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A B S T R A C T

Following spinal cord injury, 18–26% of patients are diagnosed with depressive disorders, compared to 8–12% in
the general population. As increased inflammation strongly correlates with depression in both animal and human
studies, we hypothesized that the immune activation inherent to SCI could increase depression-like behavior.
Thus, we proposed that reducing immune activation with minocycline, a microglial inhibitor, would decrease
depression-like behavior following injury. Male Sprague-Dawley rats were given minocycline in their drinking
water for 14 days following a moderate, mid-thoracic (T12) spinal contusion. An array of depression-like be-
haviors (social activity, sucrose preference, forced swim, open field activity) were examined prior to injury as well
as on days 9–10, 19–20, and 29–30 post-injury. Peripheral cytokine levels were analyzed in serum collected prior
to injury and 10 days post-injury. Hierarchical cluster analysis divided subjects into two groups based on
behavior: depressed and not-depressed. Depressed subjects displayed lower levels of open field activity and social
interaction relative to their not-depressed counterparts. Depressed subjects also showed significantly greater
expression of pro-inflammatory cytokines both before and after injury and displayed lower levels of hippocampal
neurogenesis than not-depressed subjects. Intriguingly, subjects who later showed depressive behaviors had
higher baseline levels of the pro-inflammatory cytokine IL-6, which persisted throughout the duration of the
experiment. Minocycline, however, did not affect serum cytokine levels and did not block the development of
depression; equal numbers of minocycline versus vehicle-treated subjects appeared in both phenotypic groups.
Despite this, these data overall suggest that molecular correlates of inflammation prior to injury could predict the
development of depression after a physical stressor.
1. Introduction

Approximately 22% of people with spinal cord injury (SCI) suffer
from major depressive disorder (MDD) (Williams and Murray 2015), an
incidence nearly three times greater than the 8.1% in the general US
population (Brody et al., 2018). Further, 16–34% of people living with
SCI report significant clinical symptoms of depression without meeting
the criteria for MDD (Bombardier et al., 2012; Krause et al., 2000;
Migliorini et al., 2009). These symptoms of depression significantly affect
quality of life. Moreover, people with SCI and depression are more likely
to develop urinary tract infections and pressure ulcers, and they tend to
show lower levels of functional independence, experiencing greater
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unemployment and lower community involvement (Elliott and Frank
1996; Herrick et al., 1994). Depression after SCI clearly affects both
physical and psychological wellbeing.

The increased incidence of depression after SCI may not be surprising
considering the overwhelming life changes evoked by injury. However,
depression-like behavior is also observed in animal models of SCI, in the
absence of the socioeconomic challenges and changes in functional in-
dependence that may affect the clinical population. Approximately one-
third of rats with SCI develop depression-like behavior, a percentage
concomitant with the clinical population (Brakel et al., 2019; Luedtke
et al., 2014; Maldonado-Bouchard et al., 2016; Wu et al., 2014b).
Importantly, these rats do not exhibit depression-like behavior prior to
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Fig. 1. Behavioral testing schedule. Subjects were acclimated to the open
field (OF)/social (SOC) arena, sucrose preference (SP) test, and burrowing tubes
for 10 days. Baseline testing was conducted the week preceding the contusion
injury. Minocycline was administered for 14 days immediately following SCI.
Depression behavior tests, pain sensitivity assays, and serum collection were
repeated in 3 testing periods post-injury. Spinal and brain tissue was collected
32 days post-injury.
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injury (Brakel et al., 2019). This evidence of depression in animal models
post-injury indicates that physiological or molecular changes inherent to
SCI may contribute to the rise in depression. Specifically, we posit that
inflammation after injury may underlie the development of this affective
disorder.

There is strong evidence to support the premise of inflammation as a
cause of depression. Inflammatory cytokines have not only been
observed in depressed patients, they have also been shown to induce
depression when administered therapeutically for other illnesses, such as
cancer and hepatitis infection (Capuron et al. 2002, 2009). Diseases
characterized by chronic inflammation, including multiple sclerosis,
psoriasis, inflammatory bowel disease, and arthritis are also associated
with increased likelihoods of developing depression (Jensen et al., 2016;
Marrie 2017; Olivier et al., 2010; Siegert and Abernethy 2005). Impor-
tantly, inflammation is a hallmark of SCI, which produces a marked in-
crease in the immune reaction in the spinal cord, periphery, and even the
brain (Davies et al., 2007; Ferguson et al., 2004; Popovich et al., 1997;
Wu et al. 2014a, 2014b). Further, elevated pro-inflammatory cytokines
are observed in both the periphery and brain in rodent models of
SCI-induced depression (do Espírito Santo et al., 2019; Maldonado--
Bouchard et al., 2016; Wu et al., 2014a; Wu et al., 2014b). These data
suggest that targeting inflammation may be an effective strategy in the
treatment of depression.

Researchers have begun to investigate the potential of anti-
inflammatory treatments as antidepressants. For example, in a preclini-
cal rat model of depression after SCI, Farrell and Houle (2019) targeted
tumor necrosis factor (TNF), a common inflammatory factor often found
elevated in depression, with XPro1595, a soluble TNF inhibitor. Contrary
to their hypothesis, they found that TNF inhibition increased the inci-
dence of depression in female rats after SCI (Farrell and Houle 2019).
However, they also saw an increase in NF-κB signaling with XPro1595
administration, suggesting that the synthesis of other cytokines may be
increased with this treatment, which could contribute to the develop-
ment of depression. Broader targeting of additional post-SCI inflamma-
tory cytokines may be needed to block the development of depression
after SCI (Farrell and Houle 2019).

In a clinical trial, Allison and Ditor (2015) also investigated the effects
of an anti-inflammatory diet on depression in people with SCI. They
found that patients on the anti-inflammatory diet had slightly lower
depression scores and IL-1β levels (Allison and Ditor 2015). While neither
of these studies provided conclusive evidence for a direct effect of
anti-inflammatory treatment on depression outcomes, they suggest that
multiple cytokines could act synergistically to induce depression and that
a global inhibitor of inflammation may be effective in the SCI model.

Minocycline, a tetracycline antibiotic known for its anti-inflammatory
properties and ability to cross the blood-brain barrier, has been the focus
of a number of recent clinical trials. It has proven to be significantly
better than placebo for the treatment of unipolar depression (Rosenblat
and McIntyre 2018), although its efficacy has been called into question
with a more recent clinical trial (Husain et al., 2020). Minocycline has
also been shown to attenuate depression-like behavior in numerous an-
imal models of depression, including the olfactory bulbectomised (OB)
rat and in rats with depression induced with lipopolysaccharide (LPS)
(Henry et al., 2008; O’Connor et al., 2009), restraint stress (Hinwood
et al., 2013) and inescapable shock (Arakawa et al., 2012). The current
experiment aimed to extend this data to a model of protracted inflam-
mation, the rodent model of SCI. We hypothesized that oral adminis-
tration of minocycline for two weeks after spinal cord injury could also
reduce inflammation and block the development of depression-like
symptoms.

