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Circulating biomarkers and
neuroanatomical brain structures
differ in older adults with and
without post-traumatic stress
disorder

Bonnie L. Quigley*?3>, Nathan Wellington'3, Jacob M. Levenstein', Megan Dutton?,
Ana P. Boucas?, Grace Forsyth?, Cyrana C. Gallay', Maryam Hajishafiee!, Ciara Treacy?,
Jim Lagopoulos*, Sophie C. Andrews!, Adem T. Can'® & Daniel F. Hermens':

The aim of this study was to advance post-traumatic stress disorder (PTSD) understanding in older
adults (48-77 years) by determining if circulating cytokines (IL-1B, IL-2, IL-4, IL-6, IL-12p70, IL17A and
TNFa), brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF-A) and
neuroanatomical brain volumes (grey and white matter, hippocampus, and amygdala) significantly
differed in those with versus without PTSD. While none of the tested cytokines showed a significant
difference, serum BDNF and VEGF-A levels were found to be significantly higher in the PTSD cohort.
The assay used for BDNF quantification was important, with differences in general BDNF detected, but
not when pro- and mature BDNF were measured specifically. Additionally, BDNF genotyping revealed
a significant difference in Val66Met genotype distribution by PTSD diagnosis, with Val66Met carriers
generally having lower circulating levels of BDNF compared to their Val66Val counterparts, regardless
of PTSD diagnosis. Neuroanatomically, an all-female subset was examined to find total grey and
white matter volumes and left and right hippocampal volumes were significantly smaller in those with
PTSD. Collectively, these results show that both novel (VEGF-A) and established targets (BDNF and
neuroimaging) may serve as useful biomarkers for older adults with PTSD.
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Post-traumatic stress disorder (PTSD) affects 5-10% of people who have experienced a traumatic event, leading
to a persistent range of symptoms including distressing and intrusive memories, nightmares, irritable and/
or aggressive behaviour, hypervigilance, persistent negative cognitions about oneself/others, concentration
difficulties and emotional withdrawal'. A current challenge in the diagnosis and monitoring of PTSD is the
reliance on subjective symptoms which need to be recognised as PTSD and evaluated by an appropriately
qualified health practitioner. Many PTSD symptoms are shared between with other psychiatric conditions, like
major depressive disorder? and severe anxiety, and specially trained mental health staff are not always available
to formalise a diagnosis. Thus, individuals living with PTSD can go undiagnosed and untreated for prolonged
periods of time. Hence, the need to better understand the biological markers of PTSD has fostered active research
into many molecular, neurochemical and genetic factors associated with this condition!>. Identifying reliable
biomarkers that could be used as front-line pre-screening tools and objective monitoring targets could allow a
much broader range of health care professionals to be part of the diagnosis and treatment strategy for PTSD.
However, while several potential biomarkers have shown significant promise, the consensus across the field
has been that no single biomarker is consistently altered across all cases of PTSD examined*. This implies that
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further research is required to determine which biomarkers are significant for which subgroups of individuals
with PTSD and how they should be measured and evaluated most effectively.

Given the increasing age of global populations and the frequently delayed diagnosis of PTSD, the number
of studies investigating potential biomarkers for PTSD in older adults is unexpectedly limited. The prevailing
association between PTSD and a physiological alteration is the discernible dysregulation of the immune system
among individuals diagnosed with PTSD>. This dysregulation is often detectable as a systemic, low-grade
inflammation’. Overall, immune markers, such as inflammatory cytokines and C-reactive protein (CRP), have
been the most studied biomarkers in the older adult PTSD age group®'?. More specifically, higher levels of
interleukin (IL)-1B*, IL-6!!, tumour necrosis factor alpha (TNFa)!2 and CRP%!%1>17:18 have been reported in
older PTSD cohorts compared to controls. However, reports finding no difference in many investigated immune
markers are also common®-1013141619,

Another important potential biomarker for PTSD is brain-derived neurotrophic factor (BDNF), an essential
neurotrophin for learning and memory with crucial functions in neuronal survival, growth, and plasticity?.
In the overall PTSD biomarker space, meta-analysis of the BDNF literature suggests generally higher levels
of peripheral circulating BDNF in PTSD cohorts compared to controls?'. However, there are also reports that
peripheral BDNF levels remain unchanged or are lower in PTSD cohorts, including in older PTSD cohorts?2.
Interpretations of BDNF biomarker findings are complicated by three important factors: (1) this neurotrophin is
made as both a precursor (proBDNF) and mature protein, with both forms detectable in peripheral circulation
and having important, yet opposite, effects on cellular function??; (2) the majority of peripheral BDNF is stored
in platelets*»*> (which is released into serum during coagulation), with only small amounts normally free in
circulating plasma, suggesting that serum and plasma may represent two biologically distinct pools of BDNF?%
and (3) known single nucleotide polymorphisms (SNPs) within the BDNF gene, such as the Val66Met SNP
(rs6265), have generated conflicting outcomes as to whether they contribute to a genetic susceptibility to PTSD
or not?’?8, As such, the varied outcomes regarding the association (or lack thereof) of BDNF and PTSD likely
reflects both technical and biological considerations related to the way this biomarker is investigated.

