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Episodic memory in depression: the unique
contribution of the anterior caudate
and hippocampus
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Background. Learning and memory impairments in older adults with depression are linked to hippocampal atrophy.
However, other subcortical regions may also be contributing to these deficits. We aimed to examine whether anterior
caudate nucleus volume is significantly reduced in older adults with depression compared to controls; whether anterior
caudate volume is associated with performance on tasks of episodic learning and memory, and if so, whether this asso-
ciation is independent of the effects of the hippocampus.

Method. Eighty-four health-seeking participants meeting criteria for lifetime major depressive disorder (mean age=
64.2, s.0.=9.1 years) and 27 never-depressed control participants (mean age=63.9, s.0.=8.0 years) underwent neuro-
psychological assessment including verbal episodic memory tests [Rey Auditory Verbal Learning Test and Logical
Memory (WMS-III)]. Magnetic resonance imaging was conducted, from which subregions of the caudate nucleus
were manually demarcated bilaterally and hippocampal volume was calculated using semi-automated methods.

Results. Depressed subjects had smaller right anterior caudate (RAC) (t=2.3, p=0.026) and poorer memory compared to
controls (t=2.5, p<0.001). For depressed subjects only, smaller RAC was associated with poorer verbal memory (r=0.3,
p=0.003) and older age (r=—0.46, p <0.001). Multivariable regression showed that the RAC and hippocampus volume
uniquely accounted for 5% and 3% of the variance in memory, respectively (=0.25, t=2.16, p=0.033; f=0.19, t=1.71,
p =0.091).

Conclusions. In older people with depression, the anterior caudate nucleus and the hippocampus play independent
roles in mediating memory. While future studies examining this structure should include larger sample sizes and adjust
for multiple comparisons, these findings support the critical role of the striatum in depression.
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Introduction particularly concerning, as these are associated with
disability (Naismith et al. 2007), tend to persist despite

The neuropsychological profile of depression in older symptom resolution (Kohler ef al. 2010) and are asso-

people is typically described as being ‘fronto-
subcortical’ including key fronto-striatal and limbic cir-
cuitry. While somewhat heterogeneous, impairments
are typically found in the domains of executive func-

ciated with dementia longitudinally (Potter et al. 2013).

In addition to providing support for fronto-
subcortical dysfunction in major depression (see re-
view by Naismith et al. 2012), studies employing
neuroimaging have shown that memory dysfunction
is linked with hippocampal atrophy and loss of neur-

tioning, processing speed and learning and memory
(Naismith ef al. 2003; Kohler et al. 2010; Jayaweera
et al. 2015a; see review by Naismith et al. 2012).

onal integrity in patients with both severe major de-
Impairments in verbal learning and memory are grity P )

pression (Hickie et al. 2005) as well as those with
largely remitted symptoms (Jayaweera et al. 20154, b).
While these findings are most interesting, memory re-
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of research examining how other subcortical structures
may contribute to memory dysfunction. Specifically,
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the caudate nucleus is a subcortical region of immense
interest, and is strongly implicated in the pathophysi-
ology of depression. For example, the caudate is re-
portedly smaller in older people with depression
(Hannestad et al. 2006), and has been linked to altera-
tions in cerebral blood flow (Hickie et al. 1997), genetic
alterations in serotonin transporter genes (Hickie et al.
2007), psychomotor speed (Naismith et al. 2002), impli-
cit learning (Naismith et al. 2010), severity of depres-
sive symptoms (Butters et al. 2009) and treatment
resistance (Shah et al. 2002). While this area is compara-
tively in its infancy, imaging studies in healthy adults
and those with anxiety disorders provide preliminary
evidence suggesting that both the hippocampus and
the caudate nucleus likely contribute to episodic mem-
ory (Ben-Yakov & Dudai, 2011; Moon et al. 2015).

