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Abstract

Objective—Genetic factors confer risk for neuropsychiatric phenotypes, but the polygenic
etiology of these phenotypes makes identification of genetic culprits challenging. An approach to
this challenge is to examine the effects of genetic variation on relevant endophenotypes, such as
hippocampal volume loss. Smaller hippocampus is associated with gene variants of the renin-
angiotensin system (RAS), a system implicated in vascular disease. However, no studies have
investigated longitudinally the effects of genetic variation of RAS on the hippocampus.

Method—We examined the effects of polymorphisms of AGTR1, the gene encoding angiotensin-
Il type 1 receptor of RAS, on longitudinal hippocampal volumes of older adults. 138 older adults
(age = 60 years) were followed for an average of about four years. Subjects underwent repeated
structural MRI and comprehensive neurocognitive testing, and were genotyped for four AGTR1
SNPs with low pairwise linkage disequilibrium values and apolipoprotein E (APOE) genotype.
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Results—Genetic variants at three AGTR1 SNPs (rs2638363, rs1492103, rs2675511) were
independently associated with accelerated hippocampal volume loss over the four-year follow-up
in the right but not left hemisphere. Intriguingly, these AGTRL risk alleles also predicted worse
episodic memory performance but were not related to other cognitive measures. Two risk variants
(rs2638363 and rs12721331) interacted with the APOEA4 allele to accelerate right hippocampal
volume loss.

Conclusions—Risk genetic variants of RAS may accelerate memory decline in older adults, an
effect that may be conferred by accelerated hippocampal volume loss. Molecules involved in this
system may hold promise as early therapeutic targets for late-life neuropsychiatric disorders.

Introduction

Genetic factors have been long hypothesized to confer risk for neuropsychiatric phenotypes,
but efforts to identify genetic culprits have been challenging. The failure to identify risk
genes may be in large part due to the polygenic etiology and phenotypic heterogeneity of
neuropsychiatric disorders (1). These disorders result from complex interactions among
multiple genes, tissue-specific epigenetic regulation, and environmental influences, which
make identification of relationships between single genes and distal phenotypes challenging.

An alternative approach is to examine endophenotypes, measurable constructs that confer
risk for complex disorders and are thought to lie in greater etiologic proximity to genetic
factors (2). One promising endophenotype for late-life neuropsychiatric disorders is small
hippocampal volume (3). Smaller hippocampus has been associated with treatment
resistance in late-life depression (4) and predicts progressive cognitive decline in elderly
subjects (5). Therefore, efforts to link hippocampal volume reduction with risk genes may be
particularly relevant for late-life neuropsychiatric syndromes.

A novel and biologically plausible gene to investigate in these relationships is AGTRL1, the
gene encoding angiotensin-11 type 1 (AT1) receptor in humans. Angiotensin Il and AT,
receptors are the primary effector of the renin-angiotensin system (RAS) in several organs,
including the brain. RAS is an important regulator of the stress response and AT, receptors
are expressed in brain regions that modulate stress and emotion, including the
hypothalamus, amygdala and hippocampus (6, 7). In animal studies, RAS activation leads to
hyperactivity of the stress system and heightened anxious behavior, whereas blockade of
AT receptors dampens stress responses and ameliorates anxious and depressive behavior
(6, 8). As RAS also plays central role in blood pressure regulation and has been implicated
in vascular disease (9), examining this system may be particularly relevant for older adults
with depression, since late-life depression is often characterized by vascular comorbidity
(10).

Despite these theoretical implications, few studies have examined the relationship between
genetic variation in AGTRL and either neuropsychiatric phenotypes or hippocampal
morphology. Studies on the common rs5186 AGTR1 (A-to-C) polymorphism have reported
antidepressant response differences between genotypes in elderly depressed subjects (11—
13). In a broader analysis of single nucleotide polymorphisms (SNPs) in AGTRL, our group
reported that allele frequency differences in two AGTR1 SNPs increased the odds of late-life
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depression (14). We also found cross-sectional associations between right hippocampal
volume and four AGTR1 intronic SNPs, namely rs2638363, rs1492103, rs2675511, and
rs12721331 (14). To our knowledge, no studies have examined the effects of AGTR1
polymorphisms on longitudinal changes in hippocampal morphology in older adults. This is
particularly important as reduction in hippocampal volume is associated with subsequent
cognitive decline (5).