2. Materials and methods

2.1. Subjects

Thirty-three young adult (2–3 months old), male Sprague Dawley rats
2
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served as subjects. Three subjects, one from each dose group, were sub-
sequently removed from the study based on a priori exclusion criteria
which included, 1) a baseline sucrose preference of at least 75%, 2) a BBB
score <8 on day 1 post SCI, and 3) recovery of a minimum of 3 points on
the BBB scale across the 28 day testing period. The 3 excluded subjects
did not have baseline sucrose preferences of 75%. All subjects were
single-housed on a 12-h light-dark cycle, with food and water available
ad libitum. All of the experiments described here were reviewed and
approved by the Institutional Animal Care and Use Committee at Texas
A&M University and all NIH guidelines for the care and use of animal
subjects were followed.

2.2. Surgery

Subjects were given a moderate contusion injury, as previously
described (Brakel et al., 2019). Briefly, subjects were anesthetized with
5% isoflurane. When a surgical level of anesthesia was reached, the
isoflurane concentration was lowered and maintained at 2–3%. A lam-
inectomy (T12 vertebra) was performed, exposing the T13-L1 spinal
cord. A moderate contusion was administered using an Infinite Horizons
Impactor (Precision Systems and Instrumentation) to apply a 150 kDyne
force with a 1 s dwell time to the exposed spinal cord. The surgical site
was then closed with Michel clips. Immediately after injury, 3 ml of 0.9%
sterile saline was administered subcutaneously to offset fluid loss from
the surgery, and 100,000 units/kg of penicillin G (i.p.) were given to
prevent infection. Animals recovered for 24 h in warm cages maintained
at approximately 30 �C. After the injury, subjects’ bladders were manu-
ally expressed twice daily (6:00–8:30 and 16:30–18:00) until they voided
on their own for three consecutive days.

2.3. Minocycline administration

Subjects were randomly assigned to three groups and administered
minocycline (minocycline hydrochloride; Sigma-Aldrich, St. Louis, MO,
USA) through their drinking water (0, 0.33, or 1 mg/ml; n¼ 10 for each)
for the first 14 days post-injury. Water bottles were weighed every
morning to track the liquid consumption of each animal, and the mino-
cycline solution was replaced every 7 days. The oral route of minocycline
was chosen to more closely simulate clinical administration, as well to
avoid additional stress with repeated i.p. injections of the drug. High
performance liquid chromatography data suggests that there is minimal
degradation of minocycline in solution at room temperature over 7 days
(Pearson and Trissel 1993).

2.4. Timeline overview

The timeline for this experiment is shown in Fig. 1. We used an array
of tests commonly used to assess psychological well-being in rodents
(Brakel et al., 2019; Luedtke et al., 2014; Maldonado-Bouchard et al.,
2016). These tests have been associated with common clinical signs of
depression such as anhedonia, fatigue, social isolation, and suicidal
ideation. Subjects were acclimated to the behavioral tests of depression
for one week prior to baseline testing. Baseline tests of depression were
then conducted one week prior to surgery. Depression behaviors were
re-assessed on days 9–11, 19–21, and 28–30 post-injury. The forced swim
test was conducted only on Day 31 post-injury to prevent habituation to
the task. Blood serum was also collected before and after injury, in
conjunction with the baseline and testing phases. Behavioral testing was
conducted during the animals’ light cycle.

2.5. Tests of depression-like behavior

2.5.1. Sucrose preference
Anhedonia was measured with the sucrose preference test. Subjects

were first acclimated to a 2% sucrose solution until a minimum of a 75%
sucrose preference was established. For testing, the subjects were
3

presented with two bottles, containing 2% sucrose or water, in their
home cages for 2 h. The positions of the bottles were reversed after 1 h to
control for any side-preference bias. Bottles were weighed before and
after the 2-h test, and sucrose preference was calculated as the percent
sucrose consumed out of the total liquid (sucrose plus water) consump-
tion. A decrease in sucrose preference is indicative of anhedonia, or a loss
of interest in previously pleasurable activities (Casarotto and Andreatini
2007; Willner et al., 1987).

2.5.2. Open field activity
Subjects were placed in a 90 � 60 � 20 cm black box and allowed to

explore for 5 min. Ethovision video tracking software was used to mea-
sure the total distance traveled over the time as well as the total time
spent in the center of the arena (defined as �10 cm from a wall of the
arena) by experimenters blinded to condition. Open field activity is a
common measure of psychomotor retardation or fatigue (Bison et al.,
2011; El Arfani et al., 2017).

2.5.3. Social interaction
In the social interaction test, subjects were placed in a 90 � 60 � 20

cm black box with a novel, uninjured rat of the same age and approxi-
mate weight. The time the SCI subject spent initiating social contact
(sniffing, grooming, or pursuing the other animal) was measured and
calculated as a percent of the total 5-min test session by experimenters
blinded to condition. Decreased social interaction indicates anhedonia
(Yirmiya 1996).

2.5.4. Burrowing
Burrowing was used as another measure of fatigue and anhedonia

(Deacon 2006). A 10 (inner diameter) x 30 (height) cm capped PVC pipe
filled with wood chips was placed into the subject’s home cage for 2 h.
The percent of wood chips displaced by burrowing was measured by
weighing the tube before and after the task.

2.5.5. Forced swim
In the forced swim tests, the rats were released into a clear plastic

container (73 � 40 � 46.4 cm) filled with 28 cm of 23 �C water. The rat
was filmed for 10 min and then removed and dried off. The time the rat
spent immobile, operationalized as floating in the water without strug-
gling and making only the necessary movements to keep its head above
water, was determined by experimenters blinded to condition with post
hoc video analyses. Greater immobility is associated with the clinical
symptoms of hopelessness and suicidal ideation (Castagn�e et al., 2010;
Hern�andez and Fern�andez-Guasti 2018).
2.6. Assessment of locomotor recovery

The recovery of hindlimb function was scored using the Basso,
Beattie, and Bresnahan (BBB) scale (Basso et al., 1995). A numerical
assignment on this scale corresponds to specific milestones in locomotor
recovery. For example, 0 indicates no hind limb movement, 1 is slight
movement of one or two joints, 10 is occasional stepping with no coor-
dination, and 21 is perfect stepping with perfect coordination between
the fore- and hindlimbs (i.e. uninjured stepping). After injury, the loco-
motor capacity (BBB) of subjects was observed for 5 min and scored by a
trained observer on days 1–7, 9, 11, 13, 15, 18, 21, 24, and 27 post-SCI.
BBB scores were transformed to help assure that the data were amend-
able to parametric analyses (Ferguson et al., 2004). This transformation
pools BBB scores 2–4, removing a discontinuity in the scale, and scores
14–21, which are very seldom used under the present injury parameters.
By pooling these scores, an ordered scale is created that is relatively
continuous, with units of approximately equivalent intervals. Meeting
these criteria allows for application of metric operations (computation of
mean performance across legs), improves the justification for parametric
statistical analyses, and increases statistical power.
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2.7. Assessment of sensory function

At-level allodynia was assessed using the girdle test before injury and
on days 4, 11, 22, and 28 post-injury. Animals were acclimated to the
testing room for 10 min and gently handled to prevent unnecessary
anxiety. During testing, the subjects were loosely held to ensure they
were calm and did not vocalize because of stress. A von Frey filament
(Semmes–Weinstein Anesthesiometer, Stoelting Co., Chicago, IL) with a
bending force of 204.14 mN (26g force) was applied to a 4 � 11 grid
across the girdle region of each subject. Because animals do not normally
vocalize with this stimulus, a vocalization response indicates that a
noxious stimulus was experienced. Vocalization responses were recorded
and mapped onto a grid map for each animal. The number of vocaliza-
tions (Nv) were reported as a percent of the total stimulation events,
given the following formula: (NV x 100)/total number of filament ap-
plications (44).

