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Abstract

Patients suffering from neuropathic pain have a higher incidence of mood disorders such as
depression. Increased expression of tumor necrosis factor (TNF) has been reported in neuropathic
pain and depressive-like conditions and most of the pro-inflammatory effects of TNF are mediated
by the TNF receptor 1 (TNFR1). Here we sought to investigate: 1) the occurrence of depressive-
like behavior in chronic neuropathic pain and the associated forms of hippocampal plasticity, and
2) the involvement of TNFR1-mediated TNF signaling as a possible regulator of such events.
Neuropathic pain was induced by chronic constriction injury of the sciatic nerve in wild-type and

© 2014 Elsevier Inc. All rights reserved.

$Corresponding author: Bethea John R, Professor and Head of Biology, Phone: 215-895-6189, Fax: 215-895-1273,

jrb445@drexel.edu.
Present address: Department of Biology, Drexel University, 3245 Chestnut Street, PISB 123, Philadelphia, PA 19104 USA Anna
Dellarole, Present address: Department of Biology, Drexel University, 3245 Chestnut Street, PISB 123, Philadelphia, PA 19104 USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest statement:
“All authors declare that there are no conflicts of interest.”



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Anna et al. Page 2

TNFR17~ mice. Anhedonia, weight loss and physical state were measured as symptoms of
depression. Hippocampal neurogenesis, neuroplasticity, myelin remodeling and TNF/TNFRs
expression were analyzed by immunohistochemical analysis and western blot assay.

We found that neuropathic pain resulted in the development of depressive symptoms in a time
dependent manner and was associated with profound hippocampal alterations such as impaired
neurogenesis, reduced expression of neuroplasticity markers and myelin proteins. The onset of
depressive-like behavior also coincided with increased hippocampal levels of TNF, and decreased
expression of TNF receptor 2 (TNFR2), which were all fully restored after mice spontaneously
recovered from pain. Notably, TNFR1~/~ mice did not develop depressive-like symptoms after
injury, nor were there changes in hippocampal neurogenesis and plasticity. Our data show that
neuropathic pain induces a cluster of depressive-like symptoms and profound hippocampal
plasticity that are dependent on TNF signaling through TNFR1.

INTRODUCTION

Over half of all patients who suffer from neuropathic pain develop mood disorders such as
depression and anxiety (Maletic and Raison, 2009; McWilliams et al., 2003), but the
mechanisms underlying this comorbidity are not fully understood. Accumulating evidence
suggests a role for the immune system in the etiology of depression (Eyre and Baune, 2012).
Elevated levels of immune mediators such as TNF, have been detected in depressed patients
(Mikova et al., 2001; Tuglu et al., 2003), while in rodents high levels of cytokines induce a
depressive-like behavior, known as “sickness behavior” (Hart 1988; Kaster et al., 2012).
This condition can be reliably reproduced with the administration of cytokines or cytokine-
inducers (Harrison et al., 2009; Yirmiya 1996), and blocked by cytokine antagonists, or anti-
inflammatory cytokines (Dantzer 2001; Kent et al., 1992; Shamash et al., 2002). Moreover,
genetically modified mice that do not express TNF receptors (TNFRs) are more resistant to
the development of depressive behavior under stressful conditions, while TNF
administration renders mice more susceptible to depression (Simen et al., 2006). It has been
shown that antidepressants can reduce plasma TNF concentration (Kubera et al., 2005;
Yirmimya et al., 1999), and in clinical trials, in which TNFRs antagonists were used for the
treatment of immune pathologies, a significant improvement of depressive symptoms was
observed (Bos and Korte, 2006; Ertenli et al., 2012; Tyring et al., 2006).

TNF signals via two distinct receptors which often mediate opposing biological functions:
the pro-inflammatory/pro-neurodegenerative/pro-demyelinanting TNF receptor 1 (TNFR1/
p55) and the likely neuroprotective TNF receptor 2 (TNFR2/p75) (Baud and Karin, 2001;
Brambilla et al., 2011; MacEwan, 2002). Interestingly, TNF has been proven to have a key
role in the development of neuropathic pain (George et al., 2004; Martuscello et al., 2012),
which has been associated to its action through TNFR1 (Schafers et al., 2002; Vogel et al.,
2006).

The hippocampus, a central component of the limbic system, is a crucial mood-regulating
region of the brain, also involved in the processing of nociception (Mutso et al., 2012). With
the discovery of new neuron formation in this area of the adult brain, significant emphasis
has been ascribed to the role of the neurogenic process in mood regulation and impairment
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of adult hippocampal neurogenesis has been linked to the development of depression (Sahay
and Hen, 2007). However, other neuroplastic changes such as reduced spine density and
dendritic retraction, were previously shown to occur at this level in animal models of
depression or pain (Duman and Charney, 1999; Kodama et al., 2007; Watanabe et at., 1992)
and, as with the neurogenic process, these alterations can be reverted by treatment with
antidepressants as animals recover from depressive-like symptoms (Reines et al., 2008;
Warner-Schmidt and Duman, 2006). It is noteworthy that impairments in brain white matter
have been described in psychiatric diseases such as schizophrenia and depression (Cole et
al., 2012; Kyriakopoulos et al., 2009; Metternburg et al., 2012), and specifically have been
found to be associated with the limbic system in the melancholic subtype of major
depressive disorder (Korgaonkar et al., 2011). Interestingly, Zeng et al., (2012) showed that
white matter volume is normalized by antidepressant treatment in patients with major
depression. So far little is known about the mechanisms implicated in white matter
impairments that occurs in depressed patients. Conversely, demyelinating disorders
characterized by myelin loss show co-morbidity with depression (Arnett et al., 2008), yet,
the possible contribution of myelin remodeling as part of the hippocampal plasticity that
occurs in depression has not been addressed.

