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Results: Increased sTNF-RII, but not IL-6, was significantly associated with reduced hippocampal
volume (B8=-0.14, p=0.01). The relationship between sTNF-RIl and hippocampal volume was
independent of potential confounds and covariates, including PTSD status. Although we observed
no PTSD diagnosis-related differences in either IL-6 or sTNF-RII, higher PTSD severity was associ-
ated with significantly increased sTNF-RIl (8=0.24, p=0.04) and reduced IL-6 levels (8=—0.24,

p=0.04).

Conclusions: Our results indicate that specific inflammatory proteins may be associated with
brain structure and function as indexed by hippocampal volume and PTSD symptoms.
© 2014 Published by Elsevier Ltd.

1. Introduction

The immune system has the potential to profoundly influ-
ence learning and memory through effects on brain function
and structure (Dantzer et al., 2008; Perry et al., 2007;
Yirmiya and Goshen, 2011). The hippocampus, a brain area
that plays a critical role in learning and memory, appears
highly sensitive to inflammation (Devito and Eichenbaum,
2011; Eichenbaum, 2004). High levels of inflammation block
neurogenesis, the growth of new neurons, in the hippocam-
pus (Ben Menachem-Zidon et al., 2008; Monje et al., 2003),
which in turn is critical for hippocampus-mediated learn-
ing and memory (van Praag et al., 2002; Winocur et al.,
2006). There is also evidence that high levels of inflamma-
tion can cause atrophy in the hippocampus by promoting
neuronal death (Cunningham et al., 2005). Despite this evi-
dence, few studies have examined the relationship between
inflammation and hippocampal volume in humans.

The effects of inflammation on the brain are due to
neuroinflammation and not systemic inflammation per se.
However, peripheral inflammatory proteins called cytokines
and their receptors may play an important role in driv-
ing neuroinflammation (Banks, 2001; Dantzer et al., 2008;
Raison et al., 2006). Cytokines are typically too large to cross
the blood-brain barrier (BBB) efficiently. However, they can
influence the brain by transmitting signals through inter-
actions between brain endothelial cells and perivascular
macrophages, activating afferent nerves, passing through
the BBB when it loses structural integrity due to inflamma-
tion or sepsis, and entering brain areas without BBB (Banks,
2001; Dantzer et al., 2008; Miller et al., 2013). Recent
evidence indicates that an antagonist for the inflamma-
tory cytokine tumor necrosis factor-a (TNF-a)—which works
exclusively in the periphery—reduced symptoms of depres-
sion in individuals with high levels of systemic inflammation
(Raison et al., 2013), suggesting that alterations in periph-
eral cytokines can impact brain function. Thus, peripheral
inflammatory cytokines may provide a useful index related
to neuroinflammation.

Small studies have reported associations between periph-
eral inflammatory markers and hippocampal volume.
Specifically, reduced hippocampal volume has been linked
with elevated peripheral levels of IL-6 in samples of criti-
cally ill patients (Lindlau et al., 2014), depressed patients
(Frodl et al., 2012), and healthy individuals (Marsland et al.,
2008), and with elevated peripheral levels of the inflamma-
tory cytokine tumor necrosis factor-alpha (TNF-a) in breast
cancer survivors (Kesler et al., 2013). The soluble recep-
tor Il for tumor necrosis factor (sTNF-RII) has recently been

identified as a potential peripheral biomarker for mild cog-
nitive impairment and Alzheimer’s Disease (Buchhave et al.,
2010; Jiang et al., 2011; Zhang et al., 2014), both of which
have been linked to reduced hippocampal volume (Leung
et al., 2010). However, to our knowledge, no studies have
examined the relationship between sTNF-RII and hippocam-
pal volume in humans.

