.3 0.027 CA1 DMRTA2 DoubleSex and Male
Aberant-3 Related TF

CNS Development, Neuronal
Differentiation,
WNT Signaling

7 kb Upstream of TSS

13q32.3 0.029 CA1 CLYBL Citrate Lyase Beta Like Mitochondrial B12 Metabolism Ninth (Final) Exon
3q24 0.032 CA2/3 ZIC1 X Zinc Finger of the

Cerebellum 1
Zinc Finger TF,
CNS Development,
WNT Signaling

6 kb Downstream

8p11.21 0.036 CA1 SFRP1 Secreted frizzled-related
protein 1

WNT Signaling 0.6 kb Upstream of TSS

2p23.1 0.037 CA1 OTOF Otoferlin Protein Vesicle Membrane Fusion,
Neurosensory Deafness

Upstream boundary
exon 6

15q26.1 0.045 CA2/3 MIR9-3HG Long-Intergenic Non-
coding RNA

microRNA9-3 host gene Upstream boundary
exon 2

15q14 0.046 CA2/3 MEIS2 TALE Homeobox Protein Development Fourth Intron
3q24 0.046 CA2/3 ZIC4 X Zinc Finger of the

Cerebellum 4
Zinc Finger TF,
CNS Development,
WNT Signaling

4 kb Downstream

13q32.3 0.176 CA1 ZIC5 X Zinc Finger of the
Cerebellum 5

Zinc Finger TF,
CNS Development,
WNT Signaling

6.5 kb Downstream

HM indicates which subfield is hypermethylated relative to the other at the indicated locus.

FWER, Family Wise Error Rate; DMR, Differentially Methylated Region; DTTGP, Divergently Transcribed Tandem Gene Pair.

CON
CA1

CON
CA3/2

BD
CA1

SZ
CA1

BD
CA3/2

SZ
CA3/2

Figure 5. Cluster dendrogram depicting the relatedness of the six sample groups

in our dataset. Methylation profiles differ more across hippocampal subfields

than they do across diagnostic categories. Note the similarity within each hip-

pocampal subfield, with psychiatric subjects clustering together and away from

control subjects.
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methylation differences between hippocampal subfields may be
more prominent in BD as compared with both CON and SZ.
Additionally, while many DMPositions are found near the
genomic sites of DMRegions, there is little overlap at the level
specific CpG loci, with just one common DMPosition shared
between the BD and CON groups.

The bump hunting algorithm implemented within the minfi
package has been used by multiple groups to identify regions of
methylation change expected to be of greater biological signifi-
cance as compared with differentially methylated single CpG
sites (15,30). Bump hunting analysis of our dataset identifies 11
DMRegions with FWER< 0.05, and large effect sizes an order of
magnitude beyond those most often reported in the literature
assessing DNA methylation change (average effect size is 3.96
for assessed CpGs within DMRegions). In this genome-wide
unbiased comparison, there is no reason to assume a priori that
these DMRegions would be associated with genes of common
function. Interestingly, however, these DMRegions are associ-
ated with a group of ten genes with high construct-validity, as
most are known to play roles relevant to the development and

function of the central nervous system (CNS). Four of these
genes encode zinc-finger transcription factors, including three
members of a single gene family, the zinc finger of the cerebel-
lum genes (ZIC1, ZIC2, ZIC4 - a non-significant DMRegion with
FWER 0.176 was also associated with ZIC5). These four zinc fin-
ger protein-associated DMRegions are found in a similar config-
uration downstream of genes within divergently transcribed
tandem gene pairs. While none of the five DMRegion associated
genes that were assessed in a prior gene-expression study
showed differential expression between SO regions CA1 and
CA3/2 (Supplementary Material, Fig. S4), there is a growing liter-
ature describing multiple genomic functions of DNA methyla-
tion beyond direct regulation of transcription (31).