To extend our previous findings demonstrating cross-sectional relationships between AGTR1
and hippocampal morphology (14), we examined the effects of AGTRL1 genotype on
longitudinal change in hippocampus volume. Our a priori hypothesis was that the gene
variants we previously associated with smaller cross-sectional hippocampus volume would
also be associated with greater hippocampal volume loss over time. We also sought to
determine if these gene variants were associated with differences in cognitive function over
time, particularly in domains involving the hippocampus, such as episodic memory. To
control for the effects of depression that has been shown to lead via chronic hyperactivity of
the stress system to smaller hippocampal volumes (15), we examined two cohorts consisting
of elderly depressed and non-depressed subjects. In secondary analyses, we examined
whether depression diagnosis or apolipoprotein E (APOE) genotype had synergistic effects
with AGTRL1 genotypes on hippocampal volume change.

Study subjects and clinical care

All subjects were age 60 years or older and participated in the Conte Center for the
Neuroscience of Depression in Late Life and the Neurocognitive Outcomes of Depression in
the Elderly (NCODE) studies conducted at Duke University Medical Center (DUMC). The
DUMC Institutional Review Board approved these studies and written informed consent was
provided by eligible subjects.

Participants consisted of two cohorts, depressed patients and non-depressed comparison
subjects. Depressed subjects were recruited primarily by clinical referral and secondarily by
advertisements and met criteria for MDD as outlined in the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition. Diagnosis was based on the Diagnostic
Interview Schedule (DIS, 16) and was confirmed by a geriatric psychiatrist during baseline
clinical evaluation. Non-depressed subjects were community dwelling older adults recruited
either from the Duke University Aging Center Subject Registry or through advertisements.
All subjects underwent cognitive screening with the mini-mental state exam (MMSE, 17).
Medical comorbidity was assessed with a previously used self-report questionnaire (18).

Exclusion criteria for all subjects were as follows: 1) presence of other major psychiatric
disorder, such as schizophrenia or bipolar disorder; 2) history of substance abuse or
dependence; 3) presence of neurologic disease; 4) metal in the body or other
contraindication for magnetic resonance imaging (MRI); and 5) screening MMSE score
lower than 25. Furthermore, non-depressed subjects were excluded if they had evidence of
past psychiatric disorder based on the DIS.

Am J Psychiatry. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zannas et al.

Page 4

Antidepressant treatment followed the Duke Somatic Treatment Algorithm for Geriatric
Depression (19), which allows step-wise use of commercially available antidepressant
modalities. The majority of depressed subjects were prescribed sertraline on study entry, but
treatment differed among subjects and was guided by previous medication trials and
depression severity. Following failed trials, switches to other antidepressant agents and
augmentation strategies were allowed as clinically indicated. Treatment alternatives
included psychotherapy and electroconvulsive therapy.

The current longitudinal study extends our past work (14), where in a separate cohort we
found a relationship between four AGTR1 SNPs and right hippocampal volumes. Although
there is some overlap in subjects, the current sample is much larger (138 vs. 70 subjects) and
imaging data differ from that prior study. The prior study used 3T MRI data; the current
study uses 1.5T MRI data as longitudinal 3T data were not available for the majority of
participants. Similarly to our previous report and based on work showing racial differences
in AGTR1 allele frequencies (14, 20), we limited the current analyses to Caucasian subjects
with genotype data for all four AGTR1 SNPs and at least two hippocampal volume
measurements (a baseline and at least one follow-up assessment).

Neuropsychological assessments

Neuropsychological testing was administered to study participants at baseline and then
annually, regardless of the presence or absence of depressive symptoms. The battery is
described fully elsewhere (21) and has been successfully employed in a number of clinical
and epidemiological settings (22). Testing was administered by a trained psychometric
technician supervised by a licensed clinical psychologist.

We created composite variables from the broader neuropsychological test battery that
represented cognitive domains that may be adversely affected by aging. This was achieved
by grouping neuropsychological tests into rational constructs similarly to previously
published studies (23). We created Z-scores for each measure based on the performance of
all participants and summed the Z-scores for all tests within each domain. Internal
consistency for each domain was assured using Cronbach's coefficient alpha (CoA).
Following this approach, we created four composite neurocognitive measures: a) episodic
memory (Logical Memory, Benton Visual Retention Test, Word Learning Immediate, and
Word List Recall, CoA 0.88); b) executive speed (Trails A time, Trails B time, Symbol-
Digit Modality Test, CoA 0.86); c) verbal fluency (Verbal fluency test, Controlled Oral
Word Association test, CoA 0.74); and d) working memory (Digits forward, digits
backward, and digits ascending, CoA 0.74).