Posttraumatic stress disorder (PTSD) has also been linked
with elevated inflammation and reduced hippocampal vol-
ume. A number of studies with small samples and mixed
samples of traumatized and non-traumatized controls have
documented elevated levels of inflammatory cytokines and
increased pro-inflammatory signaling through the transcrip-
tion factor nuclear factor-«xB (NF-kB) in PTSD (Hoge et al.,
2009; O‘Donovan et al., 2011b; Pace et al., 2012; Spitzer
et al., 2010). In fact, one recent large-scale study identified
the inflammatory marker C-reactive protein as a predictor
of PTSD onset in a prospective study of war zone-deployed
Marines (Eraly et al., 2014). Moreover, strong evidence now
implicates inflammation as a causal factor in the develop-
ment of symptoms associated with PTSD (Dantzer et al.,
2008; O‘Donovan et al., 2013; Raison et al., 2006, 2013;
Slavich et al., 2010), including memory-related symptoms
considered to be mediated by the hippocampus (Cohen
et al., 2003; Yirmiya and Goshen, 2011). However, other
studies have documented similar or lower levels of inflam-
matory markers in individuals with compared to without
PTSD (McCanlies et al., 2011; Sondergaard et al., 2004),
highlighting that some but not all individuals with PTSD dis-
play elevated inflammation.

Numerous structural magnetic resonance imaging (MRI)
studies have reported reduced hippocampal volume in
patients with PTSD relative to controls (Bremner et al.,
1995; Vermetten et al., 2003; Wang et al., 2010; Woodward
et al., 2006), and in individuals exposed to trauma who do
not develop PTSD (Karl et al., 2006; Vythilingam et al.,
2002). However, effect sizes are generally small and not
all studies have replicated the effect of reduced hippocam-
pal volume in PTSD (Mohlenhoff et al., 2014; Schuff et al.,
2001). Moreover, while some studies suggest that smaller
hippocampal volume is a risk factor for PTSD (Gilbertson
et al., 2002), others indicate that it is a correlate of current
PTSD that may resolve when symptoms resolve (Apfel et al.,
2011).

Despite strong reasons to predict that elevated inflamma-
tion could be associated with reduced hippocampal volume
and PTSD symptoms, no studies have examined assocations
among inflammatory markers, hippocampal volume, and
PTSD in a single study. In the present study, we examined
levels of IL-6 and sTNF-RII as well as hippocampal volume in
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Gulf War veterans with and without current and past PTSD.
We hypothesized that levels of IL-6 and sTNF-RIl would be
associated with reduced hippocampal volume independent
of PTSD, and that PTSD would also be associated with ele-
vated inflammation.

2. Methods

2.1. Sample and clinical assessment

We conducted a secondary analysis of imaging, inflammatory
marker, and clinical data in 206 Gulf War veterans selected
from a total sample of 279 based on the availability of hip-
pocampal volume, IL-6, and sTNF-RII data. All veterans were
enrolled in a cross-sectional study of the effects of service
in the Persian Gulf War on the brain. Clinical and imaging
data from the study have been reported in previous pub-
lications on relationship between Gulf War Illness (GWI),
brain N-acetylaspartate, and PTSD (Weiner et al., 2010),
the effects of current versus lifetime PTSD on hippocam-
pal volume (Apfel et al., 2011), the effects of suspected
low-level sarin exposure on brain structure and function
(Chao et al., 2010), and the relationship of brain volume
to sleep quality (Chao et al., 2014). Details of the original
study design, recruitment, and participant characteristics
have been described elsewhere (Weiner et al., 2010). Inclu-
sion was based on being a United States veteran of the First
Persian Gulf War. Exclusion criteria were severe physical
impairment or medical illness, current or lifetime history
of psychosis, current suicidal or homicidal ideation, current
substance dependence, history of neurological or systemic
illness affecting central nervous system functioning, his-
tory of head injury with loss of consciousness for at least
10 min, presence of severe claustrophobia or ferro-metallic
objects in the body, and evidence of cholesteatoma or tym-
panic membrane perforation. All research was approved by
the University of California, San Francisco and the Veterans
Affairs Committees on Human Research and the Department
of Defense Human Subjects’ Research Review Board. All par-
ticipants provided written informed consent.