Below-level pain reactivity was assessed with von Frey filaments.
Subjects were placed into restraining tubes (7.00 cm [internal diameter]
� 20.00 cm [length]) to allow their legs to hang freely from the tube.
After 15 min of acclimation to the tube alone, mechanical reactivity was
assessed using von Frey stimulation. Nylon monofilaments (Sem-
mes–Weinstein Anesthesiometer, Stoelting Co., Chicago, IL) of increasing
strength were applied sequentially at approximately 2 s intervals to the
L5 dermatome on the plantar surface of the hind paws. Stimuli were
presented until subjects exhibited a motor withdrawal (spinal) and vocal
(supraspinal) response. If one or both responses (motor and vocal) were
not observed, testing was terminated at a force of 300 g. Each subject was
tested twice on each foot in a counterbalanced ABBA order.

Thermal reactivity was assessed with the tail flick test. Subjects were
restrained in plexiglass tubes (7.00 cm [internal diameter] � 20.00 cm
[length]) and placed on the tail-flick apparatus (IITC Life Science Inc.,
Woodland Hills, CA, USA). Their tails were positioned in the 0.5 cm deep
groove on the apparatus so that the area 1.5 inches from the tip of the tail
was directly under a thermal light source. The light was set at an intensity
that produced a 3–4 s tail-flick latency in an uninjured rat. The latency to
flick the tail away from the radiant heat source was recorded. Two tests
occurred at 2-min intervals.

2.8. Tissue collection

At 32 days post-injury, subjects were euthanized with pentobarbital
(100 mg/kg, i.p.). All tissue collection occurred rapidly after the animal
reached a deep, unresponsive level of anesthesia. Fifteen of the thirty
remaining subjects were perfused with 4% paraformaldehyde (PFA) for
histological reconstruction of the lesion and analysis of hippocampal
neurogenesis. Whole brains and a 1.5 cm section of spinal cord, centered
on the lesion site, were extracted and placed in ice-cold 4% PFA for 24 h
for further fixation. After 24 h, the tissue was transferred to a 30% su-
crose solution for cryoprotection and preservation before freezing and
sectioning for histology.

Fresh brain and spinal tissue were collected from the remaining
fifteen subjects for protein analysis. A 1.5 cm section of spinal cord,
centered on the lesion site, and the brain were collected and flash-frozen
in liquid nitrogen. The frontal cortex, hypothalamus, and hippocampi
were dissected and flash-frozen separately. The frozen tissue was stored
at �80 �C until processing.

2.9. Histological lesion assessment

To examine lesion size, frozen spinal cord segments were sectioned
from the rostral to the caudal end in 20 μm thick sections, and every 10th
slice was preserved for staining. All sections were stained with cresyl
violet for Nissl substance and luxol fast blue for myelin.

The total cross-sectional area of the cord and spared tissue was
assessed at the lesion center (averaged across three sections�600, 0, and
þ600 μm from the lesion center) using MicroBrightField software (MBF
4

Bioscience, Williston, VT). Four indices of lesion magnitude were
derived: lesion; residual gray matter (GM); residual white matter (WM);
and width. As described by Grau et al. (2004), an experimenter blind to
the experimental treatments determined the lesion extent by tracing
around the boundaries of cystic formations and areas of dense gliosis.
Residual GM was defined as Nissl-stained areas that contained neurons
and glia of approximately normal densities. WM was defined as spared
myelin-stained areas lacking dense gliosis and swollen fibers.

The total area of each cross-section was derived by summing the areas
of damage, GM, andWM. The width of each section was then determined
from the most lateral points along the transverse plane. These analyses
yielded six parameters for each section: WM area, GM area, spared tissue
(white þ gray), damaged tissue area, net area (white þ gray þ damage),
and section width. To control for variability in section area across sub-
jects, we applied a correction factor derived from standard undamaged
cord sections, taken from age-matched controls (Grau et al., 2004). This
correction factor is based on section widths and is multiplied by all area
measurements to standardize area across analyses. By standardizing area
across sections, we were able to estimate the degree to which tissue was
‘‘missing’’ (i.e., tissue loss from atrophy, necrosis, or apoptosis). An ac-
curate assessment of the degree to which a spinal cord has been affected
includes both the remaining ‘‘damaged’’ tissue as well as resolved
lesioned areas. When we sum the amount of missing tissue and the
measured damaged area, we derive an index of the relative lesion
(percent relative lesion) in each section that is comparable across sec-
tions. We also computed the percent of GM and WM remaining in each
section, relative to intact spinal cords.

2.10. Cytokine and protein assays

Blood was collected for serum cytokine assays, via a saphenous vein
draw, during the last 2 h of the light cycle. Samples were collected three
days before injury and 10 days after injury. Prior to collection, the leg
(alternated across collections) was shaved to expose the saphenous vein.
The animal was then gently restrained in a towel while the leg was dis-
infected and treated with topical lidocaine. The saphenous vein was
firmly held above the collection site and punctured with a 20-gauge
needle. Blood was collected in 300 μl serum microvettes (Sarsvedt)
coated with clotting factors. Samples were allowed to clot for 30–60 min,
per manufacturer instructions, and then centrifuged at 2000�g for 15
min at 4 �C. The resulting serum was used in a multiplex assay (RECY-
MAG65K27PMX, Millipore) to assess 27 unique pro-inflammatory cyto-
kines and chemokines. All samples were run in duplicate, following the
manufacturer’s instructions.

The frozen frontal cortex and hippocampus samples were homoge-
nized in 500 μl of lysis buffer (100 mM Tris, 1 M NaCl, 4 mM EDTA, 2%
Triton X-100, 0.1% sodium azide, 5 μl/ml phenylmethyl-sulphonyl
fluoride, and protease inhibitor cocktail (Thermo Scientific, 78442)
and allowed to sit on ice for 10 min before centrifugation. The resulting
supernatant was collected and stored at �20 �C for later use.