Upon examining the caudate nucleus in relation to
cognitive and functional roles, it is important to de-
marcate both anterior and posterior subregions. Both
rodent (Balleine & O’Doherty, 2010) and human
(Mattfeld & Stark, 2015) studies show that the anterior
caudate (dorsomedial striatum) is important for learn-
ing. In an event-based functional magnetic resonance
imaging (fMRI) study, Mattfeld & Stark (2015) demon-
strated that in healthy adults, both the hippocampus
and the anterior caudate are activated when learning
new information, and that both of these structures
uniquely contribute to learning. A convergence of evi-
dence implicates the anterior caudate in cognitive func-
tioning (learning, episodic memory and executive
functioning) across a range of neuropsychiatric condi-
tions including depression, schizophrenia, attention-
deficit hyperactivity disorder and anxiety disorder
(Moon et al. 2015; see review by Griffiths et al. 2014).
However, it has previously been postulated that the
caudate may be more pertinent to memories that are
contextualized or cued, whereas the hippocampus
may be more relevant to learning and memory that is
less structured/unaided by cues, such that these two
structures function in parallel, as a part of a wider
learning and memory neural network (Poldrack et al.
2001).

Despite the body of work demonstrating that the
caudate nucleus is relevant to depression pathophysi-
ology, and that the anterior caudate is relevant to
memory, this subregion has been relatively under-
examined. Butters and colleagues reported that
depressed older adults indeed have specific anterior
caudate atrophy (Butters et al. 2009). However, this
study did not specify a boundary that separated subre-
gions of the caudate into anterior and posterior
regions, and they could not quantify the exact magni-
tude of anterior caudate volume loss. Utilizing resting-
state fMRI in older depressed adults and controls,
Kenny et al. (2010) later showed that patients with
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depression have altered connectivity between the
head of the caudate and frontal regions. However, nei-
ther of these studies examined the anterior caudate
with respect to memory performance.

The current study set out to address this issue by
examining the anterior caudate in older people with
depression, particularly in relation to verbal memory
and hippocampal volume. In this study, where our pri-
mary focus is memory, we chose to examine older
adults with largely remitted symptoms. This approach
acknowledges that older people with lifetime depres-
sion often have residual cognitive impairment when
symptoms have remitted, and also minimizes the
need to control for the effects of mood “state” on cogni-
tion. Further, given that the anterior caudate in particu-
lar has been linked to both learning and executive
functioning, and that prior research indicates that the
caudate may be particularly relevant to cued/struc-
tured learning and memory (Poldrack et al. 2001), we
were interested in examining whether any relationship
between this region and learning exists for: (i) unstruc-
tured learning/memory (which requires executive or
‘frontal” processes to organize material for optimal en-
coding), and for (ii) structured learning/memory,
whereby material is inherently organized in a mean-
ingful way, and hence less likely to be dependent
upon executive processes. Further, if such relationships
exist, in a post-hoc exploratory analysis, we wanted to
explore the unique role of the caudate compared to
other key structures (i.e. hippocampal volume) and
clinical features also associated with impaired learning
and memory in depression.

We hypothesized that: (i) the anterior caudate would
be smaller in depressed subjects compared to control
subjects, (ii) reduced anterior caudate would in turn
be associated with poorer performance on tests of
learning and memory and clinical characteristics
(such as depression severity and age), and (iii) any re-
lationship between the caudate and memory would be
independent of the contribution of the hippocampus
and other significant clinical features.

Method
Sample

Eighty-four health-seeking (i.e. seeking assessment
and/or treatment for mood or memory concerns)
participants (29 male, 55 female) meeting criteria for
lifetime major depressive disorder were recruited
from the Healthy Brain Ageing (HBA) Clinic at the
Brain and Mind Centre, Sydney, Australia. These par-
ticipants were referred to the HBA Clinic from GPs
as well as specialists (predominantly psychiatrists
and neurologists) following subjective mood or
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cognitive complaints. The HBA clinic is an early diag-
nosis and intervention clinic specializing in mood and
cognition in adults aged >50 years. It includes clinical
neuropsychologists, psychiatrists, geriatricians, neurol-
ogists, nurses and sleep specialists. Of these, 84 partici-
pants, 77 have been described previously (Jayaweera
et al. 20154, b). Twenty-seven never-depressed and cog-
nitively intact participants (11 male, 16 female) served
as a healthy control group. These participants were
recruited from the community via local advertisement
(e.g. HBA clinic website, flyers posted in local medical
clinics) and resided within the same geographical loca-
tion (i.e. Sydney metropolitan area). Of these, 21 have
been described previously (Jayaweera et al. 2015a, b).
Inclusion criteria: participants were required to speak
English fluently and be aged >50 years. As described
previously (Jayaweera et al. 2015a), patients were also
required to: have a 17-item Hamilton Depression
Rating Scale (HAMD) score of <20 (i.e. without severe
depression severity) (Hamilton, 1960); to have had a
major depressive episode in the last 5 years; and
to be stabilized on medication. Exclusion criteria:
participants were excluded if they had a significant
neurological disorder; head injury with loss of con-
sciousness for >30 min; medical condition known to
affect cognition; psychiatric illness other than affective
disorder (including those with psychotic features);
Mini-Mental State Examination score <24 (MMSE;
Folstein et al. 1975), and/or diagnosis of dementia.