2.2. Inflammatory markers

Morning fasting venous blood samples were collected
between 7AM and 10AM and used for assessment of inflam-
matory markers. Patients ate a low tyrosine and tyramine
dinner on the evening before blood samples were taken and
then fasted overnight. The human IL-6 Quantikine high sen-
sitivity enzyme-linked immunosorbent assay (hsELISA) and
human sTNF-RIl Quantikine hsELISA were used to measure IL-
6 and sTNF-RIl respectively (R&D Systems, USA). The lower
limits of detection were 0.12 pg/ml for IL-6 and 0.2 pg/ml
for sSTNF-RIl. Where duplicates differed more than 20%, sam-
ples were repeated in duplicate. Intra-assay coefficients of
variation are <10% for both IL-6 and sTNF-RII. Fourteen sam-
ples had IL-6 levels below the lowest detectable limit of the
assays; these samples were all recoded as being one unit
below the lowest detectable limit. All samples had sTNF-RII
levels within the range of the assay.

2.3. Image acquisition and processing

All subjects were scanned on a 1.5Tesla Vision, Siemens
MRI scanner (Siemens Medical Systems, Iselin, New Jersey).
A T1-weighted 3D volumetric magnetization-prepared
rapid gradient echo (MPRAGE) sequence was acquired
with the following parameters: repetition time/spin-echo
time/inversion time=10/4/300ms, 1mm x 1mm in-plane
resolution, and 1.5-mm slab thickness, angulated per-
pendicular to the long axis of the hippocampus. We
used the publically available Freesurfer version 4.5
(http://surfer.nmr.mgh.harvard.edu/) to estimate each
subjects’ right and left hippocampal volume and intracranial
volume (ICV; Buckner et al., 2004). Freesurfer morphometric
procedures have been demonstrated to show good test-
retest reliability across scanner manufacturers and across
field strengths (Han et al., 2006; Reuter et al., 2012). All
regional volumes were visually inspected for errors.

2.4. Psychiatric diagnoses

The Clinician Administered PTSD Scale (CAPS; Blake et al.,
1995) was used to diagnose PTSD, and the Structured Clin-
ical Interview for DSM-IV Diagnosis (SCID; Spitzer et al.,
1992) was used to diagnose psychiatric disorders other
than PTSD, including the exclusionary diagnoses of lifetime
psychotic disorders and bipolar disorder and current diagno-
sis of substance dependence. Trained clinical interviewers
who calibrated their assessments at weekly case-consensus
meetings made all diagnoses. Based on the CAPS, current
PTSD was defined as meeting DSM-IV criteria for PTSD in the
past month, and past PTSD was defined as meeting DSM-
IV criteria for PTSD during a one-month period in the past
but not currently. One participant without current PTSD was
missing the lifetime CAPS assessment and was excluded from
PTSD-group analyses. Severity of depressive symptoms was
assessed with the Beck Depression Inventory-1l, a 21-item
widely used, validated, self-report measure in a subsample
of 198 veterans (Beck et al., 1988).

2.5. Trauma exposure

The Life Stressor Checklist-Revised (LSC-R) was used to
assess exposure to 21 different traumatic events involv-
ing experiencing or witnessing threat to life or physical
integrity (Wolfe et al., 1996). Lifetime trauma exposure
was defined as the number of different categories of
trauma exposure experienced across the lifespan. Childhood
trauma was defined as exposure to any of the following
five traumatic events before age 14: physical neglect; fam-
ily violence; physical abuse; forced sexual touch; or forced
sexual intercourse (O‘Donovan et al., 2011a; Otte et al.,
2005).

2.6. Covariates

Education was assessed by self-report and body mass index
(BMI) was calculated by computing weight divided by height
in meters squared. GWI was defined by the Center for Dis-
ease Control and Prevention’s criteria (Fukuda et al., 1998)
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as the presence of one or more symptoms from at least two
of the following symptom clusters: general fatigue (clus-
ter A); mood and cognitive abnormalities (cluster B); and
musculoskeletal pain (cluster C). To be considered GWI for
this study, symptoms must have developed within the year
after leaving the Gulf region and have lasted for six months
or longer. Participants were asked to list all current pre-
scription and non-prescription medications and we selected
medications as having psychotropic, anti-inflammatory,
and immunomodulating properties for adjustment in this
study.

