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Abstract

Spinal cord injury (SCI) leads to increased anxiety and depression in as many as 60% of patients.
Yet, despite extensive clinical research focused on understanding the variables influencing
psychological well-being following SCI, risk factors that decrease it remain unclear. We
hypothesized that excitation of the immune system, inherent to SCI, may contribute to the
decrease in psychological well-being. To test this hypothesis, we used a battery of established
behavioral tests to assess depression and anxiety in spinally contused rats. The behavioral tests,
and subsequent statistical analyses, revealed three cohorts of subjects that displayed behavioral
characteristics of 1) depression, 2) depression and anxiety, or 3) no signs of decreased
psychological well-being. Subsequent molecular analyses demonstrated that the psychological
cohorts differed not only in behavioral symptoms, but also in peripheral (serum) and central
(hippocampi and spinal cord) levels of pro-inflammatory cytokines. Subjects exhibiting a purely
depression-like profile showed higher levels of pro-inflammatory cytokines peripherally, whereas
subjects exhibiting a depression- and anxiety-like profile showed higher levels of pro-
inflammatory cytokines centrally (hippocampi and spinal cord). These changes in inflammation
were not associated with injury severity; suggesting that the association between inflammation and
the expression of behaviors characteristic of decreased psychological well-being was not
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confounded by differential impairments in motor ability. These data support the hypothesis that
inflammatory changes are associated with decreased psychological well-being following SCI.

1. Introduction
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In addition to its effects on physical function, spinal cord injury (SCI) significantly impacts
quality of life and psychological well-being. As many as 60% of spinal cord injured patients
suffer from depression (Shin, Goo et al. 2012), anxiety (Post and van Leeuwen 2012), and
general decreased quality of life (Boakye, Leigh et al. 2012). Commensurate with these
statistics, and the risks associated with depression (McCullumsmith, Kalpazian et al. 2015),
suicide attempts and suicide ideation are estimated to be 3 or more times greater following
SCI, than in the general population (DeVivo, Black et al. 1991, Soden, Walsh et al. 2000).
Depression is also associated with long-term negative outcomes after SCI including an
increased incidence of secondary complications (Malec and Neimeyer 1983, Herrick, Elliott
et al. 1994, Elliott and Frank 1996) and lower functional independence (Gelis, Daures et al.
2011, Abdul-Sattar 2014). Given the high percentage of spinal cord injured patients
experiencing psychological symptoms, and the significant impact of this mood disorder on
rehabilitation outcomes and quality of life, it is imperative that we better understand the
mechanisms underlying decreased psychological well-being following SCI.

There is compelling evidence to suggest that, in addition to psychosocial stressors, the
activation of the immune system may be contributing to the manifestation of depression and
anxiety in a subset of the clinical population. Both rodent and human studies support this
hypothesis (Smith 1991, Maes 1999, van West and Maes 1999, Capuron, Ravaud et al.
2001, Capuron, Neurauter et al. 2003, Capuron, Ravaud et al. 2004, Miller, Haroon et al.
2013, Vogelzangs, Beekman et al. 2013). In the human clinical population, studies have
found an association between elevated levels of pro-inflammatory cytokines and depression
(Howren, Lamkin et al. 2009, Dowlati, Herrmann et al. 2010, Liu, Ho et al. 2012) as well as
anxiety (Pace and Heim 2011, Miller, Haroon et al. 2013). In animal models, stressed rats
were found to display increased spleen and brain (hippocampus, hypothalamus, and cortex)
mRNA levels of pro-inflammatory cytokines relative to non-stressed rats (You, Luo et al.
2011). Further, in rodent models, central or systemic administration of pro-inflammatory
cytokines produces sickness behavior characterized by behavioral and physiological changes
resembling depression (Anisman, Merali et al. 2005), which can be alleviated with anti-
depressants (Merali, Brennan et al. 2003). More recently, Wu et al. (2014) showed that brain
microglia are activated in a mouse model of SCI, and that SCI increases cognitive
dysfunction as well as depression-like symptoms. These data suggest that immune system
activation may play a pivotal role in the development of depression and anxiety.

A role for the immune system in the development of depression and anxiety may be
especially important after SCI. SCI is characterized by inflammation and activation of the
immune system. Following injury, microglia, macrophages, and astrocytes are recruited to
the site of trauma. Pro-inflammatory cytokine genes and other inflammation-related genes
are up-regulated within hours of injury (Dumont, Okonkwo et al. 2001, Yip and Malaspina
2012), and some remain elevated for weeks following the injury (Malaspina, Jokic et al.
2008, Jokic, Yip et al. 2010). For example, in the hours following injury, the interleukin-6
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gene (IL-6), the TNF gene, and the interleukin-1§3 gene (IL-1/) are up-regulated (Hayashi,
Ueyama et al. 2000, Pan, Ni et al. 2002). In addition, as injury severity increases, pro-
inflammatory cytokine levels increase (Yang, Jones et al. 2005). Immunocytochemical, RT-
PCR and Western Blot assays on spinal cord tissue collected one to six hours post SCI
indicated that IL-1f, IL-6 and TNF-a production is increased in neurons and microglia of
the spinal cord following SCI, and that this increase in transcription is significantly greater
following a severe compared to a mild injury (Yang, Jones et al. 2005). Therefore, immune
system activation triggered by SCI may influence psychological well-being, and may do so
incrementally as injury severity increases.

To test this hypothesis, the current experiment used an established behavioral ethogram
(Luedtke, Maldonado-Bouchard et al. 2014) to phenotype spinally injured rodents based on
psychological symptoms, and then examined the relationships between inflammation,
depression and anxiety. We used pre-mixed multiplex assays to obtain an overall tableau of
pro and anti-inflammatory cytokine expression following injury. We found that changes in
cytokine expression are associated with the development of an anxiety- and depression-like
profile in SCI rodents. Moreover changes in behavioral symptoms, of depression and
anxiety, were not simply due to differences in the recovery of motor function. The incidence
of depression, with or without co-morbid anxiety, did not differ across injury severity groups
and locomotor recovery (BBB scale) levels were not significantly different across the
psychological well-being cohorts. We posit that by activating the immune system, SCI may
hinder psychological well-being, increasing the development of depression and anxiety-like
signs post injury.

2. Methods
2.1 Subjects

Male Sprague-Dawley rats (Harlan Houston, TX), approximately 90-110 days old (300-350
g), were individually housed in Plexiglas bins [45.7 (length) x 23.5 (width) x 20.3 (height)
cm] with food and water continuously available. The rats were maintained on a 12 hour
light/dark cycle and all behavioral testing was conducted during the light cycle. Food
consumption and subject weights were recorded daily. Following surgery, subjects’ bladders
were manually expressed in the morning (8-9:30 a.m.) and in the evening (6—7:30 p.m.)
until they regained full bladder control (which was operationally defined as three
consecutive days with an empty bladder at the time of expression), and were checked daily
for signs of autophagia and spasticity.

All of the experiments reported here were reviewed and approved by the Institutional
Animal Care Committee at Texas A&M University and all NIH guidelines for the care and
use of animal subjects were followed.

2.2 Procedures

The timeline for experimental procedures is shown in Figure 1. Subjects (N=47) received a
mild, moderate, or severe contusion or were intact controls (n=12/group). Psychological
well-being was assessed at baseline (prior to injury) with a comprehensive battery of tests as
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well as during Test Phase 1 (days 5 and 10) and 2 (days 20-21) post injury. Intact subjects
were tested at ages compatible with injured subjects.

2.3 Surgery

An Infinite Horizons (IH) impactor (Precision Systems and Instrumentation) fitted with a 2.5
mm impact probe was used to deliver a contusion injury to the T12 spinal cord. Subjects
were anesthetized with 5% isoflurane gas, and once a stable level of anesthesia was reached,
the concentration was lowered to a 2-3% maintenance level. An area extending
approximately 2.5 cm above and below the injury site was then shaved and disinfected with
iodine. A 3-4 cm incision was made in the skin along the midline of the animal, followed by
1.5 cm incisions on either side of the spinous processes at the level of injury. A laminectomy
was performed removing the T12 vertebra and exposing the spinal cord. The animal was
fixed in the IH impactor and the probe exerted a force onto the cord, remaining in contact
with the cord for one second (dwell time). A force of 110 kDynes was used to produce a
mild contusion injury, 150 kDynes a moderate injury, and 200 kDynes a severe injury.
Immediately after the contusion, the incision was closed with Michel clips and subjects were
treated with 100,000 units/kg Pfizerpen (penicillin G potassium), both following surgery and
again two days later, to help prevent infection. To compensate for fluid loss, subjects
received 3.0 ml of filtered saline at the time of surgery and again two days later. The rats
were kept in a recovery room (maintained at 26.6°C) for 24 hours following the injury.