Vascular endothelial growth factor (VEGF or VEGF-A) has not traditionally been investigated as a PTSD
biomarker. In addition to its well-recognised role in angiogenesis, VEGF-A is known to have important
neurotrophic activities and effects on blood-brain-barrier permeability?>*-3!. Investigations focusing on stress
conditions have found that both BDNF and VEGF-A play important roles in the myriad of changes that contribute
to stress-induced affective diseases®? and that VEGE-A is either associated with, or required for, BDNF-related
antidepressant or anti-psychosis treatment responses**~*°. Given the parallels and interplay between VEGF-A
and BDNF (including platelets also maintaining a reservoir of VEGF-A%), VEGF-A merits investigation as a
potential PTSD biomarker.

In addition to biomarker research in the peripheral circulation, the increased availability and impressive
technical advances in magnetic resonance imaging (MRI) have allowed for structural brain differences to
be investigated as reproducible markers of distinction between PTSD and non-PTSD cohorts. Analysis has
suggested that both global brain structures, such as grey and white matter volumes¥, and subcortical brain
structures, such as hippocampal (for memory) and amygdala (for emotional fear-processing) volumes¥-41,
can be different between groups with and without PTSD. Nevertheless, due to the inherent alterations in brain
structure that occur with advancing age*?, investigating potential correlations between structural brain volumes
and PTSD in older adults necessitates a targeted examination of this specific age group.

Collectively, review of the PTSD literature highlights a lack of studies focused on older PTSD cohorts. As
such, the aim of this study was to profile two age- and sex-matched cohorts of older adults (48-77 years of age),
with and without PTSD, to determine if circulating peripheral biomarkers (cytokines, BDNF and VEGF-A)
and neuroanatomical brain volumes (grey and white mater, hippocampus, and amygdala) exhibited significant
differences by PTSD diagnosis.

Results

Study cohorts

Two study cohorts, both N=24, were assembled to represent age- and sex-matched groups of older adults with
and without PTSD (Table 1). To confirm the cohorts displayed characteristics typical of PTSD/non-PTSD
clinical states, self-reported measures of wellbeing were collected. As anticipated, the PTSD cohort reported
significantly lower World Health Organisation Wellbeing Index (WHO-5) quality of life scores and significantly
higher levels of anxiety, depression and stress (via the Depression, Anxiety, and Stress Scale (DASS)) compared
to their non-PTSD counterparts (Table 1). Additional clinical information about the PTSD cohort is given in
Table 1 (trauma type, co-morbid conditions and psychotropic medications used). None of these factors were
found to significantly influence the mean biomarker quantifications reported within the PTSD cohort (via Mann
Whitney U test).

Cytokines

To investigate potential differences in inflammatory cytokines between these older adult PTSD and non-PTSD
cohorts, interleukin (IL)-1p, IL-2, IL-4, IL-6, IL-12p70, IL17A and tumour necrosis factor alpha (TNFa) were
quantified from plasma. It was recognized that blood samples were collected at different times between the
study cohorts (PTSD cohort bloods were generally collected at midday as non-fasting while the non-PTSD
cohort bloods were collected in the early morning as fasting), with the potential to influence cytokines sensitive
to circadian rhythms*. As such, Pittsburgh Sleep Quality Index (PSQI) scores were examined in both cohorts
(Table 1). Both cohorts reported sleep scores indicative of clinically significant sleep disturbances (average
score above 5), suggesting possible chronodisruption?*-%>. Given this matching possible circadian disruption,
comparison of cytokine levels between the cohorts proceeded.
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PTSD (n=24) Non-PTSD (n=24) | Statistic! P
Age (yrs) 56.2%6.9 (48-77) | 56.8+5.7 (50-76) z=-0.57 0.570
Sex (M/F) 9M-15F 8§ M-16 F x2(1)=0.091 0.763
CAPS-5 54+8 (41-68) na
PTSD duration (yrs) 24+18 (3-55) na
WHO-5 6.1+£5.2 (0-17) 16.3+4.5 (4-25) z=-4.75 <0.001
DASS-21 anxiety 17.0+10.8 (0-38) | 0.5+ 1.1 (0-4) 7= 566 <0.001
DASS-21 depression 23.8+12.9 (2-40) | 1.6+3.0 (0-12) z=-5.69 <0.001
DASS-21 stress 21.4+10.3 (6-42) | 3.2+3.9 (0-14) z=-5.62 <0.001
PSQI? 7.04+4.93 (0-15) | 7.00+4.27 (0-14) | t(46) =—-0.031 | 0.975
Trauma type
Childhood 13 (54%) na
Other? 11 (46%) na
Co-morbid conditions
Depression 14 (58%) 0
Anxiety 11 (46%) 0
Depression & Anxiety 8(33%) 0
Complex PTSD 2 (8%) 0
Psychotropic medications:
Benzodiazepines 10 (42%) 0
SSRIs 9 (38%) 0
SNRIs 4 (17%) 0
Cyclic antidepressants 3 (13%) 0
Other medications 11 (46%) 0

Table 1. Demographics and clinical characteristics of study population. Mean + standard deviation (range) or
No. (%) present/using, na=not applicable, CAPS-5 - Clinician Administered PTSD Scale for DSM-5, WHO-

5 — World Health Organisation Wellbeing Index, DASS - Depression, Anxiety, and Stress Scale, SSRI - selective
serotonin reuptake inhibitors, SNRIs - serotonin-norepinephrine reuptake inhibitors, Cyclic antidepressants
included tricyclic and tetracyclic antidepressants, Other medications included lithium, melatonin, monoamine
oxidase inhibitors (MAOI), atypical antidepressants and antipsychotics, stimulants and nonbenzodiazepine
hypnotics. !Mann Whitney U test, Chi-squared test or independent samples t-test, as appropriate. 2PSQI =
Pittsburgh Sleep Quality Index; PTSD group used the Addendum for PTSD (PSQI-A) while the non-PTSD
group used the standard index. *Other trauma types included military (2), workplace related (4), assault (2),
bereavement (2) and sexual abuse (1). Significant values are in bold.