In addition, healthy controls were excluded if they
reported a lifetime history of depression, or if they
demonstrated impairment more than 1.5 standard
deviations greater than expected for age and education
level in any neuropsychological domain upon examin-
ation. This research was approved by the Human
Research FEthics Committee of the University of
Sydney. Written informed consent was obtained from
all participants.

Measures
Psychiatric

A geriatric psychiatrist performed a structured clinical
assessment. The affective component of the Structured
Clinical Interview for DSM-IV-TR (First et al. 1996) was
performed to confirm lifetime and current depression
diagnoses, and information pertaining to age of onset
and medication use was obtained. For descriptive
purposes, depression severity was clinician-rated
using the HAMD (Hamilton, 1960). The Social and
Occupational Functioning Scale (SOFAS; APA, 1994)
was rated as a measure of participants’ current level
of everyday functioning (range 0-100; higher scores in-
dicate more superior functioning). The psychiatrist also
rated medical burden using the Cumulative Illness
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Rating Scale (geriatric version) (CIRS; Miller et al.
1992) where scores ranged from 0 to 52 and higher
scores indicate increased medical burden. Vascular
risk factors were noted as being present (1) or absent
(0), including hypertension, smoking history, hyper-
cholesterolaemia, heart disease, and diabetes (Hickie
et al. 2001). These factors were summed to give a vas-
cular risk factor score (range 0-5).

Twenty-two participants met DSM-IV criteria for
current major depression at the time of testing. The
average age of depression onset was 42.36 (s.D.=
18.84) years. Fifty participants had early-onset depres-
sion (i.e. age of onset <50 years) and 34 had late-onset
depression (i.e. age of onset >50 years). This cut-off
age was chosen to be aligned with our previous re-
search in the area (Hickie et al. 2001). Data concerning
number of depressive episodes were available for 80
participants, and of these, 30 participants had first-
episode depression. No participants had depression
with psychotic features. Fifty-nine participants were
taking antidepressant medications, including 28 parti-
cipants taking serotonin and noradrenaline reuptake
inhibitors, 22 participants taking selective serotonin re-
uptake inhibitors, two participants taking tricyclics,
two participants taking monoamine oxidase inhibitors,
one participant taking a noradrenaline reuptake inhibi-
tor, one participant taking noradrenergic and specific
serotonergic antidepressants, and four participants
taking other antidepressants. Fourteen participants
were taking adjunctive mood stabilizers and 18 were
taking a low-dose adjunctive atypical antipsychotic.
Nine participants were taking benzodiazepines regu-
larly, four were taking benzodiazepines as required
and one participant used sedative hypnotics on an
as-needed basis.

Neuropsychological

As described elsewhere (Duffy et al. 2014) a clinical
neuropsychologist administered a comprehensive stan-
dardized battery of tests that were chosen for their sen-
sitivity to neuropsychological deficits in affective and
neurodegenerative disorders. Various domains of cog-
nition were assessed including processing speed, ver-
bal and non-verbal learning, memory, language,
visuospatial and executive functioning (Naismith
et al. 2011). For descriptive purposes, predicted intellec-
tual ability (predicted IQ) was estimated using the
Wechsler Test of Adult Reading (WTAR; Wechsler,
2001) and global cognition was measured using the
MMSE.

For this study, we examined only the learning and
memory subtests of this broader battery:

(i) For unstructured verbal learning/memory, the Rey
Auditory Verbal Learning Test (RAVLT; Lezak,
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1982) was used, consistent with our previous work
in this area (Hickie et al. 2005). This test requires
participants to learn over five trials a 15-item
word-list (outcome measure reflecting encoding is
the summed score over five trials; RAVLT1-5).
Following an interference trial and subsequent re-
call, participants are asked to recall the word-list
after a 20-min delay. Memory storage is expressed
as percentage retention of the material (trial 7/5 x
100%; RAVLT%) following the delay.