Genotyping and genetic analyses

All genotyping was performed on DNA from whole peripheral blood using the Gentra
PureGene system (Qiagen, Valencia, CA, USA). Assays employed quality control
procedures, which included serial genotyping of blinded duplicate samples. Quality
requirements for each assay were met only if duplicate samples matched 100%. Efficiency
of 95% was further required for each assay before statistical analyses. Deviations from
Hardy—Weinberg Equilibrium (HWE) have been previously tested for all SNPs separately in
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the depressed and non-depressed cohorts (14), using exact tests per the Genetic Data
Analysis program (24). Genotyped SNPs were identified using Linkage Disequilibrium (LD)
Select (25). Selected SNPs had LD r2<0.64 and minor allele frequency of at least 0.10 in the
HapMap project (www.hapmap.org), which was based on European ancestry Utah residents
and provided genetic coverage of the entire AGTRL. In this study, we focused on the four
SNPs that showed significant cross-sectional relationships with hippocampal volumes
among the ten SNPs tested in our previous report (14). To examine whether these four SNPs
can be treated as independent signals in our analyses, we estimated the pairwise LDs
between all SNPs in our study population. All pairwise r2 values were found to be below
0.5. APOE genotype was determined using previously published methods (26).

MRI acquisition and analysis

Each subject was screened for contraindications and was scanned with a 1.5 Tesla, whole-
body MRI system (Signa, GE Medical Systems, Milwaukee, WI) approximately every two
years. All acquisitions were performed with the standard head (volumetric) radiofrequency
coil. Using a previously described MRI acquisition protocol (27, 28), we first confirmed
alignment by a rapid sagittal localizer scan and then obtained two dual-echo, fast spin-echo
acquisitions: one in the axial plane for cerebral morphometry and one in a coronal oblique
plane for hippocampal morphometry.

Images were then analyzed at the Duke Neuropsychiatric Imaging Research Laboratory
(NIRL). Segmentation of tissue and measurement of total cerebral volume, which included
the total white and gray matter and CSF volumes in both hemispheres, was performed as
previously described (27). Image analysts received extensive training and reliability was
established before any data processing by repeated measurements on multiple MRIs
separated by at least a week. Intraclass correlation coefficients were as follows: left
hippocampus=0.8; right hippocampus=0.7; and total cerebral volume=0.997.

Delineation of the hippocampus was based on previously described methods (28). Analysts
began with the most posterior coronal slice and moved anteriorly, measuring the
hippocampus where the pulvinar nucleus of the thalamus obscured the crura fornicis on each
side. The fimbria and the thin strip of gray matter along the medial border of the
hippocampus were transected at their narrowest points. Tracing continued around the
hippocampal body to the starting point. The anterior border of the hippocampus was defined
as the slice on which the inferolateral ventricle appeared horizontally without any body of
gray matter visible below it. The amygdala-hippocampal transition zone, which was
transected at its narrowest point, appeared as a diffuse area of gray matter between the
anterior portion of the hippocampus and the posterior portion of the amygdala.

Statistical analyses

All statistical tests were performed with SAS version 9.2 (Cary, NC, USA). The level of
statistical significance was set a priori at a=0.05 and all P values were two-tailed. To
maximize power in our analyses, we dichotomized each SNP into two genotype groups, the
major allele homozygotes and the minor allele carriers. This further increased comparability
with our previous report (14), where the same genotype groups were used. The two
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diagnostic cohorts (depressed and non-depressed) were compared at baseline for differences
in demographic variables and baseline measures. Categorical variables were compared with
x2 tests, equal-variance continuous variables with pooled two-sample t tests, and unequal-
variance continuous variables with Satterthwaite t tests.