2.4 Assessment of psychological well-being

Anhedonia was assessed with the sucrose preference test (procedure described in detail in
Luedtke et al., 2014). Briefly, the subjects were acclimated to the sucrose preference test in
three sessions beginning 13 days prior to surgery. Baseline preferences, for sucrose-flavored
or plain water, were collected five days prior to surgery. Sucrose preference was then
measured on Days 10 (Test Phase 1) and 21 (Test Phase 2) post SCI. A decrease in sucrose
preference is a sign of anhedonia, or lack of interest in rewarding stimuli.

Psychomotor activity and center field activity was assessed with the open field test
(procedure described in detail in Luedtke et al., 2014). Subjects were acclimated to the open
field environment [a black plywood box, 100 x 100 x 20 (height) cm] during three sessions
beginning 13 days prior surgery. Baseline activity levels were collected five days prior to
surgery, with post-injury measures occurring on Days 10 (Test Phase 1) and 21 (Test Phase
2). Open field activity was scored post hoc from video analyses. The floor of the open field
box is partitioned into 100 squares delineated with silver marker, and the number of squares
crossed in a 5 minute test session was recorded as a measure of activity. A decrease in the
total number of squares crossed is interpreted as a sign of psychomotor retardation.

Center activity in an open field was used as a measure of anxiety-like behavior. The number
of squares crossed in the center of the field (28 center squares) as well as time spent in the
center squares were recorded, and center field activity was computed in the following
manner: center squares crossed x center time. A decrease in center field activity is
interpreted as a passive anxiety-like sign.
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Social exploration was assessed in the same black plywood box used for open field activity
(procedure described in detail in Luedtke et al., 2014). For this test, the interactions between
the test subject and an unfamiliar juvenile rat are systematically scored. Subjects are
videotaped for 5 minutes, and the time the focal subject spends performing social behaviors
(i.e. moving toward, anogenital sniffing, and following the juvenile rat (Swain and Le
1998)) is determined post hoc. A decrease in time spent engaging in social behaviors is
characteristic of depression. Baseline social exploration was assessed 5 days prior to
surgery. Social exploration was assessed during Test Phase 1 and 2, on Days 10 and 21.

The forced swim test was used to assess learned helplessness (procedure described in detail
in Luedtke et al., 2014). Briefly, subjects were placed in a cylinder [15 (diam.) x 40 (height)
cm] filled with water (23 £ 1°C) from which they could not escape. They were video-
recorded for a 10-minute test period, and time spent immobile was scored post hoc.
Immobility is characterized as a lack of any movement except those required to keep the
head above water (Porsolt, Bertin et al. 1977). Immobility is interpreted as a symptom of
learned helplessness, and characteristic of depression. The forced swim test was conducted
prior to injury (Baseline), and during Test Phase 2, on Day 23 post injury.

The shock probe burying task is widely used as a measure of active anxiety, and has been
validated by several groups (Poling, Cleary et al. 1981, Treit, Pinel et al. 1981, De Boer and
Koolhaas 2003). Rats were placed in a plastic box (56.51 cm L x 40.33 cm W x 33.35 cm H)
with a small probe (5 cm) placed 2 cm above the bedding level at one far end of the box.
The probe was built by wrapping two copper wires around a glass rod, and connecting the
extremities to two dragon snaps. As soon as the subject came into contact with the probe
(nose or forepaws touch), the electrical stimulation was turned off. The subjects were filmed
for ten minutes after they contacted the probe. The time that the rats spent engaged in
burying and freezing behavior was recorded from post hoc video analyses. Greater time
spent burying is interpreted as a sign of active anxiety. The shock probe burying task was
conducted during Test Phase 1 and 2, on Days 5 and 20 post injury. Given that performance
on this test is sensitive to repeated testing, a baseline test of shock probe burying was not
conducted (De Boer and Koolhaas 2003).

Food consumption was also collected daily as an index of appetite deviation, which is
associated with depression in the clinical population. Food weight was recorded before and
after injury, daily, at 9 AM. Food consumption was calculated by subtracting the current
day’s food weight from the previous day’s food weight.

2.5 Assessment of recovery and pain reactivity

Locomotor function was assessed throughout the 21-day recovery period with the BBB scale
(Basso, Beattie et al. 1995). Subjects were acclimated to the open enclosure (99 cm diameter
and 23 cm deep) used for scoring for 5 min per day for 3 days prior to surgery. After injury,
the locomotor capacity (BBB) of subjects was scored by trained observers on days 1-7, 9,
11, 13, 15, 18, and 21. Care was taken to ensure that all observers’ scoring behavior had
high intra- and inter-observer reliability (all r’s > 0.90) and that they were blind to the
subject’s experimental treatment. Locomotor scores were transformed to help assure that the
data were amendable to parametric analyses (Ferguson, Hook et al. 2004).
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Tests of sensory function (tactile and thermal reactivity) were also conducted during Test
Phase 1 (day 11) and Test Phase 2 (day 22). Thermal reactivity was assessed using radiant
heat in the tail-flick test. Subjects were placed in the restraining tubes with their tail
positioned in a 0.5 cm deep groove, cut into an aluminum block, and allowed to acclimate to
the apparatus (I1TC Inc., Life Science, CA) and testing room (maintained at 26.5°C) for 15
min. Thermal thresholds were then assessed. Thermal reactivity was tested using a halogen
light that was focused onto the rat's tail. Prior to testing the temperature of the light, focused
on the tail, was set to elicit a baseline tail-flick response in 3—4 sec (average). This pre-set
temperature was maintained across all subjects. In testing, the latency to flick the tail away
from the radiant heat source (light) was recorded. If a subject failed to respond, the test trial
was automatically terminated after 8 s of heat exposure. Two tests occurred at 2-minute
intervals, and the second test tail-flick latencies were recorded. To confirm that subjects did
not respond in the absence of the heat stimulus, blank trials were also performed. A “false
alarm” was recorded if subjects made a motor or vocalization response during the blank
tests. The blank trials were performed 1 min before or after each sensory test (in a
counterbalanced fashion). No false alarms were recorded. After assessment of thermal
reactivity, subjects were returned to their home cages for a minimum of 2 hours.

After 2 hours, subjects were placed back into restraint tubes and presented with von Frey
stimulation (von Frey stimuli formed from nylon monofilaments; Semmes-Weinstein
Anesthesiometer, Stoelting Co., Chicago, IL) to test tactile reactivity. Filaments of
increasing strength were applied every 2s in sequence to the plantar surface of the paw. The
stimuli were presented until subjects exhibited a paw withdrawal/motor and vocalization
response. The intensity of the stimuli that produced the responses was reported using the
formula provided by Semmes-Weinstein: Intensity=log10 (10,000 * g force). If one or both
responses were not observed, testing was terminated at a force of 300g. Each subject was
tested twice on each foot in a counterbalanced ABBA order.

2.6 Tissue collection

Blood was collected in each test phase (pre-injury, days 2, 10, and 24). Finally, at the end of
the recovery assessment period, subjects received a lethal injection of beuthanasia (100
mg/Kkg, i.p.) and the injured spinal cord (1 cm section centered on the lesion) and brain tissue
(hippocampus) were collected. The hippocampi were chosen for these brain analyses
because pre-clinical and clinical studies of depression consistently find that depressed
subjects show decreased hippocampal volume (Duman, Malberg et al. 1999, MacQueen,
Campbell et al. 2003, Paradise, Naismith et al. 2012), increased microglial density
(Stockmeier, Mahajan et al. 2004) and increased glucocorticoid levels (Bremner, Narayan et
al. 2000). Thymus weight was also recorded as a physiological index of stress.

Serum—Twenty-four hours prior to blood collection, the rats’ hind limbs were shaved with
an electric trimmer to expose the saphenous vein. The next day, topical lidocaine was
applied to the shaven leg. After waiting for six minutes (to give lidocaine the time to act),
each rat was inserted into a clean sock, with an opening for its nose, to breathe comfortably.
A compression point was made at the base of the leg so that the saphenous vein would swell,
and the vein was punctured using a 20G needle. Blood was collected in a blood collection
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tube with a clot activator (MCB 16440 with Serum/Clotting activator, Braintree Scientific).
Then 2.5 ml (s.c.) of saline was administered to prevent dehydration. Care was taken to
perform this procedure in two minutes or less. Blood was collected two hours prior to the
beginning of the dark cycle on Day 1 and Day 24 post surgery. Saphenous veins punctured
were alternated on each day of collection (i.e., left then right).

The collected blood was left at room temperature for 30 minutes to allow clotting. The
samples were then centrifuged at 12 000 RPM for 15 minutes at 4 °C. The top clear layer
(serum) of each sample was extracted with a pipette and stored at —20 °C.

Brain tissue—On Day 25 post-injury, subjects were anesthetized with beuthanasia (0.2 ml
administered i.p.) and, after verification of a deep level of anesthesia (absence of pedal and
corneal reflex), an incision was made above the skull. The nasal bone and the cranial bone
were cut to extract the brain. The brain was placed immediately on a glass dish on ice, and
the hippocampi were extracted and flash frozen in liquid nitrogen, in less than 3 minutes
(Spijker 2011), for the subsequent extraction of total protein.