Notably, it has been shown that TNF can be detrimental for the survival of the new
hippocampal neurons (Cacci et al., 2005; Monje et al., 2003) and that TNF receptors have a
differential actions in the modulation of hippocampal neurogenesis; TNFR1 acts as a
suppressor of adult neurogenesis, whereas the absence TNFR2 results in reduced
hippocampal neurogenesis (Chen and Palmer, 2013; losif et al., 2006). Interestingly, TNF
has been shown to have a role in the pathophysiology of autoimmune demyelinating
diseases such as multiple sclerosis and experimental autoimmune encephalomyelitis (EAE)
(Finsen et al., 2002) and the role of TNFR1-mediated TNF signaling in causing
demyelination has been widely investigated by different authors (Arnett et al., 2001; Eugster
et al., 1999; Probert et al., 2000). Finally, we and others have demonstrated that signaling
mediated by transmembrane TNF, occurring mainly through TNFR2, has been proven to be
essential for axon and myelin preservation and to promote remyelination (Bracchi-Richard
etal., 2013; Brambilla et al., 2011; Taoufik et al., 2011). Based upon this evidence we
sought to determine whether neuropathic pain-associated depression is related to
hippocampal neuroplasticity and myelin alterations, and whether TNF signaling through
TNFR1 plays a role in these events. We hypothesized that chronic neuropathic pain would
be associated with the occurrence of depressive-like symptomps and that this would be
mediated by hippocampal TNF/TNFR1 signaling resulting in impairment of hippocampal
neurogenesis and neuroplasticity. Given the role of TNF/TNFR1 in demyelinating
pathologies we also tested the hypothesis of myelin remodeling occurring in the
hippocampus of mice suffering from neuropathic-pain-induced depression. To this purpose
we used wild-type and TNFR1~/~ mice to investigate: 1) the occurrence of depressive-like
symptoms, such as anhedonia, loss of body weight gain and self-neglect in mice with
neuropathic pain; 2) hippocampal neurogenesis, neuronal plasticity and myelin remodeling
and 3) hippocampal TNF and TNFRs expression at the onset and recovery from neuropathic
pain.
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Our data show a temporal relationship between neuropathic pain and the occurrence of
depressive-like symptoms as well as structural neuroplastic and white matter impairments of
the hippocampus. Moreover, this is the first report to show that neuropathic pain-induced
depression is associated with hippocampal TNF activity through TNFR1 and that this
correlates with profound hippocampal plasticity.

MATERIALS AND METHODS

Animals

TNFR1 null mice (TNFR1 KO) carrying the Tnfrsfla™Mak mytation (TNFR1~/~; Pfeffer et
al 1993), were purchased from Jackson Laboratory and backcrossed to C57BL/6 genetic
background by breeding with C57BL/6 wild-type (WT) mice (Jackson Laboratory) for 9
generations. Resulting heterozygous mice were then interbred to produce TNFR1™~ mice
and wild-type littermate controls for experiments. The genotypes were confirmed by
polymerase chain reaction (PCR) from tail DNA (Supplementary 1A). The following
primers were used: 0lMR0450 5’-ATT CGC CAA TGA CAA GAC GCT GG-3’ for mutant
TNFR1 allele, 0IMR0448 5°-TGT GAA AAG GGC ACC TTT ACG GC-3’ for wild-type
allele, and 0IMR0449 5’-GGC TGC AGT CCA CGC ACT GG-3’ common primer.

All animals were housed 4 per cage in a virus/antigen free facility with a 12 h light/dark
cycle, under controlled temperature (22 °C £ 1°C), humidity (55% + 10%), and light (lights
on from 06:00 am to 6:00 pm) and unlimited access to water and food (2018 Teklad Global
18% Protein Rodent Diet (Harlan Laboratories)). Experiments were performed in
accordance with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of the University of Miami.

Chronic Constriction Injury (CCI)

Neuropathic pain was induced by chronic constriction injury (CCI) of the sciatic nerve
(Bennett and Xie, 1988; Sommer and Schafers, 1998; Caspani et al., 2009; Fu et al., 2010),
as previously described (Zhang et al., 2011).