We next examined the longitudinal effects of AGTR1 polymorphisms on hippocampal
volumes and composite cognitive measures. To analyze these longitudinal data, we
performed linear mixed effects models (29) using the PROC MIXED command in SAS 9.3.
Analyses included the maximum number of subjects with data for longitudinal time points
and for all variables included in the models. In these models, each subject was the
independent sampling unit and measurement of each subject at a particular point in time was
the observation unit. Separate models were created for the right and left hippocampus and
for each composite cognitive measure, with each AGTR1 SNP genotype group, time (as a
continuous variable), and genotype by time interaction as the main independent variables. In
order to account for between-subject variability in brain volume, we included cerebral
volume as covariate in models examining hippocampal volumes as dependent variable.
Other covariates included in all models were seX, age, diagnostic group (depressed/non-
depressed), and the respective baseline hippocampal volume or cognitive measure. The
primary effects of interest were the genotype main effect, which examines the genotype
effect irrespective of time, and the genotype by time interaction, which examines the rate of
change in the mean hippocampal volume or cognitive measure over time between the two
genotype groups for each AGTR1 SNP. Secondary analyses tested three-way depression by
genotype by time and AGTR1 genotype by APOE genotype by time interactions. All models
were initially run with the interaction terms, and these terms remained in the model if
significant but were excluded if non-significant.

Sample demographics and baseline measures

The primary sample included 138 elderly subjects (79 depressed and 59 non-depressed) with
genotype data for AGTR1 SNPs and at least two MRI scans (a baseline and one follow-up
assessment). The demographics and clinical data are shown on Table 1. Age ranged between
60 and 84 for the depressed cohort and between 60 and 82 for the non-depressed cohort. The
two groups were similar in genotype frequencies, age, MMSE scores and baseline left and
right hippocampal volumes. However, the percentage of female subjects and the educational
level were higher in the non-depressed group. The percentage of patients who reported
hypertension was higher in the depressed group. Finally, we found that the number of
patients who reported a history of either cardiac complaints or hypertension did not
significantly differ between the four AGTR1 or APOE genotype groups (data not shown).
The maximum number of MRI measures per subject was 5 and there was no significant
difference in length of study follow-up between diagnostic cohorts (depressed: 1435.3
(502.5) days, non-depressed: 1495.9 (785.8) days; Satterthwaite t-test = 130, 2 df, t = 0.55, P
= 0.5855).
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Longitudinal effects of AGTR1 SNPs on hippocampal volumes

We created mixed models examining hippocampus volume in the left or right hemisphere as
repeatedly measured dependent variables. Independent variables included diagnosis
(depressed/non-depressed), age, sex, cerebral volume, baseline hippocampal volume, time,
and AGTR1 SNP genotype. To test the hypothesis that SNPs would differentially affect
hippocampal volume over time, we included a SNP by time interaction term. Table 2
presents the effects of the four AGTR1 SNPs examined and their interactions with time on
left and right hippocampal volumes. When examining models of right hippocampal volume,
three of the four SNPs (rs2638363, rs1492103, rs2675511) showed both a statistically
significant primary effect as well as an interactive effect with time (Table 2). The primary
effect of AGTR1 SNPs replicated our previous findings (14), despite the nearly double
sample size and different MRI field strength. Again, homozygous subjects for the vascular
risk alleles (rs2638363 GG, rs1492103 TT, and rs2675511 AA) exhibited smaller
hippocampal volumes when compared to individuals who were heterozygous or
homozygous for the alternate allele. The SNP by time interaction tested for differences
between SNP alleles on change in hippocampal volume over time. When examining these
interactions, individuals homozygous for the risk alleles exhibited accelerated decrease in
right hippocampal volume over time as compared with individuals with alternate genotypes.
However, the four SNPs exhibited neither a significant primary effect nor a significant gene
by time interaction on left hippocampal volume. In other words, the effect of all three SNPs
was selective and lateralized to the right hemisphere.

In secondary analyses we tested whether AGTR1 genetic variation has synergistic effects
with depression or APOE genotype on the rate of hippocampal volume change. There were
no significant three-way depression by AGTR1 by time interactions for any of the SNPs for
either the left or right hippocampus. However, we did observe significant gene-gene
interactions. APOE genotype had statistically significant epistatic effects with rs2638363
and rs12721331 for the right hippocampus volume over time (Table 2). In both cases,
presence of both the risk AGTR1 allele and APOEA4 allele was associated with accelerated
hippocampal volume loss. We observed a similar trend that did not achieve statistical
significance for the interaction between rs1492103, APOE, and time (Table 2).

Longitudinal effects of AGTR1 SNPs on composite cognitive measures

We next tested whether AGTR1 variants confer risk for cognitive decline. A total of 138
elderly subjects (63 depressed and 75 nondepressed) had both genotype data and
neurocognitive measures and were included in these analyses. This sample partially overlaps
with the sample examining hippocampal volumes, with 81 subjects (36 depressed and 45
nondepressed) included in both analyses. As expected depressed subjects performed
significantly worse than nondepressed subjects on univariate comparisons of the four
composite cognitive measures of episodic memory (T106=5.14, P<0.0001), executive speed
(Tg7=4.36, P<0.0001), verbal fluency (T135=5.18, P<0.0001), and working memory
(T114=2.97, P=0.0037).