Spinal cord tissue and thymus—A 1 cm section of the spinal cord, centered over the
injury site was removed and frozen in liquid nitrogen for the subsequent extraction of total
protein. In addition, the thymus was extracted and weighed as an index of psychological
stress. All tissue was collected on Day 25 post surgery.

Protein extraction—The lysis buffer was made as described in Bake, Selvamani, Cherry,
& Sohrabji (2014) and Jezierski & Sohrabji (2001): 0.5M Tris (pH 7.4), 5M NaCL, 50%
glycerol to stabilize protein, 100mM EGTA (pH 8) to inhibit metalloproteases and cysteine
proteases, 10mM Na-orthovanadate (pH 10) as a phosphatase inhibitor, 1ImM ZnCI2 as a
phosphatase inhibitor, 0.5M NaF as a phosphatase inhibitor, reconstituted aprotinin as a
phosphatase inhibitor, reconstituted leupeptin to inhibit serine and cysteine proteases, 10%
triton X-100 to solubilize membranes and 200mM PMSF with DMSO added at the time of
extraction to inhibit serine proteases.

Lysates were obtained by homogenizing the hippocampi and spinal cord, separately, in
600pL lysis buffer. The samples were next centrifuged at 18 000 rpm for 30 minutes at 4 °C,
and the supernatants were collected and stored at =20 °C. A BCA Protein Assay Kit was
used to assay the total protein concentration in the hippocampal and spinal cord supernatants
(Pierce, Rockford, IL). Standards from 0 to 200 pg/mL were made from the albumin
provided in the kit and MQ water.

Samples were prepared by mixing 5 pL of tissue (spinal or hippocampal) homogenate in
lysis buffer and 45 pL of MQ water in 1.7 mL plastic tubes. The protein assay reagent was
prepared in a 50:1 ratio for A:B, and 1mL was added to all standards and all prepared
samples. All tubes (standards and samples) were incubated in a water bath for one hour at 37
°C. Then, 200 pL of each standard and sample were loaded in duplicate onto a 96-well
microplate. Absorbance was measured at 562nm on a spectrophotometer (Biomate 3,
Thermo Electron Corporation, Waltham, MA). Concentrations were obtained in ug protein/
UL,
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2.7 Assays

Alpha-2 macroglobulin ELISA—AIlpha-2 macroglobulin levels in the serum were
assayed on Days 1 and 24 with ELISAs (Abcam 2013, kit ab157730). Dilution tests were
run to determine the appropriate dilution rate for all serum samples. For intact subjects, the
dilution rate was determined to be 300 x, whereas for all contused subject samples, the
dilution rate was determined to be 3000 x. Assays were run following the manufacturer’s
protocol. The best-fit equation was determined to be a 5-parameter logistic regression. The
concentration readings were multiplied by the appropriate dilution factors (300 for intact
subject samples, and 3000 for all contused subject samples).

Cytokine/Chemokine multiplex—The tissue collected included serum, hippocampi and
spinal cords from subjects in the mild, moderate, or severe contusion conditions or in the
intact control condition (n=12/group). Serum was collected on Days 1 and 24 post injury.
The hippocampi and spinal cord were collected after euthanasia, on Day 25 post injury.

Serum and hippocampal levels of 27 cytokine/chemokines were assessed using a magnetic
bead immunoassay (Millipore Corp. MA) following manufacturer’s instructions. Briefly, the
assay plate was blocked with a buffer for 10 min and emptied. Standards and samples were
added into appropriate wells, followed by addition of premixed beads and incubated for 2h
at room temperature on a plate shaker. Wells were washed 2 times, 25 pl of detection
antibody was added, incubated for 1h at room temperature (RT), and followed by 30 min of
incubation with the addition of 25 pl of streptavidin-phycoerythrin per well. After 2 washes,
beads were resuspended in 150 pl of sheath fluid and a minimum of 50 beads per analyte
were analysed in a Bio-Plex suspension array system (Bio-Rad Laboratories,CA). Cytokine/
chemokine levels were normalized to total protein content. The cytokines and chemokines
assessed are listed in Tables 1, 2, and 3. The analytes are organized according to their most
common roles in inflammation. Therefore, Table 1 displays the “pro-inflammatory”
cytokines and chemokines, and Table 2 lists the “anti-inflammatory” cytokines and
chemokines. Finally, we have added Table 3 to list the cytokines and chemokines for which
there is no clearly defined pro versus anti-inflammatory role.

Spinal cord homogenate levels of 20 cytokine/chemokines were assessed using a magnetic
bead panel Bio-Plex Pro Rat Cytokine 23-Plex Assay (L80-01V11S5; Bio-Rad Laboratories,
Hercules, CA). This panel assessed the same analytes as the Milliplex MAP Kit, except that
Eotaxin, Leptin, MIP-1a, EGF, IP-10, Fractalkine, and MIP-2 were not included. Both Kits
used the same reagents and followed equivalent protocols. The assays were run according to
the manufacturer’s instructions, including for dilution recommendation.

The median fluorescent intensity of all 27 (or 20) analytes was obtained for all standards and
samples, and the analyte concentrations in samples (in pg/mL) were calculated by deriving a
5-parameter logistic standard curve for each analyte separately. For serum samples, the
calculated concentration for all analytes was multiplied by the dilution factor 2. For protein
supernatant samples, the calculated concentration for all analytes was normalized to the total
protein content, obtained from the BCA Protein Assay.
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2.8 Statistical analyses

Principal components analysis—Subjects’ scores on each of the behavioral measures
(sucrose preference, forced swim, open field psychomotor activity, center field activity,
social exploration, and shock probe burying) were averaged across Test Phase 1 and 2 and
then subjected to a principal components analysis using orthogonal Varimax rotation. The
scores were averaged so that analyses would characterize behavioral signs that persisted into
Test Phase 2 as well as have strong predictive value for Test Phase 1, or the early phase of
SCI. Factors with loadings of = 0.32 on more than one component (complex structure) were
removed (Tabachnick and Fidell 2007) and the analysis was repeated until no complex
structure factors remained.

Hierarchical cluster analysis—Hierarchical cluster analysis is a statistical procedure
used to separate a sample into clusters that the experimenter can operationally define. A
hierarchical cluster analysis was performed using the measures with moderate-strong
loadings on the components retained in the PCA. Specifically, average scores (derived from
both Test Phase 1 and 2), on each of the retained behavioral tests, were first standardized by
zscores. Then a hierarchical cluster analysis was performed using Ward’s method and
applying squared Euclidean distance as the distance measure. The number of appropriate
clusters based on the behavioral measures was obtained by looking for a break in the
agglomeration coefficient change and by examining the dendrogram, which illustrates the
distance between linked clusters. It must be noted that the cluster sizes need not be even.
Three clusters were identified, and the analysis was repeated using the same parameters but
restricting it to a single solution of three clusters. A new variable, cluster membership, was
generated for all subjects.

The three clusters’ performance on all measures retained by the principal component
analysis was compared across the recovery period (Test Phase 1 and 2) using repeated
measure analyses of variance (ANOVASs). Baseline scores were used as a covariate when
significant (p<0.05). Based on the pattern of behaviors exhibited by each cluster, the subject
cohorts were labeled as exhibiting “anxiety and depression-like signs,” “depression-like
signs” or as being “healthy”.

Random Forest analyses—~Principal component analyses and hierarchical cluster
analyses allow visualization of clusters present in a given dataset, but do not allow any
future predictions. That is, the variables retained by the principal component analysis, and
the groups identified by the hierarchical cluster analysis can change with the addition of
subjects. In contrast, random forest is versatile, and can be used for clustering of existing
data, as well as to predict future data membership. Its goal is to derive a function from
labeled training data which enables one to make predictions on future unseen un-labeled
data (Hastie, Tibshirani et al. 2005, Mohri, Rostamizadeh et al. 2012.) Random forests are
collection of thousands of trees. Each tree is grown using a bootstrap sample of the data. For
each tree, 2/3 of the data is randomly selected for growing the tree and 1/3 of the data set is
used for validation and testing. The clusters with the greatest number of validation through
these cycles are retained.
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3. Results

We used random forest to create a learning algorithm that can generalize from the data of
our original experiment to predict future subject psychological well-being membership.
Consistent with previous analysis, principal component analysis was performed on average
scores (derived from both Test Phase 1 and 2) and then the random forest model was built
on the data obtained and classification accuracy of the model on test samples was analyzed.

3.1 Injury severity groups differed on measures of physical and psychological recovery

post SCI

Recovery of function—Repeated measure ANOVAS found main effects of injury
severity on the recovery of locomotor function [F(3,35)=55.15 p<.05]. Post-hoc Sidak
comparisons by injury severity confirmed that all four groups differed significantly from
each other across time [ps < .05, Figure 2A], with locomotor function decreasing as injury
severity increased. Main effects of injury severity were also found for weight gain
[F(3,35)=7.003, p<.05]. Post-hoc Sidak comparisons confirmed that across time, the severe
injury group gained significantly less weight than all the other groups [ps < .05, Figure 2B].
Finally, main effects of injury severity were found for food consumption [F(3,43)= 3.92, p<.
05]. Post-hoc Sidak comparisons revealed that the severe injury group had significantly
lower food consumption than the intact and moderate injury groups across time [ps< .05,
Figure 2C].