Briefly, wild-type mice were anesthetized with isoflurane (3%), followed by a cocktail of
ketamine/xylazine (100 mg/kg, 10 mg/kg, i.p.). The right sciatic nerve was exposed at the
level of the mid-thigh, three loose 4.0 USP silk ligatures were placed around the dissected
nerve with a 1.0-1.5 mm interval between each ligature. The ligatures were carefully
manipulated so that they were loosely tied around the nerve. The wound was closed with 6-0
Ethilon monofilament nylon in layers. Sham operated animals underwent a similar
procedure with exposure of the sciatic nerve without ligation. Upon sacrifice an incision was
applied at the level of the right thigh and the right sciatic nerve exposed to verify that the
ligatures were still intact. Wild-type animals were sacrificed 3 and 12 weeks after surgery,
when they experienced pain and after they recovered, respectively (Figure 1A). TNFR1
mice were sacrificed 3 and 5 weeks after surgery, the time points at which wild-type
neuropathic mice showed impaired hippocampal neurogenesis/plasticity and experienced
depressive-symptoms, respectively (Figure 1B). We performed 3 independent sets of
experiments for each time point (3 and 12 weeks) and genotype. Behavioral testing was

Brain Behav Immun. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Anna et al.

Page 5

performed on a total of 1) CCI, n=32; sham, n=26 wild-type mice, sacrificed 3 weeks after
injury; 2) CCI, n=34; sham, n=26 wild-type mice sacrificed 12 weeks after injury; 3)
TNFR1 knockout mice: CCI, n=22; sham, n=19 and wild-type littermate control mice: CClI,
n=22; sham, n=19 sacrificed 3 weeks after injury; 4) TNFR1 knockout mice: CCI, n=22;
sham, n=16 and wild-type controls: CCI, n=16; sham, n=16 sacrificed 5 weeks after injury.
A subset of mice from each group was used for tissue analysis as follows: (1) 3 weeks after
injury: CCI, n=10 and sham, n=9 wild-type mice used for immunohistochemical analysis
and CClI, n=10 and sham, n=10 for Western blot assay; (2) 12 weeks after injury: CCI, n=9
and sham, n=9 wild-type mice used for immunohistochemical analysis and CCI, n=10 and
sham, n=10 for Western blot assay; (3) TNFR1 knockout mice: CCl, n=12; sham, n=9 and
wild-type control mice: CCl, n=12; sham, n=9 sacrificed 3 weeks after injury and used for
immunohistochemical analysis; TNFR1 knockout mice: CCl, n=10; sham, n=10 and wild-
type control mice: CCI, n=10; sham, n=10 sacrificed 3 weeks after injury for Western blot
assay. Serum was collected from CCl, n=11 and sham, n=5 wild-type mice 3 weeks after
injury.

Behavioral studies

Mice were handled daily for at least 1 week prior to any surgical procedure. Then they were
habituated to each behavioral testing apparatus for 30 minutes on 7 consecutive days before
initiating data collection. Mice were tested on each behavioral test once a week by a blind
observer until complete spontaneous recovery from pain occurred. All behavioral procedures
were conducted during the light phase. Investigations were performed by experimenters
blinded to the surgery and the genotype. The experimental plan is described in Figure 1.

Mechanical allodynia

To evaluate tactile sensitivity each mouse was placed individually on a wire mesh beneath a
transparent plastic jar and habituated for 30 min before starting the test. Von Frey filaments
(Touch-Test Sensory Evaluator) were applied to the plantar surface of each hindpaw in a
series of ascending forces (ranging between 0.04 - 2 g) starting from 0.04 g filament. A
single trial of stimuli consisted of five applications of Von Frey filaments every minute
perpendicularly to the plantar surface of the paw for about 4-5 s. Paw withdrawals (at least
three times out of five consecutive applications) in response to the stimuli were considered
positive, no response was considered negative. Depending on the positive or negative
response, subsequent filaments were applied in order of descending or ascending intensity,
respectively. If paw withdrawal occurred in response to the minimum 0.04 g filament, the
next trial was performed with the same 0.04 g, cut-off filament. In case the maximum 2 g
filament was reached with no response, the next trail was performed with the same 2 g, cut-
off filament. Each test consisted of 6 trials. Paw movements associated with locomotion or
weight-shifting were not counted as a response. The withdrawal threshold was expressed as
the tolerance level in grams.

Thermal hyperalgesia—Thermal sensitivity was assessed using a plantar test apparatus
(UGOBASILE). Each animal was placed beneath an inverted transparent plastic cage on a
thin glass platform and habituated for at least 30 minutes before starting the test. The hind
paws were in contact with a 1/4 in thick glass maintained at room temperature. A thermal
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radiant stimulus was applied to the plantar surface of the hind paws and the latency of the
paw withdrawal response was measured automatically with a photoelectric-sensitive device.
The heat intensity was set at 50°C (corresponding to 196mW/cm?), which produced a
baseline paw withdrawal latency of about 8 sec in naive animals. The mean latency of
withdrawal response of each hind paw was determined by the average of 6 measurements
per paw at each time point. A cut off of 20 sec was used. The paw withdrawal latency was
determined alternating between the left and right hind paw, with a 5-min inter-trial interval.
Only quick hind paw withdrawal movements from the heat light were considered as a
response.