(ii) To measure structured verbal learning/memory, the
Logical Memory subtest of the Wechsler Memory
Scale — III was used to assess the ability to learn
and remember short stories. The amount of infor-
mation recalled after the learning phase (Logical
Memory-I) was used as a measure of structured
verbal learning. Information recalled after a 25- to
30-min delay (Logical Memory-II), was expressed
as a percentage of that initially learnt according
to standardized criteria [i.e. Logical Memory-II/
Logical Memory-I (after one presentation only)] x
100%; LOGMEM%) (Wechsler, 1997).

MRI acquisition

The MRI protocol was completed within 2 weeks of
the neuropsychological assessment at the Brain and Mind
Centre using a 3-T General Electric (GE) Discovery
MR?750 scanner (GE Medical Systems, USA) using an
8-channel phased array head coil. The following
images were acquired in order: (1) three-dimensional
sagittal whole-brain scout for orientation and posi-
tioning of subsequent scans; (b) Tl-weighted mag-
netization prepared rapid gradient-echo (MPRAGE)
sequence producing 196 sagittal slices (TR=7.2 ms;
TE=2.8 ms; flip angle=10° matrix 256 x 256; 0.9 mm
isotropic voxels) for anatomic analysis. The images
resulting from this protocol were used for manual tra-
cing of subregions within the caudate nucleus.

Volume segmentation analysis

As described previously (Elcombe et al. 2013), subcor-
tical volumes for the left and right hippocampi were
extracted using a semi-automated segmentation rou-
tine based on the principles of the Active Shape and
Appearance Models within a Bayesian framework as
implemented by ‘FIRST” in FMRIB Software Library
(FSL). We used the image-editing tool 3D Slicer
(http://www slicer.org) to trace subregions of the caud-
ate nucleus (Fedorov et al. 2012). Volumes for each sub-
region of interest were computed by summing all of
the voxels (across slices) included in the subregion of
interest. We used the protocol for manual subregional
segmentation proposed by Levitt et al. (2002). As per
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this protocol, the caudate nucleus was measured bilat-
erally in all slices in which it appeared, with the inclu-
sion of the head, body and tail of the caudate up to the
point at which the tail curved ventrally to border the
lateral aspect of the atrium of the lateral ventricles. A
vertical line was drawn from the most ventral point
of the internal capsule, inferiorly to the external cap-
sule to separate the caudate from the merged putamen
and from the nucleus accumbens (Levitt et al. 2002).
While we were interested in the anterior caudate, we
also report here data for posterior regions, for descrip-
tive purposes. Segmentation was conducted using the
interventricular foramen of Monroe (bilaterally) as
the landmark separating the anterior caudate from
the posterior caudate, with the formen defined as the
most posterior slice that contained any part of the an-
terior column of the fornix. The posterior boundary for
manual segmentation was defined as the coronal slice
prior to the atrium. This resulted in four segmented
volumes to be obtained per subject: left anterior caud-
ate, right anterior caudate, left posterior caudate and
right posterior caudate. To maintain consistency, one
rater, who had postgraduate training in neuroanatomy
as well as supervision from an experienced neuroanat-
omist, traced all slices. Intra-rater reliability for the four
subregions was conducted on MRI scans from five
depressed subjects and five controls that were random-
ly chosen from the total pool of subjects, and were all
acceptable (r>0.90), indicating high intra-rater con-
sistency.

For all scans, white matter, grey matter, and cerebro-
spinal fluid volume was estimated using siENAX (Smith
et al. 2001, 2002), which is also part of the FSL library.
Intracranial volume (ICV) was calculated by adding
white matter, grey matter and cerebral spinal fluid
volume for each subject. In order to normalize the
segmented subcortical volumes across all subjects,
individual differences in brain size were corrected for
by dividing the raw segmented volumes by the mean
of all subjects” ICV, multiplied by the uncorrected seg-
mented volumes (Raz et al. 2005). This resulted in four
segmented caudate volumes, as well as left and right
hippocampal volumes (which were added together),
corrected for variation in head size.