Depression-like signs—Despite significant differences in locomotor function, injury
severity did not affect performance on the tests of depression. There was no effect of injury
severity on sucrose preference [F(3,43)=1.67, p<.05], open field activity, [F(3,42)=2.12, p<.
05], or social exploration [F(3,42)=1.55, p<.05]. There were also no effects of injury
severity on immobility time in the forced swim test [F(3,41)=.18, p<.05, Figure 3A-3D].

Anxiety-like signs—A repeated measures ANOVA revealed a main effect of injury
severity for center activity in the open field [F(3,43)=3.27, p<.05]. Subsequent ANOVAs,
on Days 10 and 21 separately, confirmed a main effect on Day 21 [F(3,43)=3.08, p<.05].
Post-hoc Sidak comparisons indicated that on Day 21, the severe injury group showed a
trend towards greater center activity than the moderate injury group and a tendency for
greater center activity relative to the mild injury group [p=.05 and 0.10 respectively]. There
was no effect of injury severity on shock probe burying [F(3,39)=1.37, p<.05, Figure 3E—
3F].

Pain reactivity—Paw withdrawal thresholds on the tactile reactivity test were significantly
different across groups [F(3,43)=8.55, p<.05]. Post-hoc Sidak comparisons confirmed that
the intact group displayed significantly higher paw withdrawal thresholds than all other
groups across the recovery period [ps * .05, graphs not shown]. No other injury severity
effects on pain (vocalization responses or thermal) reactivity were observed.

As injury severity did not affect performance on the tests of depression, our subsequent
statistical analyses focused on differences across psychological well-being groups and
collapsed across injury severity conditions. Ideally, we would have had a 2x2 design
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allowing testing of injury severity x psychological well-being interactions. However, given
that the psychological well-being groups were determined post injury, it was not possible to
obtain equal numbers of subjects within each group, with a sufficient sample size per
subgroup to allow analysis of interaction effects. This approach would have required
running a much larger number of animals, to ensure a minimum of sample of 12 per
subgroup (4 x 3). Thus, focusing solely on the differences across psychological well-being
groups allowed us to run properly powered one-way analyses of variance.

3.2 Identification of three psychological well-being groups by principal component and
hierarchical cluster analyses

The principal component analysis produced two components, which cumulatively explained
73.62% of the variance between subjects. The first component contained the sucrose
preference test and the shock probe burying test. Open field activity and social exploration
loaded on the second component (see Table 4). Both components had Eigenvalues greater
than 1, and explained a significant proportion of the variance between subjects. They were
retained for subsequent analyses.

Average scores (derived from both Test Phases 1 and 2), for each of the behavioral tests
retained in the principal component analysis (sucrose preference, shock probe burying, open
field and social exploration), were used in the hierarchical cluster analysis. The dendrogram
produced by this analysis showed that subjects separated into three psychological well-being
clusters, with 15 subjects in Hierarchical Cluster (HC) Group 1, 12 subjects in HC group 2,
and 20 subjects in HC group 3 (see Figure 4).

To identify the psychological well-being characteristics of each cluster, the three groups
were compared on each of the behavioral measures retained in the principal component
analysis (See section 3.3), across Test Phase 1 and 2. Based on their performance on these
measures, subjects in HC group 1 were labeled as exhibiting anxiety and depression-like
signs (ANX/DEP), subjects in HC group 2 as exhibiting depression-like signs (DEP) and
subjects in HC group 3 as being healthy (HEALTHY).

To determine whether pre-injury behavior was predictive of post-injury behavior, and the
clusters derived, we also compared baseline measures across the psychological well-being
groups. Baseline differences were only significant for the social exploration and the open
field activity test [F(2,44)=5.82, p<.05 and F(2,44)=12.88, p<.05, respectively]. Post-hoc
analyses revealed that at baseline, the groups labeled as DEP and ANX/DEP on Day 10
showed lower activity in an open field relative to subjects identified as HEALTHY on Day
10 [p<.05]. Similarly, we found that the group subsequently identified as DEP on Day 10
exhibited less social exploration than the HEALTHY group [p<.05, (Figure 5)].

3.3 Hierarchical clusters differed on psychological well-being measures retained by PCA

Repeated measure ANOVAs revealed a main effect of psychological well-being (HC group)
for the sucrose preference test [F(2,44)=8.39, p<.05], the open field activity test
[F(2,43)=20.95, p<.05], the social exploration test [F(2,43)=7.67, p<.05], and the shock
probe burying test [F(2,40)=41.32, p<.05].
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For sucrose preference, subsequent ANOVAs (on Days 10 and 21 separately) confirmed that
the HC groups differed at both time points [F(2,44)=8.67, p<.05, F(2,44)=3.89, p<.05, for
Day 10 and 21 respectively]. Post hoc analyses revealed that on both Day 10 and 21, the
ANX/DEP group showed significantly lower sucrose preferences than the HEALTHY group
[p<.05, Figure 6A].

For open field activity, separate ANOVASs on Days 10 and 21 also confirmed main effects of
psychological well-being at both time points [F(2,43)=14.93, p<.05, F(2,43)=11.65, p<.05.]
Post-hoc analyses revealed that on Day 10, the DEP group showed decreased activity in an
open field relative to the ANX/DEP and HEALTHY group [ps < .05] and at Day 21, both
the ANX/DEP and the DEP group showed decreased activity relative to the HEALTHY
group [ps < .05, Figure 6B].

On the social exploration test, subsequent ANOVAS revealed that the HC groups differed
significantly on Day 10 [F(2,43)=14.27, p <.05]. Post-hoc analyses revealed that on Day 10,
both the ANX/DEP and the DEP group showed significantly lower social exploration time
than the HEALTHY group [ps < .05, Figure 6C].

Finally, on the shock probe burying test, separate ANOVAs for Days 5 and 20 confirmed
that the HC groups differed significantly on shock probe burying at both time points
[F(2,43)=28.66, p<.05, F(2,44)=11.12, p<.05]. Post-hoc analyses revealed that the
ANX/DEP group spent a significantly higher percent time burying, than both the DEP and
HEALTHY groups, on both Days 5 and 20 [ps < .05, Figure 6D].

As shown in Figure 7, examining group membership by psychological well-being and injury
severity, we found that most intact subjects were classified as HEALTHY, whereas most
contused subjects were classified either as DEP or ANX/DEP. Although it did appear that
the number of DEP subjects increased with injury severity and that the number of
ANX/DEP subjects decreased with injury severity, no significant trend emerged indicating a
relationship between increased injury severity and the number of subjects classified as either
DEP or ANX/DEP.

Finally, group membership was confirmed by random forest analyses. Consistent with the
previous analysis, we performed PCA on average scores (derived from both Test Phase 1
and 2), and then grew one hundred thousand trees. The classification accuracy of the model
on the test data out of bag samples) was recorded. The model achieved 90.48% correct
classification accuracy on test data. In addition to confirming the groups obtained from PCA
and HC analysis, the Random Forest algorithm generated a model that can be used for future
data point prediction (code can be used at this link: https://sites.google.com/site/
druseffaghihi/research-interests/spinal-cord-injury). Random Forest was implemented in R
using Random Forest library (Liaw and Wiener 2002).

3.4 Clusters differed on additional measures of anxiety as well as recovery of function,
pain and physiological markers following spinal cord injury

Next, we compared the psychological well-being cohorts on measures other than those used
for hierarchical clustering including center activity, recovery of function, pain, and

Brain Behav Immun. Author manuscript; available in PMC 2017 January 01.


https://sites.google.com/site/druseffaghihi/research-interests/spinal-cord-injury
https://sites.google.com/site/druseffaghihi/research-interests/spinal-cord-injury

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maldonado-Bouchard et al. Page 13

physiological markers. Pearson-product moment correlations were also conducted to further
investigate associations between pain reactivity (tactile and tail-flick tests), behavioral
measures (open field activity, social exploration, sucrose preference, forced swim, shock
probe burying, and center activity), recovery of function (BBB scores) and peripheral
inflammation (serum alpha-2 macroglobulin levels). Significant correlations are reported.

Center activity—A repeated measure ANOVA by psychological well-being revealed a
main effect of psychological well-being for center activity [F(2,44)=4.19, p<.05].
Subsequent separate ANOVAs, for Days 10 and 21, confirmed a main effect of
psychological well-being on Day 21 [F(2,43)=5.63, p<.05]. Post-hoc Sidak comparisons
indicated that on Day 21, both the ANX/DEP and DEP groups showed reduced center
activity relative to the HEALTHY group [ps < .05, Figure 8].

Recovery of function—Repeated measures ANOVAs did not reveal any significant
differences among psychological well-being groups for locomotor recovery, weight gain, or
food consumption (see Figure 9). There was also no correlation between BBB scores and
performances on the behavioral tests of depression and anxiety. Figure 10 shows the absence
of correlation between BBB scores and open field activity and center activity.