A rat BDNF ELISA (CYT306,Millipore) was used to detect BDNF levels
in the hippocampus and frontal cortex of 12 subjects. Samples in this
assay were diluted to 0.25 mg/ml total protein with the included sample
diluent, and the assay was conducted according to the manufacturer
instructions.

A serotonin (5-HT) ELISA (IBL-America, IB89540) was used to detect
5-HT levels in the hippocampus and frontal cortex of 12 subjects. Sam-
ples were diluted 1:30 (0.9 mg/ml) with the included sample diluent, and
the manufacturer instructions were followed.

2.11. Immunofluorescent staining for neurogenesis

Hippocampal neurogenesis was also assessed as a marker of depres-
sion. Decreased neurogenesis has been observed in multiple models of
stress and depression, but anti-depressants consistently restore normal
neurogenesis, giving rise to its validity as at least a marker, and possibly a



Fig. 2. Hierarchical clustering dendrogram. Hierarchical clustering of subjects based off of change-from-baseline behavior (standardized by z scores) at days 29–30
resulted in two major clusters. The smaller group displayed more depression-like behaviors and was named “Depressed.” Each line on the far left of the dendrogram
represents one subject. The relatedness of clusters is represented by the length of the horizontal lines extending from their link—longer lines are more distantly related.
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causative agent, of depression (Malberg and Duman 2003). After perfu-
sion and whole brain collection, the brains were embedded in sectioning
compound and frozen. The whole brain was sectioned into twelve serial
sets of free floating, coronal sections (50 μm thick), using a freezing
microtome.

Fifteen subjects were included in these analyses. Four sections of the
rostral hippocampus were selected for each subject and stained with goat
anti-DCX C-18 and DCX N-19 (sc-8066 and sc-8067, respectively, Santa
Cruz Biotechnology). The sections were washed 3 times in 0.01 M PBS
and then transferred to the primary antibody solution (0.2%DCXN, 0.2%
DCX C, 0.5% Tween, 5% normal horse serum, in 0.01 M PBS). They
incubated at room temperature with rotation for 23 h. The sections were
washed again and incubated in secondary stain (0.5% donkey anti-goat
IgG 555, 5% Tween, 5% normal horse serum, in 0.01 M PBS) for 1.2 h.
Sections were then rinsed and mounted on slides. They were allowed to
dry overnight and coverslipped with Vectashield anti-fade mounting
medium (H-1400, Vectashield, Burlingame, CA).

DCX þ cells in the suprapyramidal (upper) and infrapyramidal
(lower) blades of the dentate gyrus of each section were counted using
Stereo Investigator (MBF life sciences), using a 25% sampling rate, a 70
� 70 μm frame, and a dissector height of 15 μm. The cell count per area
for upper and lower blades was calculated separately for each subject and
the mean value for the upper blades and lower blades (across 4 sections)
was found for each subject.
2.12. Statistical analyses

2.12.1. Assessment of depression-like behavior and minocycline dose
Hierarchical cluster analysis divided the sample population into

phenotypic clusters that exhibited similar behaviors across tasks. Spe-
cifically, change from baseline scores collected on Day 29–30 post-injury
(ensuring that minocycline had cleared the system) for sucrose
5

preference, open field and social activity were first standardized by z
scores. Then, hierarchical cluster analysis was performed using Ward’s
method and applying squared Euclidean distance as the distance mea-
sure. The number of appropriate clusters was obtained by looking for a
break in the agglomeration coefficient change and by observing the
dendrogram (shown in Fig. 2), which visually depicts the distance be-
tween linked clusters. Two clusters were identified and based on lower
open field and social activity scores, the first cluster was termed
“depressed” and the second “not-depressed.” Repeated measures
ANOVAs and post hoc unpaired Welch’s T-tests were subsequently used
to compare the behavior of depressed and not-depressed groups at each
time point, as well as to compare serum cytokine levels and brain 5-HT
and BDNF levels. Repeated measures ANOVAs were used to examine
recovery of locomotor and sensory function across depression and min-
ocycline dose groups.

A two-group discriminant function analysis was also performed to
develop an equation that could be used to examine the relationships
between depression, motor and sensory function, and cytokine expres-
sion. Discriminant analysis is a statistical test used to determine which
continuous variables best distinguish two or more naturally occurring
groups. It generates a function using an optimal combination of the
variables and coefficients that can be used to predict group membership.
Again, using Day 29–30 sucrose preference, open field, and social ac-
tivity, the discriminant function analysis compared the depressed and
not-depressed groups. The structure matrix produced was examined. The
canonical discriminant function coefficients were retained for the
depression score equation.

2.12.2. Correlations between cytokines and behavior
Acknowledging cytokine redundancy, principal component analyses

were used to generate principal component scores, derived from the
linear combination of cytokines that differed significantly between



Fig. 3. Depression behaviors. Animals that clustered in the depressed group explored an open field arena less than their not-depressed counterparts (A). They also
initiated social interaction with a novel conspecific less than the not-depressed group (B). They did not differ significantly on any other behavioral tests (C–E). All
behaviors but forced swim are presented as change-from-baseline. There were no differences in the incidence of depression between the dose groups (F). Depressed n
¼ 11, Not depressed n ¼ 19; Mean � SEM, **p < 0.05.
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depressed and not-depressed groups. Separate analyses were conducted
at baseline and on Day 10, respectively, to generate scores for each
groups of differential cytokines. Pearson product moment correlations
were used to examine the relationships between the derived principal
components and behavior. Based on the a priori prediction that increased
cytokines would be associated with increased depression-like behavior
and decreased recovery of motor and sensory function, one-tailed tests
were used to determine statistical significance.
6

2.12.3. Analysis of neurogenesis
As the data for neurogenesis were not normally distributed, Mann-

Whitney tests and Kruskal-Wallis tests were used to compare the
numbers of DCX þ cells in the depressed and not-depressed groups, as
well as the minocycline dose groups. Based on substantial data indicating
that depression is associated with decreased neurogenesis, as well as the
small sample size, a one-tailed test was used to determine significance.
All statistical analyses were conducted with SPSS software, version 27.0.