Statistical analysis

Data were analysed using Predictive Analytics Soft-
ware (PASW) v. 22 (IBM Corp., USA). Statistical ana-
lyses for caudate subregions and the hippocampus
were performed on relative brain volumes, corrected
for variation in head size. Independent samples t
tests were used for comparisons between subjects
with a lifetime diagnosis of depression (depressed sub-
jects) and control subjects. Levene’s test for equality of
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variance was conducted and ¢ tests with equal variance
not assumed were used when there was a significant
difference in variance without violation of normality.
Pearson’s coefficients were used for all correlations un-
less otherwise stated. Step-wise multiple regression,
with hippocampal volume and age entered in the
first block, and right anterior caudate (RAC) entered
separately in a second block was conducted to examine
the relationship between RAC volume and learning/
memory, while accounting for the effect of hippocam-
pal volume and age. All of the above analyses were
two-tailed with an a-level of 0.05. One-tailed Fisher’s
r-to-z transformations were used to compare whether
differences in correlations between groups were sig-
nificant.

Data transformation

Due to extreme values having an undue effect on the
mean for scores on LOGMEM%, results of one
depressed patient was curtailed from 11% to the next
highest score of 29%.

Ethical standards

The authors assert that all procedures contributing to
this work comply with the ethical standards of the
University of Sydney Human Ethical Research
Committee (Sydney, Australia) and with the Helsinki
Declaration of 1975, as revised in 2008.

Results
Comparison of depression and control groups

Table 1 shows descriptive data for the sample. There
were no significant differences between depressed
and control subjects with regard to age, sex, years of
education and predicted IQ. Depressed subjects scored
poorer on the MMSE compared to control subjects. As
expected, the depressed subjects reported greater med-
ical burden (CIRS), reduced social and occupational
functioning (SOFAS), and more severe depressive
symptoms compared to control subjects. On average,
for depressed subjects, depressive symptom severity
was in the euthymic range (mean HAMD score=
7.23, range 0-16).

In terms of cognition, depressed subjects showed
significantly poorer unstructured learning and mem-
ory (RAVLT1-5 and RAVLT%) as well as structured
learning and memory (Logical
LOGMEM%) (Table 1).

As indicated by Fig. 1, upon examining subregions of
the caudate nucleus, the RAC was significantly smaller
in depressed compared to control subjects. However,
there were no significant differences between depressed

Memory-I and
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and control subjects for the other subregions, nor for the
total caudate volume. Given the exploratory nature of
this study, we did not adjust the a-level for multiple
comparisons when comparing caudate volumes be-
tween groups. The hippocampus was also significantly
smaller in depressed compared to control subjects
(Table 1).

Given findings relating to the sensitivity of the
caudate nucleus to antipsychotic medication
(Chakos et al. 1994; Glenthoj et al. 2007), we com-
pared the subsample of depressed patients who
were taking adjunctive antipsychotic treatment
(n=18) to the rest of the depressed sample (1n=066),
and the groups did not differ in terms of learning/
memory, nor with regards to RAC and hippocampal
volume (data not shown).

Correlations between RAC volumes, learning and
memory and clinical characteristics

Table 2 displays the correlation coefficients between
the RAC with respect to structured and unstructured
verbal learning and memory and clinical variables.
There were significant differences in the relationship
between RAC volumes and learning/memory func-
tioning for patients and controls: in patients, for both
unstructured and structured tasks, reduced RAC vol-
ume was associated with poorer memory performance.
By contrast, these associations were non-significant for
the control group. For structured memory only, these
correlation coefficients were statistically different be-
tween control and patient groups (Fisher’s r-to-z trans-
formations =2.15, p=0.016).

With regard to clinical correlates of RAC volumes,
smaller volumes were associated with being older in
the depressed, but not the control sample (Fisher’s
r-to-z=—1.79, p=0.037). For the depressed subjects,
the reductions in RAC were associated with later
onset of depression (r=-0.24, p=0.030). There were
no other significant relationships between caudate
volumes and clinical variables including medical bur-
den, depression severity, antidepressant use and anti-
psychotic use (Table 2).