Sucrose Preference Training and Sucrose Preference Test—Anhedonia was
monitored using a procedure modified from Willner et al., (1996). Sucrose preferring mice
were selected using the sucrose preference training that determines which mice prefer
sucrose over water (Strekalova et al., 2006; Strekalova and Steinbusch, 2010) and only mice
that showed a sucrose preference > 65% were included in this study (Strekalova et al., 2005;
Strekalova et al., 2004). Animals were housed individually for 24 hours and presented with
two pre-weighed bottles containing either 1% sucrose solution or water. The sucrose
preference was evaluated every 2 h by weighing the pre-weighed bottles containing the
respective solutions. For each animal, the baseline sucrose preference was evaluated after
the conclusion of the training procedure over a 2-hours period as follows: sucrose preference
(SP)=[SInt x 100/(SInt +WInt)], where SInt = [(weight of the bottle containing the sucrose
solution before the testing)-(weight of the bottle containing the sucrose solution after 2h
testing)] and Wint (water intake, g) =[(weight of the bottle containing water before the
testing)-(weight of the bottle containing water after 2 h testing)]. Subsequently, the sucrose
preference was monitored as described over a 2-hours period, after 14 hours of water
deprivation. Water intake, sucrose intake and total fluid intake (sucrose intake + water
intake) were measured by weighing the pre-weighed bottles containing the respective
solutions before and after the test (Strekalova et al., 2006). For readers’ convenience we
used the word “anhedonia” and “depressive-like behavior” interchangeably throughout the
text.

Body weight and physical state assessment

Mice were weighted weekly starting on the week before surgery (-1) until week 12, and the
measures was recorded in the morning before any other testing. Physical state (PS) was
evaluated weekly using a scale from 1 to 3: a healthy state was noted 1 and a damaged state
with piloerection and/or dirty fur was noted 3. Intermediate state was noted 2 (Ducottet et
al., 2003).

Open Field Test

A subset of mice were tested in the open filed test and sacrificed 12 weeks after surgery
(CCI, n= 22, sham, n = 16). To evaluate the effects of CCI injury on anxiety, mice were
tested in the open field (Walsh and Cummings, 1976). The open field test was performed in
a circular, 85 cm diameter arena with 30 cm high wall, having the floor divided in 2
concentric circles and 4 radiating lines crossing in the center of the arena, resulting in a total
of 24 sections. Each mouse was placed individually in the center of the arena. The time
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spent in the periphery, the number of sections entered with all four feet and the time spent
moving were recorded over 5 minutes.

Blood sampling and corticosterone assay

Corticosterone assay was performed on a subgroup of mice (wild-type, 3 weeks, CCl, n =
11; sham, n = 5). Blood samples were collected 1 week before CCI surgery and 3 weeks
later when mice experienced pain. Blood was collected using the cheek pouch or
submandibular bleeding method via puncture of the vascular bundle located at the rear of the
jaw bone. Blood was collected from the puncture into 1.5 ml heparinized tubes at 4°C. Upon
centrifugation (12,000 X g, 5 min, 4°C) plasma was collected and stored at —80°C. Samples
were dry-ice shipped to Vanderbilt Hormone Assay & Analytical Services Core (Vanderbilt
University) for ELISA assay of plasma corticosterone.

Bromodeoxyuridine treatment and immunohistochemistry

Hippocampal neurogenesis was evaluated by immunohistochemical analysis of markers
expressed by highly proliferating cells (Ki67), newly born immature neurons (DCX), and
newly generated mature neurons (BrdU/NeuN) (Brown et al., 2003; Kee et al., 2002;
Kempermann et al., 2004; Scholzen and Gerdes, 2000). Bromodeoxyuridine (BrdU, 150
mg/kg in 0.1M PBS) was injected intra-peritoneally once a week starting from the day of
surgery until sacrifice. Animals were transcardially perfused with 4% paraformaldehyde
(PFA)/0.1M PBS. Brains were removed, post-fixed and cryoprotected in 15% sucrose/PBS
followed by 30% sucrose/PBS. Fifty um-thick tissues sections were cut in the coronal plan,
collected serially and stored at —20°C. For Ki67 immunostaining, brain sections were
mounted on Superfrost slides, dried for 2 h, and antigen retrived with the Target Retrieval
solution (Dako Cytomation) 30 min at 98°C. After blocking peroxidase activity with 0.3%
H,0,, sections were incubated in 5% serum, 0.3% Triton X-100/PBS (1 h, 4°C), and then
with rabbit anti- Ki67 antibody (1:150; Dako Cytomation) overnight at 4°C, followed by
biotinylated secondary anti-rabbit antibody (1:200, 1.5 h at 4°C; Vector Laboratories).
Labeled cells were visualized using the ABC system (Vectastain Elite; Vector Laboratories)
using 3,3’-diaminobenzidine as chromogen and counterstained with hematoxylin (Vector
Laboratories). Free-floating sections were utilized for doublecortin (DCX) and NeuN/BrdU
immunostaining. Sections were blocked with 10% serum in 0.3% Triton X-100/PBS and
then incubated with rabbit anti-DCX antibody (1:3000, Abcam) overnight at 4°C. Alexa
488-conjugated anti-rabbit secondary antibody (1:750, Invitrogen) was applied to detect
positivity. For NeuN and BrdU double-labeling, sections were incubated with mouse anti-
NeuN primary antibody (1:100; Millipore), followed by anti-mouse Alexa 594-conjugated
1gG (1:750, Invitrogen). After washing, sections were pretreated with 2N HCI for 30 min at
37°C, and then incubated with rat anti-BrdU (Serotec, 1:200) followed by anti-rat Alexa
488-conjugated IgG (1:750, Invitrogen). For each animal, three adjacent series of one-in-
eight sections through the dentate gyrus or one-in-ten sections through the olfactory bulbs
were immunostained and analyzed using unbiased stereological estimation of cell number
(Stereo Investigator; MicroBright Field). Positive cells were separately counted in the
subgranular zone (SGZ) and in the granular cell layer (GCL) of the left and right dentate
gyrus, and then summed to obtain the total number in each side and in the entire dentate
gyrus. The SGZ was defined as two cell bodies wide of the hilus along the border of the
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GCL, and cells were qualified as being in the SGZ if they were touching or were within the
SGZ.