We used mixed models to examine the effect of AGTR1 genotypes and their interaction with
time on each of the composite cognitive measures. All models controlled for diagnosis
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(depressed/non-depressed), age, sex, education, time, and baseline cognitive measure score.
In these models, only rs2638363 showed a significant main effect of genotype on composite
episodic memory performance (F1 106=4.59, P=0.0340), but did not exhibit a statistically
significant genotype by time interaction. Supportingly, rs1492103 exhibited a trend for a
direct effect on episodic memory (F1 126=3.85, P=0.0519), but this did not achieve statistical
significance. Finally, rs2675511 exhibited a gene by time interaction (F1,125=5.61,
P=0.0194) predicting worsening episodic memory performance. In accordance with SNP
effects on hippocampal volumes, homozygous subjects for the vascular risk alleles
(rs2638363 GG, rs1492103 TT, and rs2675511 AA) exhibited lower episodic memory
scores. None of the four genetic variants exhibited either a statistically significant direct
effect or interaction with time effect on executive speed, verbal fluency, or working
memory.

Discussion

Replicating and extending our previous findings of AGTR1 effects on right hippocampal
morphology (14), three of the same SNPs predicted longitudinal hippocampal volume
change in the right but not the left hemisphere in elderly subjects. The direction of the
observed relationships was similar to the cross-sectional study, that is, each of the previously
identified “risk™ genotypes (rs2638363 GG, rs1492103 TT, and rs2675511 AA) predicted
longitudinally greater shrinkage of the right hippocampus when compared to the alternate
genotypes. Intriguingly, these AGTR1 risk alleles also predicted poorer performance in
episodic memory, a neurocognitive measure mediated by the hippocampus, but had no
effects on other cognitive measures. Additionally, two risk variants (rs2638363 and
rs12721331) showed epistatic effects with the APOE4 allele, a known risk factor for
dementia (26), on right hippocampal volume loss over time. Importantly, the SNPs
examined are in low pairwise LD (r2 < 0.5) and thus represent independent signals. The
presence of several signals within the AGTR1 locus that are independently associated with
hippocampal volume changes and memory decline lends further support to the reliability of
these associations. Taken together, our findings strongly support that AGTRL gene variants
via both direct and epistatic effects may confer vulnerability for progressive memory decline
by accelerating hippocampal volume loss.

Our study offers novel insights into the role of RAS in hippocampal atrophy and cognitive
decline. Hippocampal atrophy has been shown to predict cognitive decline in late life and
time to conversion to Alzheimer disease (5, 30). Prior animal and human studies support
involvement of the RAS in cognitive syndromes (6, 14, 31). RAS activation modulates
cerebral blood flow, increases brain vulnerability to ischemia, and promotes brain
inflammation (6, 32). These effects render this system particularly relevant in late life,
where vascular and inflammatory processes are hypothesized to contribute to depressive and
cognitive syndromes (10, 33). On the other hand, AT, receptor blockade dampens stress
responses, ameliorates anxious and depressive behaviors, and reduces brain inflammation
and vulnerability to ischemia (6, 8, 32). Thus, it is plausible that perturbations in RAS could
heighten the risk for development of dementia by accelerating age-related changes in brain
morphology, particularly in brain regions most vulnerable to the effects of aging, such as the
hippocampus. Although RAS activity may be modulated by functional variants at the
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AGTR1 locus, the molecular effects of the risk AGTR1 SNPs are currently not clear. Despite
their intronic location, these SNPs could have functional effects. For instance, intronic SNPs
may be located in enhancer regions that influence the three-dimensional changes in
chromatin conformation necessary for transcription regulation (34). Alternately, these SNPs
may be tagging other functional variants in nearby regions of the AGTR1 locus. Finally, as
supported by the epistatic effects with APOE observed in our study, these SNPs may have
functional effects via interaction with other genes that lie in common biological pathways
central for the development of brain pathology and dementia. Future studies on the
functional effects of these genetic variants are warranted and may shed light on the
mechanisms linking AGTR1 and cognitive syndromes.