Pain reactivity—While there was no effect of psychological well-being on thermal
reactivity, a repeated measures ANOVA revealed a trend for differences among
psychological well-being groups for paw withdrawal thresholds on the tactile test
[F(2,44)=2.758, p >.05]. Subsequent ANOVAS on Days 11 and 22 separately confirmed a
main effect of psychological well-being on Day 22 [F(2,44)=3.451, p <.05]. Post-hoc Sidak
comparisons indicated that on Day 22, the ANX/DEP group showed significantly lower paw
withdrawal thresholds than the HEALTHY group [p <.05, Figure 11A]. Similarly, there was
a main effect of psychological well-being for the vocalization threshold on the tactile test
[F(2,44)=8.75, p <.05]. Subsequent ANOVAs, comparing vocalization thresholds on Days
11 and 22 separately, confirmed a main effect of psychological well-being on test Day 22
[F(2,44)=7.024, p <.05], but not on Day 11. Post-hoc Sidak comparisons by psychological
well-being indicated that on Day 22, the DEP group and the ANX/DEP group showed a
lower vocalization threshold than the HEALTHY group [ps <.05, Figure 11B]. Vocalization
thresholds on Day 22 were negatively correlated with percent time spent burying on the
shock probe burying test on Day 20 [r = -.30, p < .05, data not depicted].

Thymus—An ANOVA revealed a main effect of psychological well-being on thymus
weight, with or without intact subjects included in the analysis [F(2,44)= 5.09, p <.05,
F(2,33)=5.16, p <.05, respectively]. Post-hoc Sidak comparisons confirmed that thymus
weight was significantly decreased in the DEP group relative to the HEALTHY group [p<.
05, Figure 12].

Alpha-2 macroglobulin—It was expected that levels of alpha-2 macroglobulin would be
extremely low in intact subjects. To obtain alpha-2 macroglobulin values relative to controls
(intact subjects), intact subjects were excluded from analyses, and all alpha-2 macroglobulin
levels were normalized to intact animals by dividing each data point for a given day of
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collection by the intact subjects’ average level of alpha-2 macroglobulin for that same day.
Furthermore, because alpha-2 macroglobulin is an acute phase protein, we expected group
differences to be evident shortly after the spinal cord injury only. Therefore, we conducted
ANOVAs on days 1 and 24 separately. There was no main effect of injury severity for
alpha-2 macroglobulin on either day, but there was a trend towards a main effect of
psychological well-being on Day 1 post injury [F(2,31)= 3.01, p >.05]. Post-hoc analyses
revealed a trend for both the ANX/DEP and DEP groups to show increased levels of serum
alpha-2 macroglobulin on Day 1 relative to the HEALTHY group [p =.05, Figure 13].

3.5 The immune response differs by psychological well-being subtype

One-way ANOVASs were conducted to examine the effects of psychological well-being on
cytokine and chemokine levels in the serum, hippocampi, and spinal cord. For these
analyses samples from only half of the subjects were run, due to plate space limitations and
costs. The subsets of subjects analyzed were randomly selected and were representative of
the behavioral characteristics associated with their psychological well-being cohort. Serum
IL-6 median fluorescent intensities were out of range for all subjects; therefore, pg/mL
concentrations were not obtained.

Serum levels of pro-inflammatory cytokines are increased in depressed and
anxiety/depressed clusters relative to the healthy cluster—We assessed the levels
of 27 cytokine/chemokines in serum on Day 1 and Day 24 post SCI. On Day 1 post SCI,
one-way ANOVAs only found a main effect of injury severity for MCP-1 [F(3,26)=7.11,
p<.05]. Post-hoc Sidak comparisons indicated that the intact group exhibited a significantly
lower level of MCP-1 than the moderate and severe injury groups [ps < .05]. Collapsing
across injury conditions, one-way ANOVAs revealed a main effect of psychological well-
being for GM-CSF [F(2,27)=11.923, p <.05], GRO-KC [F(2,27)=5.832, p <.05], MIP-2
[F(2,27)=5.66, p <.05], TNF-a [F(2,27)=4.889, p <.05], IL-10 [F(2,27)=4.098, p <.05],
Fractalkine [F(2,27)=3.537, p <.05], and LIX [F(2,27)=3.731, p <.05]. Post-hoc Sidak
comparisons revealed that the DEP and ANX/DEP groups showed higher levels of GM-CSF
than the HEALTHY group [ps < .05]. The DEP group also exhibited levels of GRO-KC and
MIP-2 that were higher than those of the HEALTHY group [ps < .05]. Moreover, the DEP
group showed levels of TNF-a and LIX that were higher than those of the ANX/DEP group
[ps < .05]. Finally, the DEP group showed higher levels of IL-10 than the HEALTHY group
[p <.05]. Levels of other analytes did not differ by psychological well-being group (Figure
14A).

On Day 24 post SCI, no main effects of injury severity were found. However, one-way
ANOVAS revealed a main effect of psychological well-being for GM-CSF [F(2,33)=5.372,
p <.05], IL-1B [F(2,33)=4.561, p<.05], Rantes [F(2,33)=4.042, p <.05], and IL-17A
[F(2,32)=3.321, p <.05]. Post-hoc Sidak comparisons revealed that the DEP group showed
higher levels of GM-CSF and IL-1p than the ANX/DEP and the HEALTHY group [ps< .
05]. Both the DEP group and the ANX/DEP group also showed lower levels of Rantes than
the HEALTHY group [ps < .05]. Finally, the ANX/DEP group showed lower levels of
IL-17A than the HEALTHY group [p <.05]. Although no significant differences were found

Brain Behav Immun. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maldonado-Bouchard et al. Page 15

in anti-inflammatory cytokines, a trend is observed for IL-13, with the DEP group showing
increased levels relative to both the ANX/DEP and the HEALTHY group (Figure 14B).

Increase in hippocampal levels of pro-inflammatory cytokines is observed in
anxiety/depressed subgroup only—We assessed the levels of 27 cytokine/chemokines
in the hippocampi protein supernatant (left and right combined). No main effects of injury
severity were found. However, one-way ANOVAs revealed a main effect of psychological
well-being for two pro-inflammatory cytokines, IL-1a [F(2,32)=4.463, p <.05] and TNF-a
[F(2,32)=3.537, p <.05]. Post-hoc Sidak comparisons revealed that the ANX/DEP group
showed higher levels of IL-1a and TNF-a than the HEALTHY group [ps< .05]. No
significant differences were found for anti-inflammatory cytokines and chemokines (Figure
15).

Increase in spinal cord levels of pro-inflammatory cytokines is observed in
anxiety/depressed subgroup only—We assessed the levels of 20 cytokine/chemokines
in the spinal cord protein supernatant. One-way ANOVAs by psychological well-being
revealed a main effect for 1L-18 [F(2,34)=3.426, p <.05], IFN-y [F(2,34)=3.516, p <.05],
MCP-1 [F(2,34)=3.849, p <.05], and TNF-a [F(2,34)=4.496, p <.05]. Post-hoc Sidak
comparisons revealed that the ANX/DEP group showed higher levels of IL-18, MCP-1,
TNF-a, and IFN-ythan the HEALTHY group [ps< .05 for all except MCP-1, p >.05; Figure
16].

One-way ANOVAS by injury severity revealed a main effect for IL-1a [F(3,32)=4.803, p <.
05], IL-1p [F(3,33)=6.361, p <.05], IL-2 [F(3,33)=5.456, p <.05], IL-6 [F(3,33)=4.931, p<.
05], IL-18 [F(3,33)=3.349, p <.05], GRO-KC [F(3,33)=4.452, p <.05], MCP-1
[F(3,33)=5.636, p <.05], and TNF-a [F(3,33)=2.838, p <.05]. Post-hoc Sidak comparisons
revealed that the mild, moderate, and severe injury groups had higher levels of IL-1a, IL-1,
IL-2, and MCP-1 than the intact group [ps < .05, Figure 17]. The mild and moderate injury
groups showed higher levels of I1L-6 than the intact group [ps < .05]. The moderate and
severe injury groups showed higher levels of GRO-KC than the intact group [ps< .05].
Finally, the moderate injury group showed higher levels of IL-18 and TNF-a than the intact
group [ps < .05]. No main effects of injury severity were observed for the anti-inflammatory
or the unclassified cytokines/chemokines.

4. Discussion

Consistent with the incidence of depression and anxiety in the clinical population, we found
that 63.8% of contused rodents displayed depression or anxiety-like signs following SCI.
Specifically, one subgroup of contused rodents exhibited a purely depression-like profile
(30.5% of contused subjects), while a second exhibited a profile characterized by both
depression and anxiety-like signs combined (33.3%). The random forest analysis confirmed
the hierarchical cluster and principal component analyses, with 90% concordance for subject
placement in the anxiety and depression subgroups. Behaviorally, the depressed subgroup
showed symptoms thought to be analogous to depression in humans, such as psychomotor
retardation, decreased interest in social interactions, and passive anxiety. Similarly the
anxious/depressed subgroup showed depression-like symptoms, such as anhedonia,
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psychomotor retardation and decreased interest in social interactions, as well as active and
passive anxiety.