Western blot—Mice were transcardially perfused with cold 0.1 M PBS pH 7.4, the
hippocampi dissected out and homogenized in RIPA buffer (0.01 M Sodium Phosphate pH
7.2,0.15 M NacCl, 1% Nonidet-40, 1% Sodium Deoxycholate, 0.1% SDS, 2 mM EDTA,
containing protease (Roche Diagnostics, Germany) and phosphatase inhibitors (Sigma,
USA). Protein samples were electrophoresed onto 6-15% sodium dodecyl sulfate-
polyacrylamide gels and transferred to nitrocellulose membranes, which were blocked with
5% milk and incubated with antibodies against the following proteins: growth associated
protein 43 (GAP43) 1:1000 (Genetex), microtubule-associated protein 2 (MAP2) 1:800,
myelin basic protein (MBP) 1:1000 (Millipore), myelin proteolipid protein (PLP) 1:400
(Pierce Biotechnology), synaptotagmin 1:1000 (Synaptic Systems), TNF 1:100, TNFR1
1:300 and TNFR2 1:300 (Santa Cruz). Peroxidase-conjugated anti-rabbit, or anti-mouse 1gG
(1:5,000, Bio-Rad), or anti-rat 1gG (1:2,000, Sigma) were used as secondary antibody.
Signal was detected by SuperSignal WestPico Chemiluminescent Substrate (Pierce)
according to the manufacturer’s instructions. Membranes were reprobed with mouse anti-f-
tubulin (1:10,000, 1 h, RT, Sigma). Quantification of western blots was performed by
densitometry using Quantity One, 1-D Analysis software (Bio-Rad), normalizing each band
to the B-tubulin signal.

Statistical analysis

RESULTS

Data were analyzed with GraphPad Prism version 5.0 for Windows (San Diego, CA) using
KS normality test, D'Agostino & Pearson omnibus normality test and Shapiro-Wilk
normality test. After confirming the normality of the data (alpha=0.05), we performed
parametric tests. Data were analyzed using the one- or repeated measures two-way ANOVA
test, with a level of confidence set at 95% (p<0.05), followed by Bonferroni post-test for
comparisons between the experimental groups at each time point. The two time points (12 vs
3 weeks) in each condition (sham or CCI) were additionally compared by paired or unpaired
Student t-test. Data are expressed as mean = SEM. Additionally, correlation analysis was
performed using the Pearson test. A value of p<0.05 was considered statistically significant.
For correlations between hyperalgesia, allodynia and anhedonia, the mean value of each
week for each group was used. For correlations between behavioral tests and hippocampal
changes, the individual data of each mouse was used.

CCl-induced neuropathic pain symptoms precede and parallel the development and
resolution of depressive like-behavior

Mice subjected to CCI of the right sciatic nerve developed mechanical allodynia and thermal
hyperalgesia on the ipsilateral hind paw, but not on the controlateral paw (two-way
ANOVA, injured side vs uninjured side, allodynia: F1 gp4 = 1415.61, p<0.0001,
hyperalgesia: F1 706 = 205.89, p<0.0001; CCI, n = 34, sham, n = 26). In particular mice
developed mechanical allodynia one week after surgery (0.2 £ 0.04 g injured side vs 1.0 +
0.02 g uninjured side, p<0.001), and were completely recovered 12 weeks later (1.0 £ 0.02 g
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injured side vs 1.0 £ 0.04 g uninjured side, week 12, p>0.05) (Figure 2A). The onset of
thermal hyperalgesia was observed 2 weeks after CCl (4.8 + 0.31 sec injured side vs 8.0 +
0.27 sec uninjured side, p<0.001; CCI, n = 34, sham, n = 26) (Figure 2B) from which mice
were fully recovered by week 8, 4 weeks earlier than they recovered from allodynia (8.1 £
0.11 sec injured side vs 8.1 £ 0.12 sec uninjured side, p>0.05). We found a significant
correlation between hyperalgesia and allodynia (R = 0.73, p<0.01). No significant difference
was measured between the shams’ hind paws or between the uninjured paw of CCI mice and
the sham’s hind paws, by using the VVon Frey filament and the Plantar tests (data not shown).