Quantification of the cytokine panel determined that a significant number of study samples fell below the
lower limit of quantification (LLOQ) for several targets (Table 2). As such, results were analysed as both a binary
measure (detectable/not detectable) and as a quantification (continuous) where undetectable samples were
assigned a value of half the LLOQ for that target. Regardless of analysis approach, none of the tested immune
markers showed a significant difference by PTSD cohort (Table 2).

BDNF

To understand the complex nature of BDNF in peripheral circulation, BDNF was quantified from both plasma
and serum using three assays with different target specificities and technologies (BDNF detection via xMAP
technology, mature BDNF detection via enzyme-linked immunosorbent assay (ELISA) and proBDNF detection
via ELISA). By PTSD diagnosis, only BDNF from serum measured via XMAP technology detected a significant
difference between PTSD and non-PTSD cohorts (Table 2; Fig. 1A-C).

To gain an understanding of the relationship between what forms of BDNF were detected between the test
assays, quantified BDNF amounts were compared between tests. In both plasma and serum, mature BDNF values
significantly correlated with BDNF values while proBDNF values showed no relationship with either mature
BDNF or BDNF values (Fig. 1E). In addition, it was observed that one participant in the non-PTSD cohort had
an unusually high proBDNF level in plasma (while having an average mature BDNF level) and that the unusually
high level was reproduced in the BDNF assay (Fig. 1A-C, blue triangle marker). This observation suggested that
the BDNF assay was measuring both proBDNF and mature BDNE. However, when ELISA assay results from
proBDNF and mature BDNF were added together and evaluated by PTSD diagnosis, the significant difference
observed in the BDNF xMAP results were not replicated (Fig. 1D). Despite this, a significant correlation between
proBDNF + mature BDNF values and BDNF values was detected, with correlation coefficients of 0.499 and 0.429
in plasma and serum, respectively (Fig. 1E). Taken together, this data suggests that the BDNF xMAP assay was
able to detect both proBDNF and mature BDNE, but in a way that does not directly equal the sum of measuring
each form of BDNF separately by ELISA.
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Detectable/Not detectable Quantifications’

No. (%) non- | No. (%) PTSD

PTSD samples | samples below
Target Sample | below LLOQ? | LLOQ? Statistic P Non-PTSD* PTSD* Statistic> | p
BDNF (pg/ml) Serum | 1(4%) 0 - 1.000 80.24+67.22 154.28 +110.37 z=-2.49 0.013
Mature BDNF (ng/ml) | Serum |0 0 na na 24.70+£9.28 23.25+8.12 z=-0.25 0.805
ProBDNF (ng/ml) Serum | 13 (54%) 11 (46%) x3(1)=0.333 | 0.564 1.48+3.70 1.48+£2.80 z=-0.60 0.548
VEGEF-A (pg/ml) Serum |0 0 na na 198.55+152.62 360.00 +£240.37 z=-297 0.003
BDNF (pg/ml) Plasma | 4 (17%) 4 (17%) - 1.000 10.28+17.29 9.81+£9.12 z=-0.70 0.481
Mature BDNF (ng/ml) | Plasma |0 0 na na 4.44+5.76 6.68+8.62 z=-0.85 0.395
ProBDNF (ng/ml) Plasma | 13 (54%) 13 (57%) x2(1)=0.026 | 0.871 8.11+31.56 1.73+£2.93 z=-0.01 0.991
VEGF-A (pg/ml) Plasma |0 0 na na 29.24+25.61 36.72+23.31 z=-1.53 0.125
IL-1b (pg/ml) Plasma | 7 (29%) 8(35%) x3(1)=0.170 | 0.680 1.78+1.93 2.03+2.56 z=-0.09 0.931
IL-2 (pg/ml) Plasma | 2 (8%) 5 (22%) - 0.245 2.75+2.85 2.68+2.61 2=-0.38 0.701
IL-4 (pg/ml) Plasma | 10 (42%) 7 (30%) x2(1)=0.642 | 0.423 1.72+1.56 1.96+1.70 z=-0.35 0.727
IL-6 (pg/ml) Plasma | 7 (29%) 8(35%) x3(1)=0.170 | 0.680 4.01+£6.34 3.57+4.05 z=-0.42 0.673
IL-12p70 (pg/ml) Plasma |0 5(22%) - 0.022° 7.75+£6.27 8.66+£8.93 z=-0.15 0.882
IL-17 A (pg/ml) Plasma | 7 (29%) 7 (30%) x2(1)=0.009 | 0.924 1.16+1.21 1.28+1.42 z=-0.31 0.754
TNFa (pg/ml) Plasma | 3 (13%) 7 (30%) - 0.168 3.80+5.68 3.03+3.58 z=-0.41 0.685
Total Grey Matter® Brain na na na na 340,798.0+£29,220.7 | 249,957.9£28,896.2 | t(16) =4.00 0.001
Total White Matter® Brain na na na na 284,804.2+27,623.3 | 219,872.8+28,947.6 | t(16)=4.87 | <0.001
Hippocampus Left® Brain na na na na 2,107.7+223.9 1,770.8+239.1 t(16)=3.09 | 0.007
Hippocampus Right® | Brain | na na na na 2,336.1+265.0 1,889.4+316.8 t(16)=3.25 | 0.005
Amygdala Left® Brain na na na na 776.2+94.0 711.0+£112.6 t(16)=1.34 | 0.201
Amygdala Right® Brain | na na na na 713.5+126.1 620.6+68.2 t(16)=1.94 | 0.070