Depressed sample only

Given prior work clearly establishing a major role for
the hippocampus in mediating memory in ageing
and depression (Jack et al. 1998; Fossati et al. 2002;
Hickie et al. 2005; Jayaweera et al. 20154, b), we were
interested in determining whether the RAC remained
a significant predictor of memory after controlling for
age and hippocampal volume. We thus conducted
multiple linear regression modelling, with blocked,
stepwise entry of age and hippocampal volume fol-
lowed by RAC volume in block 2.
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Table 1. Demographic and clinical characteristics of the depressed and comparison subjects

Depressed subjects Comparison subjects

N Mean S.D. N Mean S.D. t 4
Gender, % female® 84 65% (55/85) 27 59% (16/27) 0.34 0.646
Age (years) 84 64.20 9.06 27 63.85 7.97 —0.18 0.858
Education (years) 84 13.92 3.38 27 13.15 2.78 —1.09 0.280
MMSEP 81 28.62 1.48 27 29.26 0.86 2.75 0.007
WTAR, predicted IQ 82 105.91 9.62 27 106.30 9.60 0.23 0.821
CIRS, total score® 81 5.98 3.83 26 3.81 221 —3.57 0.001
Vascular risk, summed score (0-5) 81 0.33 0.22 27 0.29 0.15 0.99 0.326
SOFAS, total score” 82 68.33 10.85 27 82.19 10.61 5.85 <0.001
HAMD, total score 84 7.23 4.08 27 2.26 3.23 —6.50 <0.001
Logical memory learning, total score® 83 37.58 11.39 27 43.93 7.81 3.25 0.002
RAVLTI1-5, total score® 76 42.20 12.32 23 51.09 7.95 4.08 <0.001
Logical memory retention® (%) 83 78.60 18.95 27 86.14 11.23 2.51 0.014
RAVLT retention® (%) 76 66.59 33.04 23 83.98 13.66 3.74 <0.001
Total caudate (mm?>) 84 6044.47 975.44 27 6407.45 838.68 1.74 0.085
Left anterior caudate (mm°) 84 2475.30 395.06 27 2599.63 368.60 1.46 0.151
Right anterior caudate (mm?) 84 2405.30 435.19 27 2618.41 373.37 2.29 0.026
Left posterior caudate (mm®) 84 596.99 161.06 27 611.43 127.44 0.43 0.672
Right posterior caudate (mm?) 84 566.89 174.64 27 577.98 108.68 0.31 0.756
Total hippocampus (mm?) 84 6764.59 1253.19 26 7266.76 730.58 —2.54 0.013

MMSE, Mini Mental State Examination; WTAR, Wechsler Test of Adult Reading; CIRS, Cumulative Illness Rating Scale;
SOFAS, Social and Occupational Functioning Scale, HAMD, 17-item Hamilton Depression Rating Scale; RAVLT1-5, Rey
Auditory Verbal Learning Test, measure of total learning over trials 1-5; RAVLT retention, Rey Auditory Verbal Learning
Test, measure of percentage retention (trial 7/trial 5) x 100%).

Bold values represent significant differences p <0.05.

342 statistic.

P Equal variance not assumed.
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Fig. 1. Volumes for the subregions of the caudate nucleus for subjects with a lifetime depression diagnosis (depressed
subjects) and control subjects (* denotes significance of p <0.05).
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Table 2. Correlations between right anterior caudate nucleus
volume and clinical and memory characteristics for depressed
subjects and comparison subjects

Comparison
Depressed subjects  subjects
N r 4 N r 4
Age (years) 84 —046 <0.001 27 —-0.08 0.692
CIRS, total score 81 —0.21  0.062 26 0.14 0.510

HAMD, total 84 0.02 0905 27
score

—0.08 0.707

Antidepressant 79 —0.21  0.066 N.A.  N.A.  NA.
use

Antipsychotic 84 016 0142 N.A. N.A. NA.
use

Logical memory 84 0.06 0577 27 0.09 0.648
learning, total

score

RAVLT1-5 total 76 025 0.030 23 0.05 0.823
score

Logical Memory 83  0.32  0.003 27
retention (%)

RAVLT retention 76  0.26  0.023 23 0.07
(%)

—0.16 0.419

0.747

CIRS, Cumulative Illness Rating Scale; HAMD, 17-item
Hamilton Depression Rating Scale; RAVLT1-5, Rey Auditory
Verbal Learning Test, measure of total learning over trials
1-5; RAVLT retention, Rey Auditory Verbal Learning Test,
measure of percentage retention (trial 7/trial 5) x 100%); N.A.,
not applicable.

Bold values represent significant differences p <0.05.