2.7. Data analysis

Hierarchical linear regression models were used to examine
associations of IL-6 and sTNF-RII with hippocampal volume.
Covariates including age, gender, and ICV were entered in
the first step and each inflammatory marker was entered
in the second step of separate regression models. Analy-
sis of covariance (ANCOVA) models adjusted for age and
gender were used to examine group differences in inflam-
matory markers by PTSD status and planned contrasts were
used to examine if individuals with current PTSD had levels
of inflammatory markers that were significantly different
than those in either the past PTSD or no PTSD group. We
also used hierarchical linear regression models to exam-
ine if higher severity of PTSD would be associated with
IL-6 and sTNF-RII in individuals with current or past PTSD.
In secondary analyses, we examined if significant asso-
ciations were independent of potential confounding and
mediating factors including PTSD status entered as dummy
variables for current and past PTSD, BMI, GWI, depres-
sion symptoms, childhood and lifetime trauma exposure,
and use of psychotropic, anti-inflammatory, or immunomod-
ulating medications. Distributions of raw IL-6, sTNF-RII,
hippocampal volume, and ICV data were non-normal and
these variables were natural log transformed. Cases less or
greater than three standard deviations from the mean for
both log-transformed IL-6 (n=2) and log-transformed sTNF-
RIl (n=2) were excluded leaving a sample of 206 veterans
with complete inflammatory marker and hippocampal vol-
ume data. The threshold for statistical significance was set
at p <0.05. All analyses were conducted in SPSS 21.0 (IBM
Inc.).

3. Results

3.1. Descriptive statistics

Sample characteristics are displayed in Table 1. The sam-
ple was 82.5% male and ranged in age from 31 to 71
years. As predicted, IL-6 and sTNF-RII were positively, albeit
weakly, correlated with each other (r=0.19, p=0.008), and
with older age (IL-6: r=0.14, p=0.048; sTNF-RIl: r=0.19,
p=0.006), and higher BMI (IL-6: r=0.25, p<0.001; sTNF-
RIl: r=0.21, p=0.002). Women had slightly smaller ICV- and
age-adjusted total hippocampal volume than males, but this
difference was not statistically significant [F(1, 202)=1.79,
p=0.18].

Table 1 Sample characteristics.
n Mean/median/% Range
(SD/IQR)
Age 206 44.28 (9.76) 31-71
Male gender 170 82.5%
Ethnicity
White 134 65.0%
Black 31 15.0%
Hispanic 15 7.3%
Other 17 8.3%
Years of 197 14.67 (2.02) 10—20
education
BMI 206 27.94 (4.31) 17.71—42.98
Medications
Psychotropic 43 20.9%
Anti- 42 20.4%
inflammatory
Immunomod- 21 10.2%
ulating
Childhood 45 21.8%
trauma®
Lifetime 202 8.39 (3.67) 1-20
trauma®
CAPS lifetime 205 32.28 (36.12) 0—125
CAPS current 206 17.74 (25.32) 0—108
Depression 198 10.77 (9.67) 0-51
symptoms?
Gulf War 70 34.0%
illness®
ICV (mL)® 206 1584k (148Kk) 1216k—1931k
Hippocampal 206 8889 (907) 6582—11480
volume (mL)¢
IL-6 (pg/ml)¢ 206 0.50 (0.46) 0.03-2.70
sTNF-RII 206 2.21 (0.61) 1.23—4.54
(pg/ml)®

Notes: BMI=body mass index; CAPS=_Clinician Administered
PTSD Scale; ICV =intracranial volume; IL-6 = interleukin-6; sTNF-
RII =soluble receptor for tumor necrosis factor.

@ Based on presence/absence of five categories of severe
trauma from the Life Stressor Checklist-Revised (LSC-R) before
age 14 (Wolfe et al., 1996).

b Based on number of categories reported on LSC-R (Wolfe
et al., 1996).

¢ Based on standard criteria (Fukuda et al., 1998).

d Based on Beck Depression-Il (Beck et al., 1988).

€ Raw values are presented as median and IQR for IL-6, STNF-
«-RIl, hippocampal volume and ICV.