Fig. 4. Baseline behavioral scores. There were no baseline behavioral dif-
ferences between the subjects that later clustered into the depressed and not-
depressed groups. Depressed n ¼ 11, Not depressed n ¼ 19; Mean � SEM.
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3. Results

3.1. One-third of SCI rats develop depression-like behavior

After injury, 33% of the subjects exhibited depression-like behavior.
Unrestricted hierarchical cluster analyses showed that the subjects
separated into two groups (Fig. 2). These groups were categorized as
depressed or not-depressed with repeatedmeasures ANOVAs. Comparing
performances on each of the depression tests, there was a main effect of
depression group on open field activity (F (1, 28) ¼ 15.27, p ¼ 0.0005),
as well as an effect of time (F (1.809, 50.66) ¼ 7.842, p ¼ 0.002), and an
interaction between depression group and time (F (2, 56) ¼ 7.84, p ¼
0.003). The depressed group had lower open field activity on Days 19–20
and 29–30 post-injury (t (28) ¼ �2.52, p ¼ 0.018; t (28) ¼ �4.38, p <

0.001, respectively, Fig. 3A). Whereas the not-depressed group increased
activity in the open field over sessions, the depressed group remained low
at all timepoints. There was also a main effect of depression group (F (1,
28)¼ 9.474, p¼ 0.005) and time on social interaction (F (1.92, 53.64)¼
9.98, p ¼ 0.0003), but no depression group by time interaction. Subjects
classified as depressed displayed lower social interaction on days 9–10
Fig. 5. Depression scores correlations. The depression scores correlated with open
and social activity change-from-baseline scores at Day 30; r (30) ¼ 0.80, p < 0.001 (B
depressed subjects (represented by the black circles) for both behaviors.
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and 29–30 (t (28) ¼ �3.14, p ¼ 0.004; t (28) ¼ �5.17, p < 0.001,
respectively, Fig. 3B). There was also a trend for higher immobility on the
forced swim test in this cluster of subjects, but it was not statistically
significant (Fig. 3E). Depression-like behaviors did not differ across
clusters prior to injury (Fig. 4).

Comparing the incidence of depression across minocycline dose
groups, minocycline did not block the development of depression-like
behavior. Repeated measures ANOVAs revealed no effects of dose on
any of the behaviors assessed (F< 1.0 for all tests, p> 0.05). Thirty-three
to forty percent of each dose group developed depression-like behaviors
(Fig. 3F).

There was no significant difference in the amount of water (with or
without minocycline) consumed across the 14 days of administration (F
(2,27)¼ 1.97, p¼ 0.159). All minocycline dose groups consumed similar
amounts of liquid, resulting in an average of 11.9 � 0.8 mg of minocy-
cline per day for the low dose group and 30.5 � 2.8 mg/day for the high
dose. Compared to previous published studies, this consumption should
be adequate to create an anti-inflammatory effect (Burke et al., 2014;
Camargos et al., 2020; Hinwood et al. 2012, 2013; Molina-Hern�andez
et al., 2008).

Recognizing that depression is not categorical, and occurs on a con-
tinuum, a discriminant function analyses was also used to generate an
equation and depression scores that could be correlated with other
continuous behavioral and molecular outcomes. As for the cluster anal-
ysis, sucrose preference, open-field activity, and social exploration scores
on Day 29–30 were used to define the depressed and not-depressed
groups. Using the canonical discriminant function coefficients, the
following depression equation was generated:

Depression score ¼ �0.09 - 0.071SPþ 0.5170FAþ 0.131SOC

where SP is the change from baseline for sucrose preference, SOC is
change from baseline for social exploration, and OFA is change from
baseline for open-field activity for Day 29–30 post injury. Wilk’s lambda
tests confirmed that the depressed and not-depressed clusters did not
have identical means, and the equation was acceptable for classifying
subjects (λ ¼ 0.232; p < 0.001). Classification with the equation
concurred with the cluster analysis, correctly classifying 96.7% of sub-
jects as either depressed or not-depressed. The depression scores gener-
ated were highly correlated with Day 29–30 scores for open field activity
and social activity (r (30) ¼ 0.73, 0.80, respectively, p < 0.001, Fig. 5),
but did not correlate with any of the other tests of depression-like
behavior.
field activity change-from-baseline scores at Day 29; r (30) ¼ 0.73, p < 0.001 (A)
). Not-depressed subjects (shown with the white circles) had higher scores than



Fig. 6. Locomotor recovery. Neither depression (A) nor minocycline (B) significantly affected locomotor recovery. All groups achieved stepping by Day 9, when post-
injury behavioral depression testing began. However, depression scores (C) and open field activity scores (D) were correlated with BBB scores at Day 30 post injury (r
(30) ¼ 0.44, r (30) ¼ 0.47, respectively, p < 0.01). The red line-of-best fit denotes a significant correlation. BBB scores were not correlated with social behavior (E) or
sucrose preference (F). Depressed (black circles) n ¼ 11, Not depressed (white circles) n ¼ 19; Control n ¼ 10, 0.33 mg/ml n ¼ 10, 1 mg/ml n ¼ 10. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Effects of depression on functional recovery

Overall, there was no significant effect of depression on locomotor
recovery as assessed with the BBB scale (F (1,28) ¼ 1.94, p ¼ 0.175,
Fig. 6A). However, BBB scores collected on Day 30 were significantly
correlated with depression scores calculated with the discriminant
function analyses (r (30) ¼ 0.44, p < 0.01). Despite recovery of weight
support (Converted BBB score ¼ 7), lower BBB scores were associated
with increased depression-like behavior (Fig. 6C). BBB scores on day 30
were also significantly correlated with open field activity on Day 29–30
(r (30)¼ 0.47, p< 0.01, Fig. 6D), but not with social behavior or sucrose
preference (r (30)¼ 0.28, 0.03 respectively, p< 0.05, Fig. 6E and F), tests
that were also used to categorize the subjects and derive depression
scores. Oral minocycline treatment did not affect locomotor recovery
across the 30 days post injury (F (2, 27) ¼ 0.92, p ¼ 0.409, Fig. 6B).

Sensory scores did not differ between depressed and not-depressed
animals, indicating that pain was unlikely to have played a role in the
development of depression-like symptoms. There was also no effect of
minocycline on any of the tests of thermal or mechanical reactivity. There
8

was no correlation between depression scores or BBB scores, collected on
Day 30, and sensory function.

3.3. Neither depression nor minocycline affected lesion size

Replicating previous studies, % Damage was significantly correlated
with Day 30 BBB scores (r (17) ¼ �0.56, p < 0.05, Fig. 7). However,
there were no differences in lesion size, gray matter, and white matter
sparing between the depressed and not-depressed groups (Fig. 8A).
Additionally, despite its reported neuroprotective properties, oral min-
ocycline did not impact lesion size or spared white matter. Conversely,
the high dose minocycline group had less spared gray matter than the
vehicle controls, at the center of the lesion (F (2,14) ¼ 6.06, p ¼ 0.013,
Fig. 8B).

3.4. Subjects that develop depression have elevated pro-inflammatory
cytokine profiles

None of the cytokine levels in the minocycline groups differed from



Fig. 7. Percent damage and recovery. Percent damage at the center of the spinal cord lesion was negatively correlated with BBB scores on Day 30 post injury (r (17)
¼ �0.56, p < 0.05). Black circles represent subjects from the depressed group, and white circles represent subjects from the not-depressed group.
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those of the vehicle controls either prior to or 10 days post-injury (data
not shown), suggesting that oral minocycline did not reduce peripheral
inflammation after injury.