The ZIC gene family contains five members in two diver-
gently transcribed tandem gene pairs, ZIC1 and ZIC4 on chromo-
some 3, and ZIC2 and ZIC5 on chromosome 13, plus ZIC3 as a
singleton on the X chromosome. This unusual arrangement is
conserved over large evolutionarily distances similar to other
gene families critical for developmental patterning (32). Within
the ZIC gene family’s two tandem gene pairs, DMRegions were
found between two and six kb downstream of the 3’ end of each
gene (Fig. 3). Interestingly, within each pair the direction of
methylation change is consistent, but inconsistent across pairs.
The ZIC genes encode zinc-finger transcription factors involved
with neuroectoderm differentiation and specification of neuro-
nal cell fate with complex patterns of expression across time
and location. Mutations in ZIC genes lead to varied developmen-
tal malformations and lack of specific structures within the
CNS, with an extreme example being the association of loss of
ZIC2 with holoprosencephaly, a failure of the forebrain to sepa-
rate into distinct left and right hemispheres (33). During devel-
opment, ZIC genes are involved in preventing the premature
exit of neuronal precursors from the cell cycle (34). ZIC genes
continue to be expressed in adult neurons, where they function
in the coordination of mature neuronal gene expression pat-
terns through action at neuronal enhancer elements regulated

A

B

Figure 6. Differentially methylated positions in CA3/2 versus CA1. DMPositions

with Bonferroni-corrected P-value less than 0.05 identified by single-probe anal-

ysis in all 24 cases together (A) and in separate diagnostic categories (B) are

plotted with genomic location indicated on the X-axis, and -log10(Bonferroni-

corrected P-value) on the Y-axis. As in Figure 2b, dotted vertical lines indicate

the genomic location of DMRegions identified in the pooled analysis of all diag-

noses together, and dotted lines with an asterisk at their base indicate the loca-

tion of two distinct DMRegions located too closely together to be resolved on

this plot.

Figure 7. Overlap of differentially methylated locations with functional genomic

elements. Barplot of the percentage of the total number of probes within the cat-

egories of DMRegion probes and all HM450 probes that overlap with the indi-

cated functional genomic elements. TSS200, within 200 bp of the transcription

start site; TSS1500, within 1500 bp of the transcription start site; Shelf, CpG

island shelf; Shore, CpG island shore; Island, CpG island; DHS, DNAse hypersen-

stive site; DMR, previously annotated differentially methylated region.
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through chromatin dynamics (35). ZIC genes are known to inter-
act with the WNT signaling pathway that regulates many func-
tions within the developing CNS, including cell proliferation
and specification, neuronal migration and polarity, axon path-
finding and branching, and synapse assembly (36). In the adult
brain, ZIC genes continue to be expressed and interact with the
WNT signaling pathway in the regulation of synaptic structure
and function, both pre- and post-synaptically (37).

In addition to the ZIC genes, SFRP1 and DMRTA2 also play
important roles in modulation of the WNT signaling pathway in
the developing and adult brain. SFRP1 encodes the secreted
frizzled-related protein 1, a biphasic modulator of the WNT sig-
naling pathway (38). The DMRTA2 gene encodes the DMRT like
family A2 protein, a transcription factor that promotes neuro-
genesis in the developing brain and continues to be expressed
in adult hippocampus selectively in neurons (39). In mice, the
loss of DMRTA2 leads to complete agenesis of the hippocampus
(40). DMRTA2 has been shown to be involved in the develop-
ment of the early telencephalon through the formation of the
cortical hem and to support the maintenance of neural progeni-
tors through WNT pathway activity (40).

Of the DMRegion associated genes not explicitly related to
the WNT signaling pathway, MEIS2, TRIML1, and MIR9–3HG are
also important regulators of early development. MEIS2 encodes
the Meis homeobox 2 protein, a highly conserved TALE homeo-
box protein and transcriptional regulator essential for develop-
ment (41). MEIS2 contains a subfield-specific DMRegion within
its fourth intron. This gene is known to produce a number of
transcript variants encoding distinct isoforms of the protein,
and a role for methylation of intronic sequences has been pro-
posed in the regulation of alternative splicing (31). The TRIML1
gene, like the ZIC genes, encodes a zinc-finger protein and is
found in a divergently transcribed tandem gene pair. TRIML1
encodes tripartite motif family-like 1, a RING (Really Interesting
New Gene) finger domain protein and E3 ubiquitin ligase impor-
tant for early embryo development (42). TRIML1 is expressed in
adult brain, where it is found in particularly high levels in neu-
rons within the hippocampus and is not detected in glia (39).
MIR9–3HG is the MIR9–3 host gene found 10 kb downstream of
the MIR9–3 gene and the two are likely co-regulated (43). MIR9–3
is one of three genomic loci that encode microRNA9, which is
expressed in both neurons and glia but is specific to brain, is
involved in neuronal differentiation and patterning of the
developing brain (44), and is regulated by the cAMP response
element binding protein (CREBBP) (45).