Table 2. Biomarker measurements between non-PTSD and PTSD cohorts. 'Measurements given as

mean + standard deviation; 2LLOQ = lower limit of quantification;>Chi squared, Fisher Exact, Mann
Whitney U or Independent sample t-test, as appropriate;*Samples below LLOQ were assigned half the LLOQ
value (see methods for details); Non-PTSD cohort: #=24 for serum and plasma measurements, n=9 for
brain volumes; PTSD cohort: # =24 for serum measurements, n=23 for plasma measurements, n=9 for
brain measurements;°Not significant after Bonferroni correction (serum p<0.013, plasma p <0.005, brain
p<0.008);°Scaled units; na=not applicable. Significant values are in bold.

To investigate the contribution of BDNF platelet reserves to the BDNF levels detected in serum compared to
plasma, the change in overall quantifiable levels of BDNF was compared between our sample types within each
assay. When all the plasma samples were compared to all the serum samples (regardless of PTSD diagnosis),
BDNF and mature BDNF showed significantly higher detectable levels in serum over plasma (t(93) = —7.440,
p<0.001 and t(93) = —11.202, p<0.001, respectively), while matched proBDNF levels revealed no difference by
sample type (t(93)=1.059, p=0.292) (able to be visualised by comparing the entire serum panel to the entire
plasma panels in Fig. 1A, B and C).

To investigate the potential influence of the Valé66Met BDNF polymorphism on PTSD diagnosis and BDNF
levels, the genotype status of the rs6265 SNP was determined within these cohorts and used to further examine
circulating BDNF levels. In agreement with previous reports, a significant difference in genotype distribution
between PTSD and non-PTSD cohorts was detected (Fisher-Freeman-Halton exact test=7.284, p=0.015), with
Val66Val more prevalent in the non-PTSD cohort and Val66Met and Met66Met genotypes more prevalent in the
PTSD cohort (Fig. 2A). Separating circulating levels of BDNF, mature BDNF and proBDNF by both genotype
and PTSD diagnosis revealed the overall trend for target BDNF levels to be lower in the Val66Met subgroup
versus the Val66Val subgroup within both PTSD and non-PTSD cohorts (Fig. 2B-D).

VEGF-A

Quantification of VEGF-A circulating levels using xMAP technology resulted in similar results to BDNF levels
with the same technology; significantly higher VEGF-A levels were detected in serum from the PTSD cohort
compared to the non-PTSD cohort (Table 2; Fig. 3).

Neuroanatomical volumes

An all-female subset of age-matched participants between the study cohorts (n=9 per group; PTSD group: age
57.2+4.4 years, range 50-65 years old; non-PTSD group: 57.2 +5.2 years, range 49-66 years old) also underwent
MRI brain scans, allowing for gross anatomical structures (total grey and white matter volumes) and subcortical
segmentations (left and right hippocampus and left and right amygdala volumes) to be evaluated. Two-tailed
independent-sample t-tests were performed for each of the structures comparing regional volumes, with results
summarised in Table 2. After applying a Bonferroni correction (corrected alpha <0.0083), total white matter,
total grey matter and hippocampal volumes (both left and right) remained significantly different between the
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Fig. 1. Violin plots depicting BDNF levels in plasma and serum between PTSD and non-PTSD cohorts
measured as (a) BDNF (via xMAP multiplex technology), (b) Mature BDNF (via ELISA technology),

(c) ProBDNF (via ELISA technology) and (d) Mature BDNF and ProBDNF added together (via ELISA
technology) (Mann Whitney U test). Coloured circles represent individual sample concentrations (the
coloured triangle in non-PTSD plasma plots identifies a participant with an outlier proBDNF value in each
test set); Unfilled circles represent samples below the assay detection limit which were assigned values of half
the lower limit of quantification (LLOQ) for analysis; Solid faded circles represent samples with concentrations
estimated from the analysis software (detectable but below the LLOQ); Line represents the sample set mean;
White square represents the sample set median; NS =not significant (p>0.05). (e) Spearman’s rank correlations
of BDNF measurements between testing methods in plasma and serum. Correlations with significance of
p<0.002 are shown in white text with red asterisk; all other non-significant correlations are shown in black
text; r (45) in plasma, r (46) in serum.
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Fig. 2. PTSD and non-PTSD cohorts by BDNF Val66Met (rs6265) polymorphism. (a) Genotype distribution
by PTSD diagnosis (Fisher-Freeman-Halton Exact test=7.284, p=0.015). Violin plots of plasma and serum
levels of (b) BDNF (xMAP), (c) Mature BDNF (ELISA) and (d) ProBDNF (ELISA) by both PTSD diagnosis
and genotype. Overall group differences were determined using the Kruskal-Wallis H test. Pairwise differences,
when significant after Bonferroni correction for multiple tests, are indicated within the graphs by a bar and
p-value. Coloured circles represent individual sample concentrations; Unfilled circles represent samples

below the assay detection limit which were assigned values of half the lower limit of quantification (LLOQ)

for analysis; Solid faded circles represent samples with concentrations estimated from the analysis software
(detectable but below the LLOQ); Line represents the sample set mean; White square represents the sample set
median; NS =not significant (p>0.05), *indicates p values still significant after Bonferroni multi-comparison
correction (p<0.013).

cohorts, such that older women with PTSD had smaller volumes compared to their healthy-matched non-
PTSD controls (Fig. 4). Amygdala volumes (both left and right) did not show a significant difference by PTSD
diagnosis, but the mean trend was also for this brain region to be smaller in the women with PTSD (Fig. 4).