However, there were differences in cytokine levels both before and
after injury between the depressed and not-depressed groups. Of the 27
cytokines and chemokines measured, 5 were upregulated at 10 days post
injury in the depressed group: IL-6, TNF-α, IP-10, IL-4, and IL-5 (t (19) ¼
2.62, p¼ 0.017; t (21)¼ 2.39, p¼ 0.026; t (22) ¼ 3.23, p¼ 0.004; t (22)
¼ 2.59, p ¼ 0.017; t (22) ¼ 2.63, p ¼ 0.015, respectively, Fig. 9).
Intriguingly, these animals also exhibited pro-inflammatory profiles
before injury, with upregulated IL-6, IL-1α, IL-13, and IL-18 (t (15) ¼
3.24, p¼ 0.006; t (20)¼ 2.55, p¼ 0.019; t (20) ¼ 2.35, p¼ 0.029; t (16)
¼ 2.61, p ¼ 0.019, respectively, Fig. 9).

Pearson product moment correlations were used to further examine
the relationships between inflammation and behavior (Table 1). As cy-
tokines do not act independently, principal component analyses (PCA)
were used derive scores representing the linear combination of cytokines
that differed significantly between depressed and not-depressed groups
at baseline and on Day 10, respectively. At baseline, PCA1 explained
more than 79.62% of the variance across depression groups. All cytokines
loaded positively on baseline PCA1, with coefficients greater than 0.82.
There was no correlation between the depression scores calculated with
the discriminant function analysis and baseline PCA1 scores. There was,
however, a strong and significant positive correlation between scores of
immobility on the forced swim test and PCA1 (r (14) ¼ 0.71, p < 0.01)
derived at baseline. As cytokine levels increased, immobility increased.
Scores of locomotor function (BBB) collected on Day 30 post-injury also
correlated significantly with baseline PCA1 scores (r (14) ¼ �0.55, p <

0.05). Higher baseline cytokines were associated with decreased recov-
ery of locomotor function. No other correlations between baseline cyto-
kines and behavior were significant.

For Day 10 post injury, PCA again identified a principal component
that explained more than 78.49% of the variance across depression
groups. All cytokines loaded positively on PCA1, with coefficients greater
9

than 0.77. Depression scores were significantly negatively correlated
with Day 10 PCA1 scores (r (20) ¼ �0.44, p < 0.05). As cytokines
increased, depression scores decreased, denoting increased depression-
like behavior. Day 10 PCA1 scores were also strongly correlated with
BBB scores collected on post-injury day 30 (r (20) ¼ �0.61, p < 0.01).
Higher PCA1 scores were associated with decreased locomotor recovery.
No other correlations, between baseline cytokines and behavior were
significant.

3.5. Serotonin is decreased in brains of depressed subjects

Commensurate with behavior, subjects that displayed depression-like
behavior had lower serotonin expression in the frontal cortex than their
not-depressed counterparts (t (7.57)¼ 2.99, p¼ 0.02, Fig. 10). Serotonin
expression was also lower in the hippocampus, but it was not significant
with the small sample size. BDNF levels did not differ between depressed
and not-depressed groups (data not shown). Neither serotonin nor BDNF
levels differed among minocycline dose groups.

3.6. Neurogenesis

Neurogenesis was assessed in the upper (suprapyramidal) and lower
(infrapyramidal) blades of the dentate gyrus by stereological counting of
immature neurons stained for doublecortin (DCX). One subject was
removed from the analysis because of its poor tissue quality and staining.
Mann-Whitney U tests showed that the depressed subjects had fewer
DCX þ cells in the upper blade of the dentate gyrus than the not-
depressed subjects (p ¼ 0.05, Fig. 11A). There was no significant effect
of minocycline dose on neurogenesis (Fig. 11B).

4. Discussion

Approximately one-third of the subjects displayed depression-like
behaviors in the month following injury. This is commensurate with



Fig. 8. Spinal cord tissue damage in depression groups and minocycline groups. Percent spared gray and white matter, percent damage, and percent relative
lesion size did not differ between depressed and not-depressed subjects (A). Subjects that received 1 mg/ml of minocycline had lower levels of spared gray matter
compared to 0.33 mg/ml subjects and control subjects (B). Depressed n ¼ 6, Not depressed n ¼ 12; Control n ¼ 6, 0.33 mg/ml n ¼ 6, 1 mg/ml n ¼ 5; Mean � SEM, **p
< 0.05.
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both human data (Williams and Murray 2015) and our previous findings
in the rodent model of depression after SCI (Brakel et al., 2019; Luedtke
et al., 2014; Maldonado-Bouchard et al., 2016). Also consistent with the
literature, depression itself was associated with increased peripheral
inflammation post-injury, decreased serotonin levels in the prefrontal
cortex, and decreased neurogenesis. Oral minocycline was not sufficient
to reduce peripheral inflammation after SCI, and it did not block the
development of depression-like behavior. Intriguingly, however, we
found that rats that developed depression-like behaviors not only dis-
played elevated pro-inflammatory cytokine expression post-injury, but
also prior to injury. Inflammation may be a cause of, or a biomarker for,
susceptibility to depression.

Replicating previous studies, there were clear post-injury differences
in cytokine expression across depression groups (do Espírito Santo et al.,
2019; Maldonado-Bouchard et al., 2016; Wu et al., 2014a; Wu et al.,
10
2014b). The depressed subjects had elevated serum cytokines compared
to not-depressed subjects. Surprisingly, we found that the depressed
subjects also had elevated baseline pro-inflammatory cytokine expres-
sion relative to not-depressed subjects, before SCI and before the subjects
exhibited depression-like symptoms. There was no significant difference
between the levels of pro-inflammatory cytokines expressed prior to
injury and on Day 10 post injury. Protracted elevations of cytokines in the
subset of depressed subjects, therefore, may reflect pre-existing individ-
ual differences rather than a differential response to SCI. This finding
seems counter to the general consensus that SCI causes persistent
inflammation. Elevated levels of TNF-α, IL-6, IL-1RA, and IL-2 have been
seen in serum of some people with SCI years after their injuries (Davies
et al., 2007; Hayes et al., 2002). However, time-course studies of
SCI-induced inflammation in rodents have shown that while TNF-α, IL-6,
and IL-1β increase for the first few hours after an injury, levels return to



Fig. 9. Serum cytokines. Cytokine levels were significantly higher in depressed compared with not-depressed subjects prior to injury and 10 days post injury. IL-6, IL-
1ɑ, IL-13, and IL-18 were elevated before injury (A-B, F-G). IL-6, TNF-ɑ, IL-4, IL-5, and IP10 were elevated 10 days after injury (A, C-E, H). Individual differences in
baseline (BL) cytokine levels (1.5–2.2X greater in depressed subjects) may predict vulnerability to the development of an affective disorder. Group size was influenced
by the success of the ELISAs and varied slightly among cytokines. Mean � SEM **p < 0.05.

Table 1
Pearson correlation coefficients (r) between behavior and cytokine PCA factors.