Among this group of DMRegion associated genes, only two,
CLYBL and OTOF, do not fit neatly into the categories of WNT
signaling modulators and regulators of development. CLYBL
encodes the citrate lyase beta-like enzyme, a component of the
mitochondrial B12 pathway found in mitochondria of all mam-
malian tissues, including both neurons and glia of adult hippo-
campus (39). Finally, the OTOF gene is associated with
neurosensory nonsyndromic recessive deafness (46). OTOF is
expressed in adult hippocampus selectively in neurons, and the
otoferlin protein is thought to be involved with vesicle mem-
brane fusion. OTOF produces multiple transcript variants (47),
and the OTOF-associated DMRegion straddles the 3’ boundary of
the sixth exon.

This work demonstrates robust and specific differences in
the DNA methylomes of populations of neurons that are pheno-
typically highly similar and are differentiated by the circuitry in
which they are embedded, suggesting a role for DNA methyla-
tion in the regulation of neuronal genomic processes in
response to the unique cellular environment found at separate

circuit locations within the human brain. A striking number of
the genes associated with DMRegions in our analysis perform
roles in CNS development, continue to be expressed in adult
hippocampus, and are expressed specifically in neurons.
Association of DMRegions with three out of five ZIC gene family
members, as well as DMRTA2 and SFRP1, implicates the WNT
signaling pathway in these phenomena. Finally, this work dem-
onstrates the necessity of physically sampling neuronal circuit
locations individually, as even advanced cell-sorting methodol-
ogies will overlook circuit specific epigenomic distinctions
between phenotypically similar cellular populations when
applied to larger brain structures such as whole hippocampus
or whole cortex.

Materials and Methods
Cohort description

A cohort of 24 postmortem human hippocampus samples con-
taining eight healthy controls, eight schizophrenia, and eight
bipolar disorder cases matched for age, gender, postmortem
interval, and pH was obtained from the Harvard Brain Tissue
Resource Center, as previously described (5). All cases were
obtained by family referral; none was referred by a medical
examiner’s office. Cases with documentation of illicit drug
abuse were excluded.

On arrival to the facility, hippocampal tissue blocks were
dissected from fresh brain at the level of the pulvinar thalami
along the rostro-caudal axis of the hippocampus. Tissue blocks
were lightly fixed in ice-cold 0.1% formalin in 0.1M phosphate
buffer (pH 7.2) for 90 minutes before cryoprotection with 30%
sucrose in phosphate buffer overnight. Tissue blocks were then
embedded in optimum cutting temperature compound (Sakura
Finetek, Torrance, CA) and stored at �80 �C.

Tissue processing and arrays

Frozen postmortem human hippocampus was sectioned to
30 mm in a Microm HM560 cryostat at -20 �C and mounted on
polyethylene terephthalate frame slides (Leica, Wetzlar,
Germany). Mounted tissue sections were processed through a
graded series of ice-cold acetone and ethanol, hydrated in
phosphate-buffered saline, stained with cresyl violet, and dehy-
drated through ascending concentrations of ethanol. The slides
were air dried, and SO tissue was dissected from region CA3/2
or CA1 from approximately 60 sections per case using a Leica
LMD6500 laser microdissection system (Fig. 1). DNA was
extracted from collected tissue using the QIAamp DNA Micro
Kit (Qiagen, Hilden, Germany) and stored at�80 �C until further
use.

For each sample, 500 ng of genomic DNA was bisulfite modi-
fied using the EZ DNA Methylation Kit (Zymo Research, Irvine,
CA) with modified parameters recommended by Illumina. The
bisulfite-modified DNA was analysed using the HM450 per the
manufacturer’s instructions, with samples randomly distrib-
uted to 48 arrays across four slides.