3.2. Inflammation and hippocampal volume

First, we examined if IL-6 or sTNF-RIl were associated with
left or right hippocampal volumes adjusting for age, gender,
and ICV in linear regression models. Results indicated that
IL-6 was not significantly associated with right hippocam-
pal volume [Fchange(1, 201)=0.67, 8=-0.05, p=0.41], or
left hippocampal volume [Fchange(1, 201)=0.23, g=-0.026,
p=0.63]. However, sTNF-RIl was significantly associated
with both right hippocampal volume [Fcnang (1, 201)=6.63,
B=-0.14, p=0.01] (Fig. 1a), and left hippocampal volume
[Fehange (1, 201)=4.93, p=—-0.12, p=03] (Fig. 1b). Similarly,



Altered inflammatory activity associated with reduced hippocampal volume 561

9.30

920 ¢

9.10

9.00

Log-Transformed Hippocampal Volume

8.90
°
°

8.80

T T T | T T

0.80 1.00 1.20 1.40 1.60 1.80

Log-Transformed sTNF-RII (pg/ml)
Figure 1 Illustrate the significant positive association

between soluble receptor-Il for tumor necrosis factor (sTNF-RII)
and overall intracranial volume-adjusted hippocampal volume
(B=—-0.14, p=0.01).

whereas IL-6 was not associated with overall hippocampal
volume [Fchange(1, 201)=0.46, 8=-0.04, p=0.50), higher
sTNF-RII was associated with reduced overall hippocampal
volume [Fchange(1, 201)=6.56, p=—0.14, p=0.01] (Fig. 1).

Table 2 shows associations between various potential
mediating and confounding factors and right and left hip-
pocampal volume in our sample. In secondary analyses,
we found that the relationship between sTNF-RIl and hip-
pocampal volume was independent of potential mediating
and confounding factors including PTSD status, BMI, GWI,
depression, childhood and lifetime trauma exposure and
medication use (p’s <0.02).

3.3. PTSD-related differences in inflammatory
markers

Table 3 displays sample characteristics for groups with and
without current and past PTSD. Individuals with current
PTSD were slightly younger and veterans with past PTSD
tended to have higher BMI than those without a history of
PTSD. Unsurprisingly, the current PTSD group had signifi-
cantly higher childhood and lifetime trauma exposure, CAPS
scores, depressive symptoms, and likelihood of GWI. How-
ever, there were no significant gender differences among
the groups.

Using ANCOVA models adjusted for age and gender, we
examined differences among PTSD groups in IL-6 and sTNF-
RIl. In contrast with our predictions, PTSD status was not
associated either IL-6 [F(2, 200) =2.05, p=0.13] or sTNF-RII
[F(2, 201)=0.95, p=0.39]. Furthermore, planned contrasts
suggested that the group with current PTSD did not have sig-
nificantly different levels of either IL-6 or sTNF-RIl compared
to either of the other groups. Fig. 2a and b illustrates levels
of IL-6 and sTNF-RIl in groups differing in trauma exposure
and PTSD status. Adjusting for BMI, medication use, child-
hood and lifetime trauma, depressive symptoms, and GWI
did not change this pattern of results.

Although there were no significant PTSD-related group
differences in inflammation, we nonetheless examined if
there were associations between current PTSD severity
scores and inflammatory markers, including only veterans
with current or past PTSD. In this subsample, IL-6 and sTNF-
RIl were not correlated with one another (r=0.04, p=0.77);
higher sTNF-RIl (r=0.25, p=0.03) but not IL-6 (r=0.15,
p=0.21) was significantly associated with older age; higher
IL-6 (r=0.26, p=0.03) but not sTNF-RIl (r=0.12, p=0.31)
was associated with higher BMI; and neither IL-6 (r=-0.12,
p=0.33) nor sTNF-RIl (r=0.06, p=0.61) were associated
with depressive symptoms. There were no differences in
IL-6 by GWI status (¢=0.76, df=13.35, p=0.46), and a non-
significant trend toward higher sTNF-RII in those with GWI
(t=—1.86, df=14.81, p=0.08).