Intriguingly, the effects of AGTR1 variation were lateralized to the right hippocampus. This
is in accordance with our previous cross-sectional study (14). Although the significance of
this lateralization is unclear, hippocampal asymmetry may be an important endophenotype
that has been underemphasized by previous studies. Hippocampal asymmetry has been
observed in patients with severe depression and in non-depressed relatives of depressed
subjects (35, 36). Furthermore, unilateral hippocampal volume changes may be associated
with decline in specific cognitive outcomes (5, 37) and with decreased likelihood to achieve
antidepressant remission (4). Thus, hippocampal asymmetry may be an early step in the
pathogenesis of some late-life mood and cognitive syndromes. This asymmetry could be
induced by differential hemispheric effects of the RAS on the hippocampus. Notably,
activity of angiotensinase, an enzyme that metabolizes angiotensin, has been found to be
distributed asymmetrically between the left and right hippocampi of the rat brain (38, 39).
This may also reflect differential activity of angiotensin and potentially asymmetric effects
of AGTR1 genetic variants between the two hemispheres. Whether this mechanism holds
true and the clinical significance of these asymmetries remain to be determined.

Several limitations should be considered when interpreting our findings. Although we
controlled for the effects of depression diagnosis and basic demographic factors on
hippocampal morphology, we did not control for antidepressant treatments that may have
neurotrophic effects on the hippocampus (40) and even reverse hippocampal volume loss in
some cases of depression (37). Depressed participants were treated based on an algorithm
rather than a rigid clinical trial. Although this makes our approach comparable to clinical
practice, it makes it challenging to elucidate the effects of antidepressants. Data for each
subject on antidepressant use prior to enrollment, as well as specific treatment modalities,
duration and doses used over the study period were not known. Thus, it is possible that
variable treatments between genotype groups might have influenced our results. However,
the assignment of treatment modalities occurred randomly, treating clinicians were blinded
regarding genotype groups, and thus systematic errors cannot account for our findings.
Another limitation was our focus on variation at a single genetic locus and a single brain
region. This was based on our sample size and the a-priori plausible involvement of AGTR1
and hippocampal pathology in late-life neuropsychiatric syndromes. Larger longitudinal
studies are warranted for a more systematic examination of the multiple brain regions,
genes, and biological pathways involved in the pathogenesis of these syndromes. Our study
shows that RAS is one such pathway that should be included in future pathogenetic models.
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In summary, this is the first study to explore the longitudinal effects of AGTR1 genetic
variation on hippocampal morphology and cognitive decline. In contrast with cross-sectional
approaches that cannot establish temporal relationships, the current study shows that older
adults homozygous for AGTR1 risk variants exhibit accelerated hippocampal volume loss
and memory decline. Our study exemplifies how examining the longitudinal effects of
biologically plausible genotypes on relevant endophenotypes may provide novel insights
into the pathogenesis of complex phenotypes. It further suggests that molecules involved in
RAS may serve as early therapeutic targets for late-life neuropsychiatric syndromes.
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Table 2

Longitudinal effects of AGTR1 SNPs on hippocampal volumes

Right hippocampal volume

L eft hippocampal volume

F value P value F value P value
rs2638363 5.96 0.0160 0.81 0.3693
rs2638363 by time 6.43 0.0124 0.11 0.7400
152638363 by APOE by time 4.80 0.0303 0.14 0.7115
rs1492103 5.01 0.0269 0.72 0.3967
rs1492103 by time 5.90 0.0166 0.10 0.7558
rs1492103 by APOE by time 3.78 0.0541 0.01 0.9100
rs12721331 0.20 0.6564 0.96 0.3297
rs12721331 by time 1.29 0.2574 0.09 0.7709
rs12721331 by APOE by time | 6.45 0.0123 0.07 0.7982
1s2675511 4.06 0.0459 0.30 0.5842
rs2675511 by time 4.62 0.0335 0.23 0.6352
rs2675511 by APOE by time 0.75 0.3890 0.3 0.5876

Page 16

Analyses conducted using linear mixed effects models. These models tested for the effect of AGTR1 SNP genotype on hippocampal volume and
also examined AGTR1 by time and AGTR1 by APOE by time interactions. All models included 138 subjects and controlled for sex, age, diagnostic

group (depressed/non-depressed), baseline hippocampal volume, and total cerebral volume. Values in bold denote statistically significant
parameters, defined as P < 0.05. Reported P values are two-tailed.
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