Sample characterization

A previously reported microarray experiment investigated
gene-expression patterns in equivalently microdissected post-
mortem human hippocampus in a non-overlapping cohort of 21
cases (14). This existing dataset was interrogated to demon-
strate that the cellular populations present in SO do not differ
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between subfields CA3/2 and CA1 as assessed by mRNA expres-
sion for genes commonly used to characterize cellular pheno-
types pertinent to GABAergic interneurons. Comparisons were
made using two-tailed paired t-tests in 21 CA1 samples versus
21 CA3/2 samples. Genes examined include GFAP, ENO2, GAD1,
GAD2, CCK, SST, PVALB, SLC17A7, CALB1, and CALB2, and gene
expression was normalized to expression of the housekeeping
gene GAPDH (Supplementary Material, Fig. S1).

Data analysis

All statistical analyses were performed using R software version
3.3.2. Raw intensity (idat) files were analysed with the minfi
Bioconductor package (16), and data were normalized by strati-
fied quantile normalization. Internal control probes were inves-
tigated and no samples were identified as outliers, and no
samples were excluded from analysis. M values, the log ratios of
percent methylation measurements, were extracted and used
for all analyses, and data are presented graphically using the
more intuitive beta values (48), which represent percent methyl-
ation measurements. As each group in the comparison (CA3/2
versus CA1) contains tissue sampled from an identical set of
cases, potential confounds are equally distributed across groups
and were not considered further in the assessment of differen-
ces across subfields. Additionally, while some HM450 probes
have been shown to be influenced by the genotype of underly-
ing single-nucleotide polymorphisms (SNP) and these probes
are sometimes excluded from analysis, we did not exclude
these probes as genotype is identical between the CA3/2 CA1
pair from each individual case. Probes known to have an SNP at
their target CpG (SNP probes) were present within the set of
probes associated with DMPositions at lower frequency than
among all probes on the array (4.0% versus 4.3%), and no SNP
probes were associated with CpG sites within DMRegions (49).
DMPositions were identified using two-tailed paired Student’s t-
test to compare subfields at each individual HM450 probe in
both individual diagnostic groups (eight vs eight samples in
each group) and in all samples together (24 vs 24 samples), with
Bonferroni-corrected P-value< 0.05. To investigate the influence
of specific classes of medication on methylation differences
between subfields, we compared the output of this DMPosition
analysis of array-wide CA3/2 versus CA1 methylation measure-
ments in patients with exposure to lithium, valproate, or diben-
zidiazepine type antipsychotic medication, and in a randomly
selected group of cases of equal number without exposure to
each medication class. DMRegions were identified with the
bump hunter algorithm within the minfi package based on 1000
permutations with family wise error rate (FWER)< 0.05, and this
analysis was again performed both in each eight case diagnostic
group and in all 24 cases pooled together.

DMRegion validation by bisulfite pyrosequencing

Methylation measurements were validated using pyrosequenc-
ing at multiple CpG sites within separate DMRegions associated
with the ZIC2 and ZIC4 genes. These sites were chosen because
they are associated with the highly interesting ZIC genes, and
also because they are the most and the least significant
DMRegions that met the criteria of FWER< 0.05. Regions of
interest were amplified using 15 ng of bisulfite-modified
genomic DNA from each sample with the Qiagen Pyromark PCR
kit using the following primers designed using MethPrimer (50):
ZIC2 forward primer—5’- GTT AAG GTT GTG GGT TAT TAG GT -

3’; ZIC2 reverse primer—5’-/5BiosG/AAA TAT CAC CTC TTC AAA
AAC TC -3’; ZIC4 forward primer—5’- AGG AGT TTT ATT TAG
ATT GTA GGT G -3’; ZIC4 reverse primer—5’-/5BiosG/CCA AAC
CTT ACC CTT CCT AAA AA -3’. PCR conditions were as follows:
95 �C for 15 minutes, (94 �C for 30 seconds, 56 �C for 30 seconds,
72 �C for 30 seconds) for 45 cycles, 72 �C for 10 minutes, 4 �C
hold. In both assays the forward primer was used as the
sequencing primer. The amplified template was sequenced
using a Pyromark MD96 instrument per the manufacturer’s pro-
tocol, and methylation measurements were assessed for signifi-
cant differences between subfields using two-tailed paired
Student’s t-test comparing 24 CA1 samples to 24 CA3/2 samples.

Supplementary Material
Supplementary Material is available at HMG online.
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