Baseline (PCA1)
(↑cytokines)

Day 10 (PCA1)
(↑cytokines)

OF 10 0.15 0.00
OF 30 �0.31 �0.34
SOC 10 0.08 0.00
SOC 30 �0.20 �0.25
SP 10 0.05 0.00
SP 30 0.02 0.27
BUR 10 0.08 0.19
BUR 30 �0.23 �0.17
FST (immobility) 0.71b 0.37
Depression score �0.29 �0.44a
BBB 30 �0.55a �0.63b
TF 10 �0.31 �0.24
TF 30 0.37 0.21

OF: open field, SOC: social activity, SP: sucrose preference, BUR: burrowing, FST:
forced swim test, BBB: locomotor score, TF: tail flick. a: p < 0.05, b: p < 0.01.
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baseline after 24 h (Yang et al., 2005). Serum IL-6, specifically, is
elevated 24 h after a contusion injury in rats, but it returns to baseline
levels after 7 days (Yang et al., 2018). The chronically high inflammation
observed in some human patients may be due to long-term physiological
modifications (i.e., secondary infections, pressure sores) brought about
by living with an SCI. Alternatively, they may reflect individuals with
higher basal inflammation, irrespective of injury. Although our data do
not rule out a role for post-injury cytokines in the development of
depression, they do suggest that pre-existing individual differences
11
predict psychological wellbeing after SCI.
There is increasing evidence to support the premise that basal cyto-

kine expression may be predictive of susceptibility to depression. For
example, a landmark study, the Whitehall Study, followed hundreds of
white-collar office workers for twelve years, collecting data on their
mental health status as well as their peripheral blood cytokine profiles
(Gimeno et al., 2009). The study found that baseline levels of C reactive
protein and IL-6 predicted depressive symptoms that manifest up to 12
years later. Studies looking at both juvenile and aged populations have
found similar results: IL-6 measured in 9 year-old children was predictive
of depression and other mental disturbances 9 years later, and both IL-6
and CRP measured in adults over 60 were predictive of depression
identified 5 years later (Khandaker et al., 2014; Zalli et al., 2016). These
inflammatory molecules are clearly ubiquitous across populations and
are important to the development of depression. Similarly, in animal
models Hodes et al. (2014) found that leukocytes from mice susceptible
to depression induced with mild social defeat stress produced more IL-6
when stimulated with lipopolysaccharide (LPS) than those from resilient
mice. Additionally, they found that when IL-6 activity was blocked with a
monoclonal antibody, or eliminated through an IL-6 knockout, mice
subjected to social defeat stress were less likely to develop
depression-like behaviors (Hodes et al., 2014). Clearly, the inflammatory
potential before an injury or stressor plays an important role in suscep-
tibility to depression.

Interestingly, in addition to associations with depression, we found a
strong and significant correlation between baseline cytokine expression
and locomotor recovery after SCI. BBB scores collected on Day 30 post
injury were not only correlated with differential cytokine expression
after injury but also before injury. A long-standing question in the SCI



Fig. 10. Serotonin expression in the brain. Depressed subjects displayed lower serotonin in the frontal cortex and trended towards lower serotonin in the hip-
pocampus (A). Depressed n ¼ 4, Not depressed n ¼ 9; Mean � SEM **p < 0.05.
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field has been why, with controlled and systematic injuries, there is
differential recovery of locomotor and sensory function among rats. In-
dividual differences prior to injury may not only impact psychological
wellbeing, they may also significantly affect the prognosis for recovery of
locomotor function.

It is also important to note that our data do not negate the hypothesis
that elevated cytokines post injury are critical to the development of
depression. Indeed, depression scores collected after SCI were signifi-
cantly correlated with the principal component scores derived for cyto-
kine expression at Day 10 post injury. The data presented here instead
suggests that elevated cytokines alone may not be sufficient to drive the
development of depression. In the context of pathophysiological changes
induced by SCI, and other stressors, we predict that the consequences of
high levels of peripheral cytokines would change. It is well-established
that injury changes the permeability of the blood-spinal cord barrier,
allowing white blood cells to infiltrate the injured parenchyma and
contribute to secondary injury (Bilgen et al., 2002; Cohen et al., 2009;
Noble and Wrathall 1989; Popovich et al., 1996; Whetstone et al., 2003).
Similarly, while studies suggest that SCI may not increase the leakiness of
the blood-brain barrier, increasing permeability to albumin, it does
change the selective transport of cytokines from the blood into the un-
derlying brain. Under basal conditions cytokines do cross the blood–-
brain barrier via saturable transport systems to act on astrocytes, neurons
and microglia (Banks et al. 1994a, 1994b, 1995), but SCI further in-
creases the transport of TNFα into the brain for up to 5 days even after a
distant L1-L2 compression injury (Pan et al., 1999). Spinal cord injury
also leads to dysfunction of the blood-cerebrospinal fluid barrier after a
thoracic contusion injury (Shechter et al., 2013). Changes in the
blood-cerebrospinal fluid barrier can result in the production of different
proteins by the choroid plexus epithelial cells, contributing to changes in
the cerebrospinal fluid, and decreased expression of tight junction and
transporter proteins in the barrier which will alter immune cell traf-
ficking (Shechter et al., 2013; Solar et al., 2020). While monocytes and
lymphocytes normally enter the healthy brain in small numbers through
the choroid plexus (Baruch and Schwartz 2013; Louveau et al., 2015;
Shechter et al., 2013), SCI appears to trigger further opening of the gates
separating the brain from the blood. SCI induced disruption of the central
nervous system barriers would enable peripheral mediators of inflam-
mation to infiltrate the brain, and change behavior.

Indeed, decreased neurogenesis, which is strongly associated with
depression, may be a consequence of increased peripheral cytokine and
12
immune cell infiltration across compromised CNS barriers after SCI.
Studies have reported severity-dependent decreases in hippocampal
neurogenesis after SCI, relative to uninjured controls (Felix et al., 2012;
Jure et al., 2017; Soltani Zangbar et al., 2020; Wu et al. 2014c, 2016).
Our data suggests that depression is also linked with neurogenesis after
SCI; rats that displayed depression-like behavior had decreased hippo-
campal neurogenesis relative to their not-depressed conspecifics. This
finding concurs with previous literature showing that stress and
depression correlate with decreased hippocampal neurogenesis (Cz�eh
et al., 2002; Malberg and Duman 2003; Pham et al., 2003). Malberg et al.
(2003), for example, found that inescapable foot shock produced
depression behaviors and decreased neurogenesis in rats. Repeated social
defeat stress also decreases hippocampal granule cell proliferation and
survival (Cz�eh et al., 2002), and physical restraint stress decreases
neuronal proliferation in the dentate gyrus (Cz�eh et al., 2002; Malberg
and Duman 2003; Pham et al., 2003). These changes in neurogenesis,
with stress and SCI, may result from increased inflammation in the brain.
The inflammatory cytokines IL-6, IL-1β, and TNF-α have all been shown
to decrease hippocampal neuronal proliferation and differentiation (Kim
et al., 2016). IL-1β activates NF-κB, which then blocks the transcription of
genes necessary for neurogenesis. An NF-κB antagonist restores hippo-
campal cell proliferation after systemic inflammation, while blocking
IL-6 in vitro promotes proliferation (Monje et al. 2003, 2011). Serotonin,
which was also decreased in the frontal cortex of the depressed rats, also
influences neurogenesis. Standard antidepressants, such as sertraline,
venlafaxine, and escitalopram, and especially those that work on the
serotonin system, like fluoxetine, consistently promote neurogenesis
while reducing depressive symptoms (Anacker et al., 2011; Jiang et al.,
2005; Mahar et al., 2014; Peng et al., 2008; Santarelli et al., 2003; Sen
et al., 2008; Shimizu et al., 2003). From these data, it is clear that neu-
rogenesis and inflammation interact with many of the same molecular
mechanisms that we attribute to depression, and that inflammation plays
an important role in recovery from and possibly resilience to this affec-
tive disorder.