In order to investigate the effect of neuropathic pain on depressive-like behavior we used the
sucrose preference test (SPT) to measure anhedonia, one of the main symptoms of
depression, body weight measurement and the physical state assessment. The SPT showed
that 90% of the mice had a baseline sucrose preference > 65% and were included in the
study (Supplementary 2). Afterwards, sucrose preference was significantly reduced in CCl
animals compared to shams (two-way ANOVA, Fq g1» = 184.26, p<0.0001; CCI, n = 34,
sham, n = 26). Neuropathic mice showed anhedonia starting at week 4 after injury (sucrose
preference: 44 £ 5% CCI vs 80 + 4 % sham, p<0.001), reached the anhedonic peak at week
5 (29 £ 4% CCI vs 86 + 2% sham, p<0.001), and were completely recovered 11 weeks after
surgery (89 + 1% CCI vs 90 + 2% sham, p>0.05) (Figure 2C). Interestingly, we found a
significant correlation between anhedonia and allodynia (R = 0.75, p<0.001). When
performing the sucrose preference test we also measured total fluid intake (sucrose intake +
water intake) before and after the test and found a significant reduction of sucrose intake and
total fluid intake in CCI mice compared to shams starting at week 4 after injury until week
9. On the contrary water intake was similar between sham and CCI mice at any time point
after injury (data not shown). Since water intake was not affected by injury, the decreased
sucrose intake per se accounted for the reduction of total fluid intake in CCI mice. These
results indicate that reduction of sucrose preference in CCIl mice was not affected by fluid
intake but instead was a true manifestation of the anhedonic state of mice after injury, as
being a consequence of decreased intake of sucrose only.

Depressive symptoms associated with increased levels of cytokines have been found to often
correlate with reduced fluid and food intake in rodents. We did not measure food intake,
however we found a significant reduction of body weight gain in CCI wild-type mice
starting at 4 weeks after surgery compared to sham mice until week 10, most likely due to a
decrease in food intake (Figure 2D). Interestingly, weight loss coincided with the onset of
anehdonia as measured by the sucrose preference test.

Parameters such as body weight (BW) and physical state (PS) variations have been
previously described by others as reliable tools to evaluate the development of depressive-
like symptoms/behavior in rodents and have been proven to correlate with behavioral
performances in the sucrose preference test (Ducottet et al., 2003; Griebel et al., 2002).
Therefore, since decreased BW or a higher score at the PS assessments are indicative of
anhedonic state, we measured BW and assessed PS in our mice after CCI. In line with
previous data, we found a reduction of BW gain and increased score at the PS evaluation in
mice that developed anhedonia after injury but not in shams (two-way ANOVA, CCI vs
sham, BW: Fq g1» =70.93, p<0.0001; PS: F1 g15 = 1127.44, p<0.0001; CCI, n = 34, sham, n
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= 26). Moreover, similarly to the sucrose preference, BW and PS were restored to the levels
measured in sham mice 11 weeks after injury (BW, 30.3 + 0.3% CCI vs 31.0 = 0.3 % sham,
p>0.05; PS, 3.0 £ 0.12% CCI vs 3.0 + 0.04 % sham, p>0.05) (Figure 2D and E).
Interestingly, we found a significant correlation between anhedonia and BW and PS score
(R =0.73, p<0.001 and R = 0.75, p<0.0001).

We also assessed the effects of CCI injury on anxiety-like behavior using the open field test
(Supplementary 3). As an innate behavior, rodents protect themselves by avoiding open
spaces where they can be easily seen and caught by a predator, so that when a mouse is
placed in an open space such as the arena utilized for the open field test it tends to spend
more time near the edges (Walsh and Cunnings, 1976). Therefore, we measured the time
spent in the peripheral part of the arena as a sign of anxiety. Since this parameter could be
affected by motor impairment possibly caused by the constriction of the sciatic nerve we
also analyzed the number of sections entered by mice in the open field arena and the time
spent moving as indications of the overall spontaneous locomotor activity. Our results show
no difference between sham and CCI mice in the time spent in the periphery at any time
after injury (Supplementary figure 3A) or in the number of sections crossed (Supplementary
figure 3B) or in the time spent moving (data not shown). This data indicates that CCl injury
did not affect the overall locomotor activity and did not interfere with the measurement of
the anxiety-phenotype.

Finally, in order to evaluate the effects of chronic pain on the activation of the
hypothalamic-pituitary-adrenal (HPA) axis, we measured corticosterone plasma levels in
CCl and sham mice 3 weeks after injury, and we did not find any significant difference
between the two groups or before and after surgery consistent with previous reports (Duric
and McCarson, 2006) (Supplementary 4).

CCl induces a significant reduction in neurogenesis that returns to baseline levels when
animals spontaneously recover from neuropathic pain

Since depressive-like behavior has been associated with impaired hippocampal neurogenesis
(Sahay and Hen, 2007), we sought to investigate whether this process was affected during
CCl, potentially contributing to CCl-induced anhedonia.

We found a similar number of Ki67* cycling cells and DCX* immature neurons in the
dentate gyrus of sham and CCI mice three weeks after injury and no significant difference
between the ipsilateral and contralateral side, indicating that CCI injury did not affect the
proliferation of progenitor cells (Ki67* cells) or the neuronal commitment of the precursor
cells (DCX* cells) located in the dentate gyrus at this time point (Supplementary 5).