Discussion
The discovery of clinically informative biomarkers able to support PTSD diagnosis and monitoring would
provide tremendous impact for both medical practitioners and their patients. This impact could be particularly
meaningful as PTSD can be a lifetime condition and our global populations age. Unfortunately, many potential
biomarkers investigated to date have important biological and technical considerations that need to be evaluated
before reproducible outcomes can be achieved. This is in addition to the natural population diversity of people
living with PTSD. To continue addressing these challenges, this study has examined a selection of established
and novel PTSD biomarkers (immune, neurotrophic/vascular and structural) within a focused subgroup of
older adults living with PTSD.

In this older adult PTSD/non-PTSD cohort comparison, no significant differences were detected in the
collection of cytokine targets tested (IL-1p, IL-2, IL-4, IL-6, IL-12p70, IL17A and TNFa; Table 2). Caution in
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Fig. 3. Violin plots depicting VEGF-A levels in plasma and serum between PTSD and non-PTSD cohorts
measured via xXMAP multiplex technology (Mann Whitney U test). Coloured circles represent individual
sample concentrations; Line represents the sample set mean; White square represents the sample set median;
NS =not significant (p > 0.05).

the interpretation of these results is necessary, as blood collection was not identically timed between cohorts
(introducing possible circadian rhythm variations) and both cohorts reported sleep disturbances that could
have led to further chronodisruption (Table 1). Cytokine levels are known to be affected by the circadian system
and both traumatic stress and ageing have been proven to contribute to circadian distruption*>~*>. As such,
consideration of circadian influences that could not be completed controlled for is necessary in the interpretation
of these non-significant findings. In this sample set, all the targeted cytokine levels were also low (close to the
LLOQ or below detection), which was expected based on previous reports of these targets in plasma from PTSD
and non-PTSD individuals*®4’. Plasma was specifically chosen for this analysis based on reported evidence that
this panel of cytokines showed better stability in plasma over serum®. Additionally, both preliminary study
testing (not reported) and published comparisons revealed no significant difference in these cytokines between
plasma and serum*®*°. So, while some of these inflammatory markers have shown promise as PTSD biomarkers
for this age group in other studies'1>1%, this study was unable to support those claims.

Analysis of BDNF as a potential PTSD biomarker in older adults involved multiple comparisons to account
for several biological and technical challenges inherent to this neurotrophin. The first set of comparisons
analysed BDNF across three different assessments: BDNF by xXMAP technology, mature BDNF by ELISA and
proBDNF by ELISA. Overall, the only test condition that detected a significant difference between the PTSD
and non-PTSD cohorts was the BDNF measurement by xMAP in serum (Fig. 1). Individual participant test
results between the three assays suggested that the BDNF assay may represent a total BDNF measurement, as it
appeared to detect both proBDNF and mature BDNF (Fig. 1). However, while both BDNF vs. mature BDNF and
BDNF vs. proBDNF + mature BDNF results significantly correlated, neither ELISA assay separately nor as a sum
together were able to recreate the significant difference observed by the xMAP measurement (Fig. 1). Given the
differences in proprietary antibodies used to detect BDNF in each test, the difference in liquid phase (xMAP)
versus solid phase (ELISA) of the antibody-BDNF interaction within the assays and the different chemistries
used for signal detection (fluorescence for XM AP, colorimetric for ELISA), it was not completely unexpected that
each assay showed a unique specificity for BDNE This difference in BDNF assay specificities has been recognised
in the general BDNF literature previously>® and has resulted in calls for greater awareness in regards to reporting
BDNF results to account for this difference in assay outcomes?.

Another observation related to the levels of proBDNF/mature BDNF in plasma versus serum. It has been
established that the majority of circulating BDNF is stored in platelets and this pool is released into serum during
the coagulation process?*?°. Interestingly, both proBDNF and mature BDNF have been detected in platelets,
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Fig. 4. Neuroanatomical volumes by PTSD diagnosis. (a) Overview diagram depicting targeted regions: total
white matter (light grey), total grey matter (dark grey), hippocampus (green) and amygdala (red). Violin plots
depicting (b) total white matter, (c) total grey matter, (d) hippocampus (left and right) and (e) amygdala (left
and right) volumes by PTSD cohort (Independent sample t-test). Circles represent individuals; Line represents
the sample set mean; White square represents the sample set median; NS =not significant (p >0.05).

but only mature BDNF is reported to be released during platelet activation®. Our assay results support this
narrative. Significantly higher BDNF levels were observed in serum over plasma when mature forms of BDNF
were assayed for (by the BDNF and mature BDNF assays) while no level changes were seen when only proBDNF
was assayed for (by the proBDNF assay) (Fig. 1). This suggests that the significant difference observed in the
serum of PTSD participants is being driven specifically by the mature BDNF pools stored in circulating platelets.