For unstructured verbal learning (RAVLT1-5) and re-
tention (RAVLT%), only age remained a significant
predictor in the full model (final models: F; 7;3=15.59,
p<0.001, R*=18%; Fy73=526, p=0.025, R*=7%, re-
spectively) and both hippocampal volume and RAC
were removed.

For structured verbal memory (LOGMEM%), the
model retained hippocampal volume and RAC as pre-
dictors and age was removed from the model (full
model: F;gp=6.35, p=0.003, R%= 14%). In this model,
RAC uniquely and significantly accounted for 5% of
variance in structured verbal memory (£=0.25, t=
2.16, p=0.033) while hippocampal volume uniquely
accounted for 3% but was not significant (£=0.19, t=
1.71, p=0.091). A further 6% was shared predictor
variance.

Discussion

This study represents the first to manually demarcate
anterior and posterior subregions of the caudate
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nucleus in order to determine their association with
learning and memory in older people with a life diag-
nosis of depression. As expected, we found that the
RAC was smaller in those with depression compared
to controls. This finding is aligned with that of
Butters et al. (2009) and Kenny et al. (2010), and rein-
forces the critical function of the caudate nucleus in
the pathophysiology of depression. Importantly, this
association was evident despite the fact that our sam-
ple largely had subsyndromal levels of depressive
symptoms.

Most interestingly, in people with depression, smal-
ler volumes of the RAC were associated with poorer
verbal learning and memory on both unstructured
and structured memory tests. Indeed, on tests of mem-
ory storage the difference in this relationship between
the depressed and control groups was statistically sign-
ificant. That is, in patients the relationship between
these variables was pronounced.

Interestingly, using multivariate analysis, we found
that both the hippocampus and the RAC play a unique
role in memory storage for structured verbal informa-
tion. Specifically, RAC volume is an independent pre-
dictor of memory storage for structured verbal
information, regardless of age and hippocampal vol-
ume. These unique associations were not, however, ap-
parent for unstructured episodic memory material.
This suggests that the relative contribution of key neur-
al structures (RAC and hippocampus) differs depend-
ing on the nature of the material to be remembered.

Taken together, these findings suggest that a diverse
neural network, including the hippocampus and the
RAC are involved in learning and memory, and that
the anterior caudate, with its close connections to the
frontal cortex, is preferentially implicated in the learn-
ing and memory decrements seen in depressed sub-
jects, with a particularly important role in structured
verbal memory. While it is unclear why volume loss
was only significant for the right and not the left anter-
ior caudate, the importance of the anterior caudate in
memory performance is consistent with the finding
that poor verbal memory was associated with reduced
anterior caudate activity in subjects with generalized
anxiety disorder (Moon et al. 2015), as well as the
finding that it uniquely contributed to new learning
in healthy adults (Mattfeld & Stark, 2015). The particu-
lar importance of the anterior caudate in depression is
also consistent with the findings of Butters et al. (2009)
who showed that critical volume loss was concentrated
in the anterior part of the caudate in a sample of older
adults with depression (Butters et al. 2009), and may re-
late to altered connectivity between the anterior caud-
ate and other regions such as the frontal lobes, as was
the case with depressed subjects in the study by Kenny
et al. (2010). Moreover, our finding that both the
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hippocampus and the RAC play a unique role in mem-
ory storage is consistent with the notion that these
regions are part of a wider neural network involved
in learning and memory. This extends findings from
prior research showing that frontal regions, the hippo-
campus, and the caudate have been altered in depres-
sion (see review by Naismith et al. 2012), and have also
in turn been related to memory deficits (Naismith ef al.
2006; Lamar et al. 2012; Jayaweera et al. 2015a).

Further, functional neuroimaging evidence showing
that the caudate nucleus and the hippocampus interact
during recognition memory in healthy controls, and
that there is increased hippocampal activity to com-
pensate for caudate dysfunction in subjects with caud-
ate pathology during the same recognition memory
task (Voermans et al. 2004), support this notion of hip-
pocampal and striatal memory networks where these
structures interact together in a non-competitive man-
ner. This occurs in such a manner that impairment in
one appears to be compensated by increased activity
of the other (Voermans et al. 2004). Indeed, research
indicates that there are direct projections from the
hippocampus to the caudate, and that both of these
structures are modulated by efferents from the amyg-
dala, which is not only implicated in mood regulation
but has also been linked to memory problems in
depressed subjects (Von Gunten ef al. 2000; see review
by Poldrack & Packard, 2003). This suggests that
impairments in overlapping neural networks involved
in mood regulation and cognition contribute to the
pathophysiology of depression in older adults.