Importantly, the behavioral differences observed, between psychological well-being
subgroups, were not simply due to differences in motor ability. There was no relationship
between psychological well-being and locomotor recovery post SCI. Moreover, performance
on the behavioral tests of depression and anxiety did not decrease as a function of injury
severity. In fact, the severe injury group displayed greater movement in some tests, such as
the open field activity test. These data concur with our previous studies (Luedtke et al.
2014). Luedtke et al. (2014) also found that locomotor recovery did not differ between
depressed and not depressed SCI subjects, and found no correlation between white matter
sparing in the contused spinal cord and behavioral performances on the tests of depression
(i.e. open field activity). The behaviors observed, therefore, appear to be valid measures of
psychomotor retardation and reduced motivation, characteristics of depression and anxiety,
in the rodent model of SCI.

While locomotor function was not related to psychological well-being, there was a
relationship between pain and anxiety. We found vocalization thresholds on the tactile test
to be negatively correlated with anxiety-like signs. This supports the clinical observations of
comorbidity between pain and anxiety (Yalcin and Barrot 2014). Because this effect was
subtle, however, it is unlikely that it explains the manifestation of depression-like behavior.
Rather, we propose that it may be a second outcome of a common underlying cause, such as
increased inflammation. Interestingly, there were also some differences in pre-injury
behavior among the three psychological well-being groups. The group later identified as
“anxious/depressed” and “depressed” displayed lower psychomotor activity prior to injury
than the group later identified as “healthy.” These data suggest that pre-injury behavioral
characteristics may help predict psychological well-being following SCI and that, not
surprisingly, pre-dispositions may be exacerbated by injury. The extent to which potentially
latent individual predispositions for depression and/or anxiety affects psychological and
physical recovery (i.e., pain reactivity), as well as molecular responses to injury, needs to be
further explored (Maldonado and Hook, 2014).

4.1 Spinal cord injury results in increased inflammation

While individual differences may predict post-injury well-being, our data suggest that
psychological well-being is also related to differences in levels of pro and anti-inflammatory
cytokines following SCI. As predicted, we found that SCI results in increased inflammation
both peripherally and centrally. We observed significant increases in serum alpha-2
macroglobulin, an acute phase protein, in contused subjects one day post SCI. Further,
focusing on injury alone (without psychological well-being), we found that the cytokine and
chemokine levels of the contused subjects were only significantly increased in the spinal
cord. Also, despite significant increases in spinal cytokine expression with SCI, we did not
find that cytokine or chemokine levels increased as a function of injury severity. This
contrasts with previous studies showing an increase in inflammation in the spinal tissue as
injury severity increases, but was likely affected by the time of tissue collection (Yang,
Jones et al. 2005). Our results suggest that injury severity dependent changes in
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inflammation may only be present transiently, at the level of the spinal cord, and may not
transfer to an injury severity dependent change in inflammation in the periphery, or a long-
term change in inflammation in the central nervous system.

While injury severity did not affect cytokine levels in the spinal tissue, we found that serum,
hippocampal, and spinal cord cytokine and chemokine levels were elevated in subsets of
SCI rodents even 25 days post SCI. These subjects exhibited distinct behavioral profiles
associated with depression and anxiety. These data are reminiscent of the increased serum
levels of pro-inflammatory cytokines reported more than one year after the injury in a
subpopulation of spinal cord injured patients (Hayes, Hull et al. 2002).

4.2 Site of inflammation varies by depression sub-type

We found both depression and anxiety to be associated with higher levels of an acute phase
protein, alpha-2 macroglobulin on Day 1 post SCI. Similarly, human studies have found
depression and anxiety to be associated with higher levels of circulating C-reactive protein,
an acute phase protein equivalent to alpha-2 macroglobulin in rats (Howren, Lamkin et al.
2009, Copeland, Shanahan et al. 2012). However, when we examined the inflammation
changes post SCI by psychological well-being sub-group more closely, we found two
interesting and distinctive patterns: the purely depressed sub-group showed increased
inflammation in the periphery, whereas the anxious/depressed group showed increased
inflammation in the central nervous system.

The depressed subjects had increased serum levels of several pro-inflammatory cytokines
and chemokines in both the acute and chronic phase of injury. Specifically, depressed
subjects had significant increases in IL-1f, GM-CSF, GRO-KC, MIP-2, LIX and TNF-a
levels, relative to anxious/depressed and/or healthy subjects. As summarized in Table 1,
these cytokines have been implicated in depression in the human clinical population, and in
other animal models. In fact, there is a growing body of data implicating pro-inflammatory
cytokines as causal factors in depression (Maes, Bosmans et al. 1997, Maes 1999, van West
and Maes 1999, Dantzer, O'Connor et al. 2008, Audet and Anisman 2013, Walker,
Kavelaars et al. 2014), particularly after a nervous system injury or illness (Norman et al.
2010; Juengst, Kumar et al. 2014). According to the cytokine hypothesis, pro-inflammatory
cytokines may lead to the development of depression in several ways. First, cytokines such
as TNF-a and interleukin-6 (IL-6) are known to increase the enzymatic activity of
indolamine 2,3-dioxygenase (IDO) (Maes, Leonard, Myint, Kubera, & Verkerk, 2011;
Roman, Kreiner, & Nalepa, 2013), which catalyzes the conversion of tryptophan into
kynurenine, thereby decreasing the substrate availability for serotonin production (Capuron
et al., 2003; Capuron et al., 2001). Alternatively, cytokines such as IL-6 and TNF-q, assist
in the breakdown of 5-hydroxytryptophan (5-HT) into 5-hydroxyindoleacetic acid (5-
HIAA). Thus, cytokines not only reduce the amount of serotonin produced, but can also
increase the amount of serotonin degraded, thereby contributing to the development of
depression.

Whereas the cytokine hypothesis supposes a direct relationship between cytokines and
serotonin levels, the HPA axis hypothesis suggests that increased levels of cytokines such as
interleukin-1 (IL-1), IL-6, TNF-a and IFN-y contribute to the development of depression
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and anxiety via activation of the HPA axis and the alteration of glucocorticoid levels
(Holsboer, 2000; Pariante & Miller, 2001). In our study, it is possible that elevated
glucocorticoid levels might have contributed to increase inflammation in the hippocampus
of anxious/depressed subjects. It would be important to measure levels of glucocorticoid
levels in future studies. Indeed, it is likely that inflammation contributes to the development
of depression in multiple ways; engaging discrete pathways with distinct pro-inflammatory
cytokines. Moreover, as suggested by Anisman and Merali (1999), the symptoms of
depression that are manifest may be modulated by the specific cytokine that precipitates the
molecular changes. For example, IL-1 receptor knockout mice show decreased anxiety in an
open field relative to wild type mice (Murray, Obiang et al. 2013). IL-1a was also
significantly increased in the hippocampi of the subjects with signs of anxiety, relative to
healthy controls, in the current study. IL-1p and TNF-a, pro-inflammatory cytokines
elevated in the serum and hippocampi of the depression and anxiety groups respectively in
the current study, have also been shown to induce anhedonia (Brebner et al. 2000) and
reduce social interaction (Bluthe et al. 1994) in other models. Makino et al. (2000) also
demonstrated that learned helplessness (immability in the forced swim test) is increased by
systemic IFN-a administration, which reduces 5-hydroxytryptamine (5-HT) mediated
neuronal activity and synthesis (Morikawa et al. 1998; Menkes and MacDonald, 2000;
Capuron et al. 2002). Although we did not measure serotonin levels in the current study, we
found no changes for IFN-a (or immobility on the forced swim test) in the depressed
subjects in the current study. While the precise mechanisms mediating the development of
depression after SCI remain to be elucidated our data suggests that, as found for humans,
pro-inflammatory cytokines may play a pivotal role. By developing animal models of
depression and anxiety, and by identifying the associated cytokine profiles, we will be able
to develop more efficacious, targeted therapeutic strategies for the treatment of clinical
depression.

While depression was associated with changes in serum levels of pro-inflammatory
cytokines, we did not find changes in the spinal cord or hippocampi of the depressed
subjects, relative to healthy controls. We propose that depression per se may be associated
with changes in brain areas other than the hippocampi. In fact, hippocampal changes are
mostly observed in human depressed patients with comorbid anxiety, and in animal models
in which depression is induced with chronic stress exposure (Price and Drevets 2010, Bora,
Fornito et al. 2012, Marsden 2013). Similarly, in the current study, while depression alone
was not associated with hippocampal changes, we did observe higher levels of TNF-a in the
hippocampus of anxious/depressed subjects. For the anxious/depressed group, pro-
inflammatory cytokines were also modulated in the spinal cord. 1L-18, MCP-1, TNF-a, and
IFN-y were increased relative to healthy controls. These data concur with other studies
showing that, for example, intracerebroventricular administration of TNF-a induces
depression and anxiety behavior in rats and mice (Connor, Song et al. 1998, Kaster, Gadotti
et al. 2012, Neis, Manosso et al. 2014), as well as reports demonstrating that anxiety in the
open field test is highly suppressed in IL-18 knockout mice, compared to wild type mice
(YYaguchi, Nagata et al. 2010). In future studies, it will be important to examine other brain
regions, such as the frontal cortex, for depression-induced inflammation.
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3. Conclusion

Overall, our results provide a first line of evidence for a relationship between increased
peripheral cytokine levels and decreased psychological well-being following SCI. Human
studies of SCI commonly observe depression post SCI, but are unable to identify clear
predicting factors, for they are faced with a multitude of psychosocial variables such as
financial difficulties and loss of independence. Here, with the use of an animal model, we
avoided the confounding psychosocial factors. We were therefore able to demonstrate that
even in a context devoid of psychosocial factors, SCI results in depression in a sub-group of
injured subjects.