While we found intriguing associations between inflammation and
depression, unfortunately minocycline did not reduce peripheral cyto-
kine levels in the rodent SCI model and it did not block SCI-induced
depression. This lack of effect contradicts many published studies
investigating the anti-depressant efficacy of minocycline in both animal
models and clinical studies. As noted previously, minocycline has been
reported as an effective antidepressant in people with unipolar



Fig. 11. Neurogenesis is lower in
depressed subjects. Depressed subjects had
lower DCX expression in the upper, supra-
pyramidal, blade of the dentate gyrus (A).
There was no significant effect of minocy-
cline on DCX expression in the dentate gyrus
(B). Representative images from the supra-
pyramidal blade of the dentate gyrus illus-
trate the differences between the depressed
and not depressed groups (C). Depressed n ¼
5, Not depressed n ¼ 10; Control n ¼ 5, 0.33
mg/ml n ¼ 6, 1 mg/ml n ¼ 5; Mean � SEM,
*p < 0.05.
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depression and in animal models (Arakawa et al., 2012; Henry et al.,
2008; Hinwood et al., 2012; O’Connor et al., 2009; Rosenblat and
McIntyre 2018). Notably, however, others have reported null effects with
minocycline treatment in both rats and mice (Deak et al., 2005; Vogt
et al., 2016). Further, the largest randomized, placebo-controlled trial of
anti-inflammatory treatments for depression has been recently
completed and found no evidence that minocycline was superior to
placebo, and no effects of minocycline treatment on serum C-reactive
protein, a marker of inflammation (Husain et al., 2020). Many variables
including the route of administration, length of treatment, and etiology
of depression may significantly affect the efficacy of anti-inflammatory
strategies.

In the current study, several experimental factors may have
13
contributed to the lack of minocycline effects. First, we selected the oral
route of minocycline to simulate the clinical administration of this
treatment. However, because the subjects received the minocycline
through their drinking water, we could not control the exact dose each
animal received or whether they drank immediately before behavioral
testing and serum collection. As the half-life of minocycline in rats is only
a few hours (Elewa et al., 2006), it is possible that the subjects did not
ingest a biologically relevant amount in an appropriate time frame to
have anti-inflammatory effects. Also, while high performance liquid
chromatography studies suggest that minocycline should remain stable
in solution for up to 7 days at room temperature (Pearson and Trissel
1993), we did not verify this is in the current study. Second, although
sufficient to reduce inflammation in milder inflammatory conditions, the
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dose of minocycline used may not have been sufficient to reduce the
robust inflammation inherent to SCI. Indeed, a subset of data collected
from a Phase II minocycline trial in people with SCI also failed to show a
decrease in CSF levels of pro-inflammatory cytokines after 7 days of i.v.
minocycline treatment (Casha et al., 2018). Notably, although minocy-
cline has been repeatedly shown to be neuroprotective (Camargos et al.,
2020; Elewa et al., 2006; Li et al., 2016; Mejia et al., 2001; Ulndreaj et al.,
2017), we saw no effect of minocycline on lesion size or locomotor re-
covery in the current study, indicating that our dose or route of admin-
istration may not have been biologically meaningful. There was, in fact, a
puzzling decrease in gray matter volume in the high dose minocycline
group which should be further explored. An intraperitoneal route of
administration may be more appropriate in this model, using doses that
have been reported to reduce lesion size in an SCI model.

The oral administration of minocycline may also have affected the
efficacy of treatment through disruption of the gut microbiome. Mino-
cycline is an antibiotic, and even brief doses of antibiotics can signifi-
cantly deplete the gut microbiota (Becattini et al., 2016; Park et al.,
2019). It is conceivable that the disrupted gut flora, combined with
SCI-induced gut dysbiosis (Kigerl et al., 2016; Zhang et al., 2018), might
increase inflammation in the SCI model neutralizing any
anti-inflammatory effects inherent to the drug (Brakel and Hook 2019).
Countering this argument, however, minocycline has been shown to
improve the integrity of the gut-blood barrier in animal models of
chronic unpredictable stress, increasing the expression of tight junction
proteins, relative to vehicle controls exposed to stress alone (Yang et al.,
2020). Similarly, in several rat and mouse models of depression, it has
been shown that minocycline increases the expression anti-inflammatory
gut metabolites such as butyrate, suggesting that it increases the
expression of beneficial bacterial species (Schmidtner et al., 2019; Wong
et al., 2016; Yang et al., 2020). Notably, beneficial gut-mediated anti--
inflammatory effects of minocycline, in the current study, might have
been masked by the concurrent use of penicillin. A limitation of the
current study is that, similar to what would occur in the clinical setting,
all rats also received penicillin immediately following SCI and for at least
one day following injury. It is unknown what effects the combination of
SCI, minocycline, and a secondary antibiotic might have on the gut
microbiome and barrier integrity. Whether the route of administration
affects the outcomes of minocycline administration is also an empirical
question, as all of the aforementioned studies of the microbiome used an
intraperitoneal route of administration. Understanding the effects of
minocycline, and the interactions with standard clinical practices, will be
imperative in future experiments. It is possible that the
anti-inflammatory and neuroprotective properties of minocycline may be
masked by the co-administration of other microbiota-depleting antibi-
otics or when coupled with injury-induced dysbiosis. As inflammation
has been implicated in many of the adverse consequences of SCI, we must
understand the parameters that could yield beneficial, adverse, or no
effects of anti-inflammatories with therapeutic potential.

Overall, the data presented here show that after SCI a subset of rats
display depression-like behavior, as well as increased peripheral
inflammation, decreased serotonin in the prefrontal cortex, and
decreased hippocampal neurogenesis. While oral minocycline adminis-
tration was not sufficient to reduce inflammation or depression after
spinal injury, the current study yielded the unexpected finding that
depression after SCI is associated with elevated serum cytokines prior to
injury. Adding to evidence across species and stressors, these results lead
to an intriguing hypothesis that pre-existing peripheral inflammation
might predispose an individual to develop depression symptoms after
SCI. Determining whether this pre-existing inflammation is causally
related to depression, at a behavioral and molecular level, warrants
detailed investigation in future studies.
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