Adjusting for age and gender, individuals with higher
overall PTSD severity had significantly lower levels of IL-6
[F(1, 69)=4.28, B=—0.24, p=0.04] and significantly higher
levels of sTNF-RIl [F(1, 69)=4.37, =0.24, p=0.04], sug-
gesting altered inflammatory activity in individuals with
higher compared to lower PTSD severity. These results
remained significant in separate models adjusted for years
of education, medication use, and childhood trauma expo-
sure (p’s<0.05). The relationship between PTSD severity
and IL-6 became marginally non-significant when adjusting
for BMI (8=-0.20, p=0.09) and lifetime trauma expo-
sure (B=-0.24, p=0.06), but remained significant when
adjusting for GWI and depression severity. In contrast, the
relationship between PTSD severity and sTNF-RIl became
non-significant when adjusting for GWI (8=0.19, p=0.11)
and depression severity (8=0.22, p=0.16), but remained
significant when adjusting for BMI and lifetime trauma expo-
sure. In all cases, the effect size remained similar to the
original effect size and the greatest change in effect size
was observed with the adjustment for BMI in the IL-6 anal-
yses and GWI in the sTNF-RIl analyses. PTSD severity was
not significantly associated with hippocampal volume in this
sample [F(1, 68)=0.11, B=-0.03, p=0.74]. Thus, lacking
the main effect of an association between PTSD severity and
hippocampal volume, we did not proceed with mediation
models.

4. Discussion

In our sample of Gulf War veterans, higher levels of sTNF-
RIl were significantly associated with reduced overall, right,
and left hippocampal volume. Previous preclinical research
suggests that inflammation has the potential to block neuro-
genesis (Monje et al., 2003) and promote neurodegeneration
(Cunningham et al., 2005), which could reduce hippocampal
volume and drive impairments in learning and memory. We
found no differences in levels of the inflammatory markers
IL-6 and sTNF-RIl among groups with and without current
and past PTSD. However, greater severity of PTSD was asso-
ciated with lower IL-6 and higher sTNF-RII levels, indicating
alterations in inflammatory activity associated with PTSD
severity. Overall, our findings are consistent with the idea
that aspects of inflammation are associated with reduced
hippocampal volume, independent of PTSD status. Our data
also tentatively suggest that peripheral inflammatory activ-
ity may act as a marker of inflammatory processes associated
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Table 2  Associations between potential mediating and confounding factors and right and left hippocampal volume.

Characteristic Right hippocampal volume r or t p Left hippocampal volume r or t p
Age —0.20 0.005 —0.18 0.009
Gender 5.71 0.001 5.90 0.001
Years of Education 0.11 0.11 0.13 0.08
BMI —0.06 0.39 —0.11 0.11
Medications

Psychotropic 1.02 0.31 1.31 0.20

Anti-inflammatory —0.26 0.80 —0.40 0.69

Immunomodulating 0.14 0.89 0.55 0.59
Childhood trauma® 1.40 0.17 1.14 0.26
Lifetime trauma® —0.01 0.91 —0.004 0.95
CAPS lifetime —0.12 0.09 —0.09 0.18
CAPS current —0.10 0.14 —0.06 0.38
Depression symptoms® 0.001 0.99 0.01 0.88
Gulf War illness? —1.52 0.13 —2.33 0.02

Notes: BMI = body mass index; CAPS = Clinician Administered PTSD Scale.

@ Based on presence/absence of trauma before age 14 on Life Stressor Checklist-Revised (LSC-R) (Wolfe et al., 1996).

b Based on number of categories reported on LSC-R (Wolfe et al., 1996).

¢ Based on Beck Depression Inventory-Il (Beck et al., 1988).

d Based on standard criteria (Fukuda et al., 1998).
Statistics are r values from Pearson’s correlations for age, years of education, BMI, lifetime trauma exposure and CAPS scores; Statistics
are t values from Student’s t-tests for gender, childhood trauma and GWI status.

with brain structure as indexed by hippocampal volume, and
brain function as indexed by PTSD symptoms.

In contrast with prior research on IL-6 levels in critically
ill and healthy people (Lindlau et al., 2014; Marsland et al.,
2008), levels of IL-6 were not significantly associated with

hippocampal volume in our sample. However, our finding
that elevated levels of sSTNF-RIl were associated with smaller
hippocampal volume is consistent with and extends the prior
finding that elevated TNF-« is associated with reduced hip-
pocampal volume in breast cancer survivors (Kesler et al.,

Table 3  Sample characteristics by PTSD status.