Importantly, we do not claim that psychosocial factors do not contribute to the decreased
psychological well-being experienced by some patients after SCI. In fact, social stressors
may interact with SCI to increase the immune response after injury. Indeed in the current
study, single housing may have potentiated depression and/or anxiety-like signs for some
subjects. We routinely house SCI subjects individually, particularly after surgery, to prevent
inadvertent infections with wound opening when the animals interact with one another (i.e.
grooming). However, social isolation is known to induce depression and anxiety in both
humans and animal subjects (Liu, Wu et al. 2013, Krugel, Fischer et al. 2014). Given that all
subjects were single housed (irrespective of condition), this variable alone cannot account
for the differences observed across groups in the current study, but it may have potentiated
individual predispositions. Future studies assessing the effects of social and environmental
variables that might influence depression-like behavior, at both the molecular and behavioral
level, will be important for understanding the significance of this variable on psychological
well-being after SCI.

In sum, however, these data suggest that the depression and anxiety patients experience
following SCI is not due solely to psychosocial factors, but may also result from increased
immune activation inherent to the injury per se. Spinal cord injured patients with chronic
increases in peripheral and central inflammation may be susceptible to the development of
depression and anxiety. For these patients, medications that reduce the immune response
may be more effective than traditional anti-depressants, targeting monoamine or HPA axis
dysregulation. Further elucidation of the molecular mechanisms underlying depression and
anxiety, such as those engaged by pro-inflammatory cytokines will significantly improve
our understanding of mental health following SCI, and improve quality of life for spinal
cord injured patients.
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HIGHLIGHTS
1. Three groups emerged post SCI: 1) depression, 2) depression/anxiety, 3) neither.
Inflammation post SCI was associated with decreased psychological well-being.

Depression-like profiles were associated with peripheral inflammation.

& w N

Anxiety/depression-like profiles were associated with brain/spinal
inflammation.
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Figure 1.
Experimental schedule.
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Recovery as a function of injury severity. Commensurate with the severity of their injury,
the groups showed significantly different converted BBB scores across the recovery period
(A). Recovery of locomotor function decreased as injury severity increased. Similarly, the
severe injury group showed significantly less weight gain than all other groups (B), and
consumed less food than the moderate and intact groups (C). The mean (x SEM)
performance of the intact, mild, moderate and severe injury groups is depicted.
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The panels of graphs depict the mean (£ SEM) behavioral performance of the intact, mild,
moderate and severe injury groups on the tests of depression and anxiety: Sucrose
preference (A), Open field activity (B), Social exploration (C), Forced swim (D), Center
activity (E) and Shock probe burying (F). No significant differences were found among

injury severity groups on any of the measures.
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Figure 4.
Hierarchical cluster dendrogram. The dendrogram illustrates the results of the hierarchical

cluster analysis, which separated the sample into three main cohorts (Group 1 (n=15), Group
2 (n=12), Group 3 (n=20)), based on the subjects’ average performance on the behavioral
tests retained by the principal component analyses. The numbers on the y-axis represent the
individual subjects.
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Figure 5.
Comparison of baseline measures of anxiety and depression (Mean + SEM), across the

psychological well-being groups. There were no significant baseline differences across
groups for sucrose preference (A). However, the DEP and ANX/DEP showed lower activity
in an open field relative to HEALTHY subjects at baseline (B), and the DEP group exhibited
less social exploration than the HEALTHY group (C). Baseline differences were not found
for the measure of passive anxiety, center time in the open field (D). * p <.05.
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Post hierarchical cluster differences: The panels of graphs depict the mean (+x SEM)
behavioral performance of the ANX/DEP, DEP, and HEALTHY groups on the tests of
depression and anxiety: Sucrose preference (A), Open field activity (B), Social exploration
(C), and Shock probe burying (D). ANX/DEP subjects showed decreased sucrose preference
relative to the HEALTHY group on Days 10 and 21, as well as increased shock probe
burying relative to the DEP and HEALTHY groups on Days 5 and 20. The DEP group
showed decreased open field activity relative to the ANX/DEP and HEALTHY group on
Day 10 and relative to the HEALTHY group on Day 21. The DEP group also showed
decreased social exploration on Day 10 relative to the HEALTHY group. * p <.05.
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Figure 7.
Psychological well-being membership by injury severity. This figure shows group

membership by injury severity, and indicates the percentage of subjects identified as either
anxious/depressed or depressed for each injury severity level.
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B anx/dep
B dep
3 healthy

Center activity as measure of passive anxiety. The mean (£ SEM) performance of the ANX/
DEP, DEP, and HEALTHY for center activity in an open field is depicted for Days 10 and
21. On Day 21, the ANX/DEP and DEP groups showed decreased center activity relative to

the HEALTHY group. * p <.05.
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Figure 9.
Recovery measures by psychological well-being. No differences were found among ANX/

DEP, DEP and HEALTHY groups for converted BBB scores (A), weight gain (B), or food
consumption (C).
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Figure 10.
No correlations were found between BBB scores and performances on behavioral tests of

depression [open field (A) and (B)] and anxiety [center activity in an open field (C) and

(D)1
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Figure 11.
Tactile withdrawal (A) and vocalization thresholds (B) measures by psychological well-

being, on Days 11 and 22. The mean (x SEM) performance of the ANX/DEP, DEP, and
HEALTHY groups are shown on the tactile tests. The ANX/DEP group showed a lower paw
withdrawal threshold than the HEALTHY group on Day 22. Similarly, both the ANX/DEP
and the DEP group showed a lower vocalization threshold than the HEALTHY group. * p <.
05.
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Figure 12.
Thymus weight by psychological well-being groups (intact subjects excluded). The mean (+

SEM) thymus weight of the DEP group was significantly lower than that of the HEALTHY

group. * p <.05.
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Figure 13.
Alpha-2 macroglobulin levels in serum on Days 1 and 24 by psychological well-being. The

mean (+ SEM) alpha-2 macroglobulin levels, normalized to intact subjects, are shown by
psychological well-being. A trend for both the ANX/DEP and DEP groups to show
increased levels of serum alpha-2 macroglobulin on Day 1 relative to the HEALTHY group
was found, p = .16 and .09 respectively.

Brain Behav Immun. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maldonado-Bouchard et al. Page 40

" 6000; B anx/dep
Bl dep

5000{ )
healthy-contused ’/
4000 [ healthy-intact g
5 %
E 30001
2 1507
%
4
100 g
2
501 g
%
| — . / A |
GM-CSF GRO-KC  MIP2 TNF-alpha IL-lbeta  IL-10 FRACTALKINE LIX
Day 1
B.
25000
20000] I anx/dep
15000 i dep
healthy-contused
100001 O healthy-intact

5000+
.07

pg/mL

2007
1504 *
100+
504 +
N %
GM-CSF IL-1beta RANTES IL-17A
Day 24

Figure 14.
The serum expression levels of pro- and anti-inflammatory cytokines in the serum on Days 1

(A) and 24 (B). The mean (x SEM) concentration of analytes that differed significantly
across psychological well-being groups are shown. The graph depicts the original data, with
the HEALTHY group separated into healthy contused subjects and healthy intact subjects to
denote possible HEALTHY group differences due to intact subjects. The statistical
differences reported here are based on post-hoc Sidak comparisons between the ANX/DEP,
DEP and HEALTHY groups, with intacts removed. The ANX/DEP and DEP groups showed
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increases in both pro-inflammatory cytokines and chemokines on both days 1 and 24. * p <.
05.
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Page 42

B anx/dep

B3 dep
healthy-contused
O healthy-intact

IL1-alpha

Day 25

TNF-alpha

The mean (£ SEM) concentration of analytes in lysate (normalized to total protein
concentration) found to differ by psychological well-being are shown. The graph depicts the
original data, with the HEALTHY group separated into healthy contused subjects and
healthy intact subjects to identify possible HEALTHY group differences driven by intact
subjects (rather than psychological well-being). The statistical differences reported here are
based on post-hoc Sidak comparisons between the ANX/DEP, DEP and HEALTHY groups,
with intacts removed. As the graphs indicate, even with intacts removed, the ANX/DEP
group shows increases in both pro-inflammatory cytokines and chemokines.*p<.05.
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Figure 16.
The mean (£ SEM) concentration of analytes in lysate (normalized to total protein

concentration) found to differ by psychological well-being are shown. The graph depicts the
original data, with the HEALTHY group separated into healthy contused subjects and
healthy intact subjects to denote possible HEALTHY group differences due to intact
subjects alone. The statistical differences reported here are based on post-hoc Sidak
comparisons between the ANX/DEP, DEP and HEALTHY groups, with intacts removed.
As the graphs indicate, even with intacts removed, the ANX/DEP group shows increases in
both pro-inflammatory cytokines and chemokines. * p <.05.
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Figure 17.
The mean (£ SEM) concentrations of pro-inflammatory cytokines and chemokines in lysate

(normalized to total protein concentration) are shown for the intact, mild, moderate and
severe injury groups. Analytes are separated into graphs A and B to clearly show differences
for cytokines/ chemokines with higher or lower concentrations. * p <.05.
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Pro-inflammatory cytokines and chemokines assessed with Multiplex assay; possible involvement in

depression and anxiety.