During adult hippocampal neurogenesis, like during embryogenesis, new immature DCX-
expressing neurons are generated in surplus and only a few are selected into functional
circuits and mature into new fully differentiated NeuN positive neurons while losing DCX
expression (Blaschke et al., 1996; Biebl et al., 2000; Kempermann and Gage, 2002). As a
consequence it is not sufficient to use immature neuronal markers such as DCX as indicators
of net neurogenesis (Gleeson et al., 1999; Cooper-Kuhn and Kuhn, 2002; Kempermann et
al., 2003). For this reason, we further analyzed the differentiation of the newly generated
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mature neurons by BrdU/NeuN double immunostaining (Kempermann et al., 2004). We
found that 3 weeks after injury the number of BrdU*/NeuN™ newly generated neurons was
significantly lower in the dentate gyrus of the CCl mice compared to the sham mice, while
the number of total BrdU* cells [(BrdU*/NeuN*) + (BrdU*/NeuN~)] was similar between
the 2 groups (Figure 3A, A’). In particular we observed a significant reduction of BrdUu*/
NeuN* cells in the GCL of the dentate gyrus, the area where the new born neurons migrate
and complete their maturation to become new, fully differentiated NeuN* granular neurons,
so that only 18% of the BrdU™ cells were double-stained with NeuN in the GCL of CCI
mice compared to the 57% of the sham animals (18 = 2 % CCI vs57 + 2 % sham, unpaired,
two-tailed Student’s t test, Fg g= 1.098, p = 0.0001, CCI, n = 10; sham, n = 9) (Figure 3B).
Moreover, we did not find any significant difference in the number of BrdU*/NeuN™* cells or
in the number of total BrdU™* cells between the ipsilateral and contralateral dentate gyrus,
showing that chronic neuropathic pain affects adult hippocampal neurogenesis in both sides
of the dentate gyrus (data not shown). Notably, there was a significant correlation between
allodynia and the reduction of BrdU*/NeuN™* cells both in the DG (R = 0.90; p<0.001) and
in the GCL (R = 0.92; p<0.001) and between anhedonia and the reduction of BrdU*/NeuN*
cells in the DG (R = 0.97; p<0.001) and in the GCL (R =0.99; p<0.001).

To further investigate the correlation between the impairment in hippocampal neurogenesis
and the development of anhedonia that occurs in neuropathic pain, we counted the BrdU*/
NeuN* cells in the GCL of mice that had recovered spontaneously from anhedonia and pain,
12 weeks after surgery. We found that at this time point the rate of formation of new BrdU*/
NeuN* neurons in the GCL was similar between injured and sham mice (58 + 0.7 % of
BrdU*/NeuN* cells CCI vs 61 + 3% sham, unpaired, two-tailed Student’s t test, Fg g= 15.00,
p>0.05; CCl, n=9; sham, n = 9) and similar to shams at 3 weeks (two-way ANOVA Fq 33 =
108.10, p<0.0001; 18 £ 2% CCI vs 57 * 2% sham, 3 weeks, p<0.001 and 58 + 0.7 %, CCl vs
61 + 3%, sham, 12 weeks p>0.05 by Bonferroni post-test) (Figure 3B).

In order to assess whether the impairment of neurogenesis in neuropathic mice was specific
to the hippocampus, we evaluated the generation of new neurons in the olfactory bulbs
(OB), the other area of the brain where new neurons are added throughout adult life (Gross,
2000). The percentage of BrdU*/NeuN™* cells was similar between CCI and sham mice in
the OB both 3 and 12 weeks after injury, indicating that the formation of new neurons was
selectively affected only in the hippocampus of neuropathic mice (53 + 4 % CCI vs54 + 3%
sham, 3 weeks, and 55 + 3% CCI vs 55 + 4% sham, 12 weeks; two-way ANOVA F1 g =
0.00, p>0.05, , CCI, n=9; sham, n = 9) (Figure 3C). Data are the results of 3 independent
experiments.

CCl-induced neuropathic pain and depressive-like behavior correlate with changes in
neuronal and myelin plasticity in the hippocampus