2

No PTSD Past PTSD Current PTSD For x p
n=132 n=33 n=40
n (%)/M (SD) n (%)/M (SD) n (%)/M (SD)
Age 45.02 (10.1) 43.88 (9.76) 42.12 (8.63) 1.38 0.26
Gender 113 M/19 F 25 M/8 F 31 M/9F 2.61 0.27
Years of education 14.82 (2.08) 14.53 (1.68) 14.28 (2.08) 1.16 0.32
BMI 27.47 (4.15) 29.76 (4.71) 28 (4.26) 3.83 0.02
Medications
Psychotropic 29 (14%) 8 (4%) 6 (3%) 1.15 0.56
Anti-inflammatory 28 (14%) 5 (2%) 9 (4%) 0.72 0.70
Immunomodulating 11 (5%) 4 (2%) 6 (3%) 1.64 0.44
Childhood trauma® 18 (40%) 8 (18%) 19 (42%) 21.41 <0.001
Lifetime trauma® 7.32 (3.24) 9.03 (2.99) 11.49 (3.67) 24.60 <0.001
CAPS lifetime 8.75 (13.02) 65.94 (18.59) 82.15 (24.28) 376.95 <0.001
CAPS current 3.74 (7.96) 18.70 (12.81) 63.23 (15.38) 481.78 <0.001
Depression symptoms®© 7.69 (7.08) 9.65 (7.35) 22.11 (10.80) 48.37 <0.001
Gulf War illness? 59 (84%) 9 (13%) 2 (3%) 22.99 <0.001
IL-6¢ 0.44 (0.25) 0.52 (0.30) 0.41 (0.18) 1.94 0.15
sTNF-RII® 1.18 (0.18) 1.14 (0.16) 1.19 (0.16) 0.82 0.44

Notes: BMI = body mass index; CAPS = Clinician Administered PTSD Scale; IL-6 = interleukin-6; STNF-RII = soluble receptor for tumor necrosis

factor.

@ Based on presence/absence of trauma before age 14 on Life Stressor Checklist-Revised (LSC-R) (Wolfe et al., 1996).

o o n T

Based on number of categories reported on LSC-R (Wolfe et al., 1996).
Based on Beck Depression-Il (Beck et al., 1988): n=128 for No PTSD, n=31 for Lifetime PTSD, and n=38 for Current PTSD.
Based on standard criteria (Fukuda et al., 1998).

Raw values are presented as median and IQR for IL-6 and sTNF-a-RII.
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(a) and (b) illustrate mean (standard error of mean) levels of IL-6 and sTNF-RII in the three groups with and without

current and past PTSD. Results indicated no significant differences among the groups on either marker of inflammatory activity.

2013). Although strongly positively correlated with TNF-q,
sTNF-RII may provide a more stable estimate of inflamma-
tory activity because TNF-a and IL-6 are cleared from the
system more rapidly than its soluble receptors and levels of
TNF-a can also be masked by both soluble and membrane-
bound TNF-« receptors (Brockhaus, 1997; MacEwan, 2002).
Moreover, soluble TNF-a receptors play a key role in modu-
lating the effects of TNF-a (Horiuchi et al., 2010).

Elevated inflammation may influence hippocampal vol-
ume by blocking neurogenesis. For example, in one study,
administration of the non-steroidal anti-inflammatory drug
indomethacin restored neurogenesis following endotoxin-
induced inflammation, and increased neurogenesis following
cranial irradiation in female rodents (Monje et al., 2003).
Targeted anti-inflammatory treatments may also have the
potential to reduce the negative effects of inflammation in
humans. In particular, given that inflammation, and particu-
larly TNF-a, has been implicated in post-operative cognitive
decline (Terrando et al., 2010), it is possible that inflam-
mation influences cognitive function through inflammatory
pathways and that targeting specific abnormalities in inflam-
matory signaling could yield cognitive benefits. Elevated
inflammation may also drive neuronal death and reducing
inflammation may prevent neurodegeneration (Cunningham
et al., 2005). Given that psychotropic medications, includ-
ing selective serotonin reuptake inhibitors (SSRIs), appear
to reduce inflammation and enhance functioning in patients
with psychiatric disorders (Hannestad et al., 2011), it is
possible that reduced inflammation is one pathway mediat-
ing hippocampal volume increases following treatment with
SSRIs (Bremner, 2006; Vermetten et al., 2003). However,
more research is needed before translating these findings
to new treatment approaches for low-grade inflammation in
humans.