Analyte

Overall function and expression in anxiety/
depression

References

Eotaxin

Activator and chemoattractor. Also referred to as
CCL11. Found to be elevated in patients with mood
disorder.

(Menzies-Gow, Ying et al.
2002; Magalhaes, Jansen et al.
2014)

GM-CSF
(Granulocyte- macrophage colony- stimulating
factor)

Stimulates stem cells granulocyte production
(neutrophils, eosinophils, and basophils) and monocytes.
Found to be elevated in patients with major depressive
disorder. Appears to play an important role in structural
plasticity.

(Shi, Liu et al. 2006; Krieger,
Both et al. 2012; Schmidt,
Lichtblau et al. 2014)

IL-1a
(interleukin-1a)

Activates a set of immune system response processes
shortly after infection. Up-regulation in the prefrontal
cortex of patients with major depressive disorder. Mild
depressive symptoms are associated with overexpression
of monocyte-associated IL- 1a.

(Dinarello 2009; Suarez,
Krishnan et al. 2003, Shelton,
Claiborne et al. 2011)

MIP-1a
(Macrophage inflammatory protein-1a)

Involved in recruiting and activating leukocytes. Present
in a subset of patients with moderate-severe depression.

(Cook 1996; Merendino, Di
Pasquale et al. 2004)

IL-1B
(interleukin-10)

Activates microglia and immune cells (cytokines).
Levels increase in the hippocampus and prefrontal
cortex with stress. Can produce stress-induced learning
impairments.

(Audet and Anisman 2013;
Pugh, Fleshner et al. 2001)

IL-2
(interleukin-2)

Involved in the differentiation of T cells. Increased in
subjects with depression phenotype.

(Audet and Anisman 2013)

IL-6
(interleukin-6)

Stimulates immune response. Circulating levels
increased in depressed individuals. Also increased with
psychosocial stress.

(Audet and Anisman 2013;
Dowlati, Herrmann et al. 2010)

IL-12p70
(IL-12 phosphorylated 70 kDa)

Involved in differentiating T cells to Th1 cells.
Stimulates production of TNF- a and IFN-y.

(Muller-Berghaus, Kern et al.
2004)

IFN-y
(interferon- y)

Activates microglia, natural killer cells and
macrophages. Elevated in depressed individuals.
Expression suppressed with stress.

(Audet and Anisman 2013;
Curtin, Boyle et al. 2009, Dahl,
Ormstad et al. 2014)

IL-5
(interleukin-5)

Stimulates B cell growth. Involved in eosinophil
activation. Elevated in depressed individuals.

(Kouro and Takatsu 2009; Dahl,
Ormstad et al. 2014)

MCP-1
(monocyte chemotactic protein-1)

Recruits monocytes, memory T cells and dendritic cells
to inflammation site. Also referred to as chemokine C-C
motif ligand 2 (CCL2). Elevated serum levels found in
depressed patients. High expression in major depressive
disorder patients is thought to modulate neuronal
activity and neuroendocrine functions.

(Deshmane, Kremlev et al.
2009; Pae 2014, Young, Bruno
et al. 2014)

1P-10
(interferon gamma- induced protein 10)

Chemoattractant for activated T cells. Involved in
recruiting T cells to sites of inflammation. Also referred
to as C-X-C motif chemokine 10 (CXCL10).

(Dufour, Dziejman et al. 2002)

(Vascular endothelial growth factor)

decrease IL-10 in T-cells, therefore increasing pro-
inflammatory T-cell differentiation.

GRO-KC Chemoattractant for neutrophils. Also referred to as (Roy, Richard et al. 2012)
(growth-related oncogene/keratinocyte derived | CXCL1.
chemokine)
VEGE Critical in angiogenesis. Can increase IFN- y and (Mor, Quintana et al. 2004)

LIX
(lipopolysaccharide- induced CXC chemokine)

Involved in cell migration and activation of neutrophils.
Also referred to as CXCLS5.

(Choong, Yong et al. 2004)

MIP-2

(macrophage inflammatory protein 2)

Chemoattractant for neutrophils. Also referred to as
CXCL2.

(Driscoll 1994)
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Analyte Overall function and expression in anxiety/ References
depression
Activates microglia and immune cells. Circulating levels (Audet and Anisman 2013;
TNF-al increased in depressed individuals. Can induce Dowlati, Herrmann et al. 2010;

(Tumor necrosis factor- a)

depression by upregulating the tryptofan-degrading
enzyme indoleamine 2,3-dioxygenase (precursor for
serotonin).

Liu, Peng et al. 2015)

RANTES
(regulated on activation, normal T cell
expressed and secreted)

Chemoattractant for T cells, eosinophils, and basophils.
Also referred to as Chemokine (C-C motif) ligand 5
(CCL5). Can upregulate IL-10 expression, an anti-
inflammatory cytokine.

(Kapp, Zeck-Kapp et al. 1994;
Kim, Cha et al. 2015)

IL-17a
(interleukin-17a)

Involved in delayed-type reactions. Increases chemokine
production for the recruitment of monocytes and
neutrophils to inflammation site. Levels found to be
positively correlated with anxiety.

(Jin and Dong 2013; Liu, Ho et
al. 2012)

1L-18
(interleukin-18)

Stimulates T cell and natural killer cell maturation, and
stimulates IFN-y production. Elevated in patients with
moderate-severe depression.

(Audet and Anisman 2013;
Merendino, Di Pasquale et al.
20

04)

Brain Behav Immun. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Maldonado-Bouchard et al. Page 47

Table 2

Anti-inflammatory cytokines and chemokines assessed with Multiplex assay; possible involvement in
depression and anxiety.

Analyte Overall function and expression in anxiety/depression References

Involved in a shift from Th1 to Th2. Decreases production of macrophages,
IFN- gamma, and dendritic cell IL-12. IL-4 Knockout mice exhibit state
anxiety-like signs.

IL-4
(interleukin IL-4)

(Audet & Anisman, 2013;
Moon, Joesting et al. 2015)

Stimulates cell growth, proliferation and differentiation. Single nucleotide

EGF polymorphisms within the EGF gene may be involved in the development of (Menard et al., 2012; Tian,
(epidermal growth factor) | depression. Low levels of plasma EGF found in major depressive disorder Zhang et al. 2012)
patients.
IL-13 Inhibits cytokine production by B cells and monocytes. Induces protein- (Wynn, 2003)
(interleukin I1L-13) degrading enzyme matric metalloproteinases (MPPs). ynn,
I1L-10 Involved in shift from Th1 to Th2. Reduces immune response activation.

(Audet & Anisman, 2013)

(interleukin IL-10)
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Table 3

Unclassified cytokines and chemokines assessed with Multiplex assay; possible involvement in depression and
anxiety.

Analyte Overall function and expression in anxiety/depression References
G-CSF Neurogenesis, neuroplasticity. Counters apoptosis. Can have both pro- and
(Granulocyte anti- inflammatory effects. (Boneberg & Hartung, 2002;
colony- stimulating Lawlor et al., 2004)
factor)

Marker of inflammation. Regulates energy consumption. Related to appetite - - .
Leptin and hunger, metabolism, and behavior. Can have anxyolitic effects by (Fantuzzi ﬁfz%g:oggfs(J)OO, Wang,
facilitating fear extinction. ’

Anti-apoptotic. Involved in chemotaxis and leukocyte adhesion, as well as the . .
Fractalkine survival of various cells during inflammation. Also referred to as CX3CL1. M erer(w\d/\ilgclntelsg; Ig;arseaL\JI;IZ gtoziz'zoo 4)
High levels present in patients with moderate-severe depression. ' 4 )

Brain Behav Immun. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Maldonado-Bouchard et al.

Components of principal component analyses. Component loadings are shown for the behavioral tests
retained. To be retained, behavioral tests had to load with >.03 on one component only.

Table 4

Behavioral test

Sucrose preference
Social exploration

Open field activity

Shock probe burying

Components
1 2
.178 .817
.872 | -.150
872 | 214
120 | -.802
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