With regard to possible mechanistic drivers for the
observed relationships in this study, anterior caudate
atrophy was not associated with vascular risk factors
or medical burden, although notably there was a
trend association. However, it was beyond the scope
of this study to examine the contribution of small-
vessel ischaemia or general cerebrovascular change to
caudate atrophy. We also did not measure levels of
pro-inflammatory cytokines (see review by Butters
et al. 2008) or other peripheral markers that have
been shown to be pertinent to later onset depression
and cognition (Diniz et al. 2015). Indeed, it may be
the case that vascular and inflammatory processes dis-
rupt monoamine neurotransmitter pathways within
the anterior caudate and within its functional circuits,
including connections with the hippocampus, amyg-
dala and prefrontal cortex. These may in turn reduce
serotonin and increase levels of tryptophan catabolites
which are neurotoxic (Taylor et al. 2013). This notion is
supported by findings that the anterior portion of the
caudate, with its close links to the amygdala, is particu-
larly rich in serotonergic fibres (Butters et al. 2009).
Hence, given that previous research has documented
that alterations in the serotonin transporter gene are
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relevant to the caudate atrophy seen in older people
with depression (Hickie et al. 2007), it is conceivable
that deficiencies in serotonin and serotonin pathways
may at least partly account for the relationships with
depression and anterior caudate atrophy in our
study. Further implicating the wider neural network
are findings that structures such as the hippocampus
and the prefrontal cortex are also innervated by seroto-
nergic fibres, and that serotonin receptor binding in the
hippocampus is related to memory (Yasuno et al. 2003).
Moreover, given that research indicates the serotonin
neurotransmitter system interacts with other neuro-
transmitter systems (such as the glutamatergic system
and the cholinergic system), it is likely that disruptions
to these interacting neurotransmitter systems, within
the wider network of neural structures involved in
learning/memory, contribute to the learning/memory
impairments found in depression.

Limitations

In interpreting these findings, it is worth noting the
limitations of this study. First, the control sample we
have used is relatively small and we are thus limited
in the comparisons that can be drawn with the
depressed patient group. Our depressed patients en-
compass a heterogeneous sample, including both
those currently remitted from depression and those
with mild symptomology, and both those with early
onset and late onset depression. It also encompasses
a restricted range of severity (ie. HAMD <20), and
therefore the generalizability of our findings to those
with more severe depression may be limited. Further,
it is important to note that our study is cross-sectional
and as such, the time-course of caudate changes with
respect to cognition and depression characteristics can-
not be determined. Finally, in this exploratory sample,
we did not adjust the a-level for multiple comparisons
when comparing caudate volumes between groups.
Thus, it is possible that Type 1 error rate is inflated.
Notwithstanding this limitation, we note that we did
employ two-tailed, as opposed to one-tailed tests,
even though on the basis of prior work, we were clear-
ly expecting our results to indicate smaller caudate
volumes in the depressed sample. Additionally, the
correlations between caudate volumes and memory
are robust and withstand a correction.

Implications

This study highlights that the anterior caudate, with its
proximity to the frontal cortex and the amygdala, and
dense monoamine neurotransmitter pathways, is a
subregion of the caudate that is particularly implicated
in depression pathophysiology in older people. In add-
ition, this structure appears to play a discrete role in
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the learning/memory decrements observed in this
group. Further, while previous research has largely fo-
cused on the hippocampus with respect to memory
changes in depression, our work suggests that a
wider network of neural regions, including the anterior
portion of the caudate and the hippocampus, is likely
to be contributing to these decrements, with contribu-
tion of specific structures varying depending on the na-
ture of the material to be learned/recalled. In this
regard, studies employing resting-state fMRI may
help to determine whether broader network dysfunc-
tion underpins memory alterations (Sexton ef al.
2012). Moreover, while we established that anterior
caudate atrophy is linked to later ages of depression
onset, further work demarcating the clinical correlates
of this structural brain change, including determining
whether significant relationships are indeed confined
to the RAC, may help to inform more tailored pharma-
cological intervention approaches, where particular
symptom complexes predominate.

Supplementary material

For supplementary material accompanying this paper
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