Adding a genetic layer to our understanding of circulating BDNF levels, re-evaluating BDNF protein levels
by individual Val66Met genotype (which results in either a Val or Met amino acid in position 66 of the pro-
domain portion of proBDNF) found that Val66Met individuals trended towards lower levels of circulating BDNF
compared to Val66Val individuals within the same cohorts, regardless of PTSD diagnosis. This suggested that
some difference in BDNF transcription, translation or protein stability (perhaps related to the known structural
change induced by this SNP*!) led to lower levels of BDNF circulating in Val66Met individuals versus Val66Val
individuals. Whether having less circulating BDNF at the time of trauma contributes to the risk of developing
of PTSD, which then leads to an overall more BDNF in circulation (regardless of genotype) during clinically
diagnosed PTSD, is an interesting question for future targeted study.

The observation that peripheral BDNF serum levels were significantly higher in individuals diagnosed
with PTSD concurs with meta-analysis of BDNF results in the PTSD literature?!. These findings may reflect a
compensatory mechanism for other alterations that occur during PTSD>2 or an over-consolidation of traumatic
memories around the time of the trauma®. BDNF has the ability to cross the blood-brain barrier®* and
circulating BDNF levels do appear to reflect brain-tissue BDNF levels®. As such, as technical and biological
issues are addressed, peripheral BDNF continues to emerge as a strong PTSD candidate biomarker under the
right conditions.

Another aim of this study was to characterise peripheral levels of VEGF-A to evaluate its potential as a PTSD
biomarker. VEGF-A is emerging as a necessary partner to BDNF in both the development of stress-related
disorders and in their treatment*?*. Despite this, VEGF-A has not previously been investigated as a potential
PTSD biomarker. In this study, circulating VEGF-A levels were significantly higher in the serum of the PTSD
cohort (Fig. 3). These results paralleled the BDNF findings, also suggesting that the VEGF-A reserves stored in
platelets and released during clotting® is the biological pool that is altered during PTSD. The possible effects of
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this alteration are not yet known, but these findings suggest that further research in VEGF-A in the context of
PTSD is warranted.

Finally, large MRI studies and meta-analyses of many smaller MRI studies indicate brain volume differences
at the overall and subregion level have potential to be useful PTSD biomarkers**3%4!. In particular, the important
roles of the hippocampus and amygdala in learning, memory and stress regulation have made these regions of
particular interest in the PTSD research field. While the neuroanatomical analysis undertaken in this study
included only a subset of female older adults with and without PTSD, the results obtained concur with the
emerging consensus that smaller brain volumes are observed in PTSD (Fig. 4)*”!. In this study’s comparison,
total white matter, total grey matter and both the left and right hippocampus showed significantly smaller
volumes in women with PTSD. While it has been postulated that these reduced volumes (particularly in total
grey matter and hippocampal regions) could be due to stress exposure*"-, it is generally agreed that more work
is needed to understand the underlying causation for these changes. Datasets from groups like the ENIGMA-
PGC PTSD consortium also offer an opportunity to extend analysis of older adults with specifically targeted
analyses. While neuroimaging researchers continue to expand our understanding of PTSD’s impact on the
brain (with investigations into functional changes®” and neural anatomical network alternations®®), it is hoped
that studies such as this one, which investigated patterns between neuroanatomy, circulating biochemistry and
genetic markers in the same patient population, can begin to address the complex interplay between brain, body
and mind in PTSD.

This study had limitations that should be taken into consideration when interpreting the outcomes. These
included having small cohort sizes (particularly in the imaging group, as only a subset of participants (all female
by chance) chose and were able to undergo MRI), different inclusion/exclusion criteria for the PTSD/non-PTSD
cohorts, a four-hour processing window from blood collection to storage, different timing schedules for blood
collection between cohorts (known to impact some biomarkers sensitive to circadian variation - particularly
cytokines), potential confounding personal characteristics which may have affected blood biomarkers, possible
biases resulting from recruiting individuals enrolled in clinical trials and the possibility of unreported trauma
exposure in the control group. Despite these limitations, statistically significant differences were still detectable
between the study cohorts, even after correcting for multiple comparisons, and the findings reported are
consistent with previous studies. As such, this study contributes valuable insights into the potential PTSD
biomarkers investigated and the potential for future personalised medicine approaches.

Overall, this study has identified that both circulating biomarkers (BDNF and VEGF-A) and structural
volumes (of the grey/white matter and hippocampus) have potential as biomarker targets for monitoring PTSD
in older individuals. Future research necessitates the analysis of larger and more diverse participant cohorts in
order to gain greater understanding of the variability within these targets. PTSD is a diverse, complex condition
and many older adults have been living with this condition for extended periods of time. By taking this subgroup-
specific, multi-target approach to biomarker investigation, the long-term aim is to recognise relevant clinical
subgroups with the PTSD population and increase the biologically informative power of these markers to help
facilitate practical outcomes for patients.

Methods

Participants

The present study is a subset analysis of participants enrolled in clinical trials at the Thompson Institute
(University of the Sunshine Coast (UniSC), Queensland, Australia) to examine oral ketamine as an augmentation
treatment for PTSD (PTSD cohort) or assess a lifestyle intervention for healthy ageing (non-PTSD cohort). All
experimental protocols were approved by the Prince Charles Hospital human research ethics committee and the
UniSC ethics committee, all methods were carried out in accordance with relevant guidelines and regulations
and informed consent was obtained from all participants.