Our finding that levels of inflammatory markers were sim-
ilar across groups varying in PTSD status is inconsistent with
previous small studies that have demonstrated that inflam-
mation is elevated in individuals with current PTSD, and
that PTSD is characterized by elevated pro- and reduced
anti-inflammatory signaling to immune cells (Hoge et al.,
2009; O‘Donovan et al., 2011b; Pace et al., 2012; Spitzer
et al., 2010). The present study differed from prior work in
several important ways. First, almost all of the veterans in
our sample had experienced some traumatic event in their
lifetime. Traumatic stress exposure per se has been linked
with elevated inflammation in prior studies, independent of

psychiatric disorders, including PTSD (Danese et al., 2007;
O‘Donovan et al., 2012). Thus, our sample overall may have
trauma-related elevated inflammation even in the absence
of PTSD. Second, it is also possible that the reason for the
inconsistency across studies is related to the heterogeneity
of PTSD. Just as not all patients with depression show ele-
vated levels of inflammatory proteins, it is likely that only
a subset of patients with PTSD have elevated inflammation
(O'Donovan, 2014). In fact, our data linking PTSD severity
with lower IL-6 and higher sTNF-RII supports this hypothesis,
suggesting that only a subset of patients might display ele-
vated levels of specific inflammatory markers. Our pattern
of findings was surprising in that those with the most severe
symptoms had higher sTNF-RII as expected, but lower IL-6.
These data highlight the need to think about the complexity
of inflammatory signaling pathways and the multiple inter-
acting proteins and receptors involved. Finally, our study
is larger than most previous studies. Future studies should
focus on uncovering the symptom profiles most closely asso-
ciated with inflammation in patients with PTSD, which may
shed light on specific subpopulations of patients with PTSD
with elevated inflammation.

A number of limitations of the current study should be
considered. First, levels of only two inflammatory markers
were measured at a single time point, which likely does not
provide an adequate index of all inflammatory proteins and
receptors, or of exposure to inflammatory activity over years
and decades. Second, neither the present cross-sectional
study nor previous observational studies in humans have the
ability to clarify causal direction in the relationship between
inflammation and hippocampal volume. It remains possi-
ble that other genetic or environmental factors contribute
to levels of both inflammatory activity and hippocampal
volume, or that the hippocampus influences systemic inflam-
mation. Third, individuals in our sample were recruited for
a study on GWI, which may have been a confounding factor
that led to different exposures and differential medica-
tion use across groups. While 56% of those in the current
PTSD group reported symptoms consistent with the diagno-
sis of GWI, only 20 and 25% of those in the no PTSD and
past PTSD groups received such a diagnosis. While our over-
all pattern of findings remained the same when adjusting
for psychotropic, anti-inflammatory, and immunomodulat-
ing medication use, as well as GWI, the relationship between
PTSD severity and sTNF-RIl became non-significant when
adjusting for GWI. Many symptoms of GWI overlap with
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symptoms of PTSD and it is therefore difficult to tease them
apart. Fourth, although study participation and data had no
influence on compensation or clinical care in the Veterans
Affairs system, the focus of the study on veterans may have
influenced responding to self-report and interview measures
(McNally and Frueh, 2013). Other study limitations include
the low percentage of women, which limits generalization
of our findings to females, and the lack of information about
the socioeconomic and smoking status of the participants.
These limitations notwithstanding, the present results are
consistent with the idea that elevated sTNF-RII may index a
process that has adverse effects on hippocampal volume.

5. Conclusion

The present study reports a relationship between the inflam-
matory marker sTNF-RIl and hippocampal volume in a
sample of Gulf War veterans independent of PTSD status,
and an association of more severe current PTSD symp-
toms with lower IL-6 and higher sTNF-RII in veterans with
past and current PTSD. Future studies employing longitudi-
nal or experimental study designs and/or anti-inflammatory
interventions will be necessary to confirm causality in the
relationship between inflammation and hippocampal vol-
ume. Taken together with prior preclinical and clinical
research, our data support elevated inflammation as a
potential mechanism of reduced hippocampal volume in
humans.
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