PTSD participant group

Older adults were selected from a participant pool referred by their general practitioner (GP) for participation
in either the Oral Ketamine Trial on Post-Traumatic Stress Disorder (OKTOP; Australian New Zealand Clinical
Trials Registry (ANZCTR) ID ACTRN12618001965291 (registered 05/12/2018); Prince Charles Hospital HREC
Approval: HREC/18/QPCH/288, UniSC Ethics Approval: A181190) or the Transcranial Magnetic Stimulation
and Oral Ketamine Combination Treatment for Post Traumatic Stress Disorder (TMS-OK PTSD; ANZCTR
ID ACTRN12621000342819; Bellberry Ltd. HREC Approval: 2020-07-653, UniSC Ethics Approval: A211572)
to comprise the PTSD cohort. Genetic analysis and reporting are registered under the Genetic Biomarkers of
Ketamine on PTSD project (GBOK; Prince Charles Hospital HREC Approval: HREC/18/QPCH/288, UniSC
Ethics Approval: S211655). GPs also provided a medical history including diagnosed co-morbidities and
medication use for their patients. Individuals’ baseline assessments were included in this analysis (taken prior
to anyone receiving treatment), which included blood collection (n=24, 9 males, 15 females) and MRI scans
(n=9, all females). Blood collection timing and fasting state was not controlled for in this cohort (though
most collections occurred around midday). Clinical and demographic information for this cohort is given in
Table 1. Eligibility for both oral ketamine trials included males and females over 18 years of age with a current
diagnosis of PTSD as assessed using the Clinician Administered PTSD Scale for DSM-5 (CAPS-5)> with the
ability to provide written informed consent and tolerate the clinical trial treatment and monitoring protocol.
Exclusion criteria included the presence of psychosis, mania/hypomania, acute suicidality requiring urgent
psychiatric intervention, current or history of substance abuse and/or ketamine use disorder, uncontrolled/
severe symptomatic cardiovascular disease states (e.g. myocardial infarction within prior 6 months/history of
stroke/hypertension (resting blood pressure >150/100)), body weight of > 150 kg, history of intracranial mass/
intracranial haemorrhage or stroke/cerebral trauma or traumatic brain injury/increased intracranial pressure (as
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assessed by referring general practitioner), liver function test (LFT) results out of normal range, females who were
pregnant/currently breastfeeding/planning a pregnancy during the trial, previous adverse reaction to ketamine,
presence of MRI contraindications (pacemakers, etc.) or participation in any other clinical intervention trial
during study period. Of note, ethics approval for genotyping studies was only available within the OKTOP trial,
reducing the PTSD cohort size to n=17 for genotyping analysis.

Control participant group

Age- and sex-matched individuals were selected as controls from healthy community members who
volunteered for the Lifestyle Intervention Study for Dementia Risk Reduction (LEISURE)® (ANZCTR ID
ACTRN12620000054910 (registered 23/01/2020), UniSC Ethics Approval: A191301) to comprise the non-
PTSD cohort. Individuals’ baseline assessments were included in this analysis (prior to anyone starting the trial
protocol), which including blood collection (n =24, 8 males, 16 females) and MRI scans (1 =9, all females). Fasting
blood was collected from this cohort between 8 and 9 am. Clinical and demographic information for this cohort
is given in Table 1. Eligibility for participation in the study included Montreal Cognitive Assessment (MoCA)
score of <26, normal or corrected-to-normal visual acuity and aged between 50 and 85 years. Exclusion criteria
for this trial included current or history of the following: prior head injury with loss of consciousness > 60 min,
stroke or transient ischemic attack, atherosclerotic cardiovascular disease, myocardial infarction, pulmonary
respiratory conditions (e.g. COPD), metabolic disorders (e.g. diabetes type 1 or 2/kidney disease/liver disease),
history of schizophrenia or bipolar disorder, major neurological condition (e.g. Parkinson’s disease/multiple
sclerosis), epilepsy, current alcohol or other substance misuse, intellectual disability, acute psychosis, insufficient
English language skills to complete standardised assessment, test results that indicated study participation was
unsafe, participation in conflicting studies, presence of MRI contraindications (pacemakers, etc.) and current
usage of medications known to affect central nervous system (e.g. antidepressant medications). Additionally,
no history or current diagnosis of PTSD (or any other mental health condition) was confirmed by clinician
interview during the pre-screening of this group.

Assessment of clinical characteristics

For the PTSD cohort, PTSD diagnosis was reconfirmed by the study consultant psychiatrist using the CAPS-5
to ensure all participants met the minimum threshold score of 240 and criterion A-G. Additionally, all study
participants self-reported the WHO-5%' and the DASS®2. A summary of participant clinical characteristics are
presented in Table 1.

Sample collection

Blood samples were collected by a certified phlebotomist for both serum and plasma using serum separator
tubes (SST) and K2EDTA collection tubes, respectively. After a minimum 30 min at room temperature (to allow
for serum clotting), an aliquot of K2ZEDTA whole blood was removed and stored at —80 °C before all tubes were
centrifuged at 2465 x g for 15 min at 4 °C. All samples were processed within four hours of collection. Serum and
plasma were separated, aliquoted and stored at —80 °C.

Protein quantification

Circulating peripheral biomarkers were quantified from serum and/or plasma by xMAP microsphere-based
assay (Luminex) or ELISA. Before analysis, all samples were thawed on ice and centrifuged at 10,000 x g for
10 min at 4 °C to remove precipitates.

Standard ProcartaPlex simplex assays (ThermoFisher Scientific, Australia) were combined for the
detection of BDNF (EPX01A-12116-901, lower limit of quantification (LLOQ) of 2.03 pg/ml) and VEGF-A
(EPX01A-10277-901, LLOQ of 4.88 pg/ml). The high-sensitivity 9-plex Human ProcartaPlex panel (EPXS090-
12199-901) was used to obtain quantifications for IL-13 (LLOQ of 0.28 pg/ml), IL-2 (LLOQ of 0.88 pg/ml),
IL-4 (LLOQ of 1.29 pg/ml), IL-6 (LLOQ of 1.29 pg/ml), IL-12p70 (LLOQ of 0.77 pg/ml), IL-17 A (LLOQ of
0.30 pg/ml) and TNFa (LLOQ of 0.62 pg/ml). This panel also included interferon gamma (IFN-y) (LLOQ of
1.26 pg/ml) and IL-10 (LLOQ of 0.17 pg/ml), however, 68% and 91% of samples tested fell below the minimum
quantification limits for these targets, respectively. As such, these targets were removed from analysis. For the
remaining targets, samples that registered below the assay detection limit were assigned a value of half the LLOQ
for that target for statistical analysis. Assay were conducted according to the manufacturer’s instruction, read on
a Luminex 200 instrument (ThermoFisher) and analysed using the ProcartaPlex Analysis App (ThermoFisher).

Quantifications of mature BDNF and proBDNF separately were performed using the Mature BDNF/proBDNF
Combo ELISA assay kit (BEK-2241, Biosensis, Australia). As per the manufacturer’s recommendations, samples
were diluted prior to testing (plasma diluted a minimum of 1:20 for both assays, serum diluted a minimum of
1:10 for proBDNF and 1:50 for mature BDNF). This resulted in LLOQs for proBDNF (after accounting for the
minimum dilution required) of 0.312 ng/ml in both plasma and serum and LLOQs for mature BDNF of 0.156
ng/ml in plasma and 0.390 pg/ml in serum. Assays were performed according to the manufacturer’s instruction
(Biosensis) and analysed using GainData software (Arigo Biolaboratories, https://www.arigobio.com/elisa-anal
ysis). The manufacturer’s information reports the proBDNF assay to be 100% reactive with proBDNF and have
no cross-reactivity with mature BDNF while the mature BDNF assay is reported to be 100% reactive with mature
BDNF and claims an ~ 5.3% cross-reactivity with proBDNF (Biosensis). By comparison, the ProcartaPlex BDNF
assay makes no claims about pro- vs. mature BDNF detection.

BDNF Val66Met genotyping
Genomic DNA was extracted from whole blood using the DNeasy Blood and Tissue kit (Qiagen, Australia)
as per the manufacturer’s instructions. Targeted amplification of the genomic region encompassing the
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Val66Met BDNF polymorphism (rs6265) was performed using 0.5 pM of primers 5’- TGGCCTTTTGATACA
GGGACC -3 and 5°- GTCTGGTGCAGCTGGAGTTT -3’ with Platinum SuperFi II Master Mix (Invitrogen,
ThermoFisher Scientific) with the manufacturer’s recommended amplification conditions. Products were
visualized on a 1% agarose gel before both strands were Sanger sequenced (Macrogen, Korea). The resulting
sequences were assembled using Geneious Prime 2023.2 software and manually inspected for the nucleotide
identities at the Val66Met position.

Magnetic resonance imaging and analysis

All MRI brain scans were performed at the Nola Thompson Centre for Advanced Imaging (Thompson Institute,
UniSC) using a 3T Siemens Skyra (Erlangen, Germany) and a 64-channel head and neck coil. The MRI protocols
across studies contained identical anatomical scan parameters: T1-weighted magnetization prepared rapid
acquisition gradient echo sequence (MPRAGE: TR=2200 ms, TE=1.71 ms, TI=850 ms, flip angle="7°, spatial
resolution = 1mm?, FOV =208 x 256 x 256, TA = 3:57). All participants’ T1-weighted scans were visually inspected
for image quality, assessing image contrast, field homogeneity, head motion, image artefacts and field of view. No
scans were removed due to poor data quality. Structural segmentations were conducted using FMRIB’s Software
Library (FSL)%. As part of the FSL anat structural pipeline, whole-brain tissue-classes quantifications were
generated with FMRIB’s Automated Segmentation Tool (FAST®*). Subcortical segmentation of the amygdala
and hippocampus volumes per hemisphere were calculated using FMRIB’s Integrated and Segmentation Tool
(FIRST®). Native-space brain extracted images were transformed to standard space (MNI152, 1 mm?) via a skull
constrained paired registration approach performed using FMRIB’s Linear Image Registration Tool (FLIRT®).
Head-size correction was performed using a proportional method based on the determinant of the registration
matrix, generated from the paired registration. All anatomical segmentations and image registrations were
manually inspected for accuracy, with all data retained for the subsequent analyses. Six regions of interest were
investigated, including whole-brain grey matter, whole-brain white matter, amygdala and hippocampus left and
right hemisphere.

Statistical analyses

Statistical analyses were performed with IBM SPSS Statistics software, version 28.0.1.0 (142). Mann Whitney U
tests, Kruskal-Wallis H tests, Spearman’s rank correlations and Fisher exact tests were applied as appropriate. To
correct for multiple comparisons, Bonferroni correction was applied resulting in a corrected alpha for serum
analyses (four targets) of p<0.013, for plasma analyses (11 targets) of p <0.005, and for neuroanatomical volume
analyses (six targets) of p<0.013. Violin plots were generated in R with ggplots2” and figures were formatted for
publication in Inkscape v1.2.1.

Data availability

All molecular biology data generated or analysed during this study are included in this published article (and its
Supplementary Information files). Neuroimaging data is available from the corresponding author on reasonable
request.
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