We analyzed the expression of neuronal proteins synaptotagmin, GAP43, and MAP2 in the
hippocampus of CCI and sham mice. Three weeks after injury, synaptotagmin and GAP43
were significantly reduced in the CCI group compared to sham mice (two-way ANOVA
F1 36 = 42.15, p<0.001; —36 + 6% CCI vs sham, p<0.001 Bonferroni post-test; two-way
ANOVA Fy 36 = 21.81, p<0.001; —17 % 7% CCI vs sham, p<0.05 Bonferroni post-test,
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respectively; CCI, n = 10; sham, n = 10) (Figure 4A, B). 12 weeks after injury the levels of
GAP43 and MAP2 were significantly increased in the CCI mice compared to the shams
(+25 + 6% and +37 + 7%, respectively, CCI vssham, Bonferroni post-test, p<0.001) and the
markers analyzed were all significantly increased in the CCI group compared to the levels
measured at week 3 (+33 = 5% (synaptotagmin), +29 + 8% (GAP43), +31 + 7% (MAP2),
paired two-tailed Student’s t test, Fg g = 3.728, p < 0.0001; Fg g = 4.584, p < 0.05; Fg g =
4.524, p < 0.001, respectively) (Figure 4A-C). Finally, the occurrence of synaptic, axonal
and dendritic remodeling in the hippocampus of CCI mice correlated significantly both with
development and recovery from pain and with anhedonia (allodynia and GAP43 (R = 0.56;
p<0.05), allodynia and MAP2 (R = 0.61; p<0.01), allodynia and synaptotagmin (R = 0.88;
p<0.001); hyperalgesia and GAP43 (R = 0.65; p<0.001), hyperalgesia and MAP2 (R = 0.55;
p<0.05), hyperalgesia and synaptotagmin (R = 0.81; p<0.001); anhedonia and GAP43 (R =
0.71; p<0.001), anhedonia and synaptotagmin (R = 0.76; p<0.001)).

PLP and MBP represent the largest components of myelin proteins and since their
expression is altered in demyelinating and re-myelinating conditions of the nervous system,
they serve as reliable tools to assess ongoing myelin content modifications and plasticity in
pathological conditions (Merkler et al., 2006; Lucchinetti et al., 2011; Mangiardi et al.,
2011). We found that PLP expression was significantly reduced in the hippocampus of CClI
mice 3 weeks post-injury, just before the onset of anhedonia, and then significantly
increased in CCI mice 12 weeks later, concurrently with the recovery from anhedonia and
neuropathic pain (two-way ANOVA Fq 36 = 83.35, p<0.0001; —24 + 5%, p<0.01 and +65 *
8%, p<0.001 respectively, CCI vssham, Bonferroni post-test; CCI, n = 10; sham, n = 10)
(Figure 4D). In parallel MBP expression was also significantly increased in CCI mice 12
weeks after injury (two-way ANOVA: F1 36 = 11.54, p<0.05; +24 + 4% CCI vs sham,
Bonferroni post-test, p<0.01, 14 kDa band; two-way ANOVA: F1 35 = 14.83, p<0.001; +41
* 5% CCI vssham, Bonferroni post-test, p<0.001, 17 kDa band; two-way ANOVA: F1 36 =
10.68, p<0.05; + 39 + 6% CCI vs sham, Bonferroni post-test, p<0.001; 21kDa band). The
two-tailed paired t-test also revealed a significant difference in PLP and MBP levels
between the two time points for the CCI group (+84 + 9%, PLP, Fg ¢= 5.351, p<0.0001; +33
* 6% MBP (14 kDa), Fg g = 2.257, p < 0.0001; +33 + 7% MBP (17kDa), Fg g = 3.453, p <
0.001; + 31 + 6% MBP (21kDa), Fg g = 1.850, p < 0.001, CCI week 12 vsweek 3; CCl, n=
10; sham, n = 10) (Figure 4E). Notably, there was a positive correlation between 1)
allodynia and PLP (R = 0.77; p<0.001); 2) hyperalgesia and PLP (R = 0.74; p<0.001),
hyperalgesia and MBP 14kDa (R = 0.75; p<0.001), MBP 17kDa (R = 0.64; p<0.001), MBP
21kDa (R = 0.72; p<0.001); 3) anhedonia and PLP (R = 0.63; p<0.01), anhedonia and MBP
14kDa (R = 0.56; p<0.01).

TNF signaling is disrupted in the hippocampus of CCl mice 3 weeks after injury

In an effort to identify signaling pathways associated with the modulation of depressive
behavior in neuropathic CCI mice, we explored the involvement of TNF, which has been
reported to be up-regulated in depression and depressive-like conditions (Dantzer, 2001,
Tuglu et al., 2003). We analyzed TNF, TNFR1 and TNFR2 expression in the hippocampus
of CCI mice by western blot and found that TNF was significantly increased in CCI mice
compared to shams 3 weeks after injury (two-way ANOVA: Fq 36 = 19.02 p<0.001; +50 +
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9%, CCI vssham, Bonferroni post-test, p<0.001) (Figure 5A). At 12 weeks, however, TNF
levels did not differ from those in sham mice and were significantly reduced compared to
the levels at 3 weeks (=58 + 11% CCI week 12 vs CCI week 3, Fg g = 1.742, p<0.0001, two-
tailed paired Student t-test; CClI, n = 10; sham, n = 10). As for TNF receptors, the expression
of the likely neuroprotective/pro-myelinating TNFR2 was significantly reduced in the CCI
group 3 weeks after injury (two-way ANOVA: Fq 36 = 15.78, p<0.001; —41 + 12%, CCl vs
sham, Bonferroni post-test, p<0.001) and restored to baseline control levels at 12 weeks (97
+ 4% CCI 12 weeks vs 100 + 12% sham 3 weeks, p>0.05 two-tailed unpaired Student t-test,
and 97 + 4% CCI 12 weeks vs 112 + 5% sham 12 weeks, p>0.05 two-tailed paired Student t-
test). The two-tailed paired t-test also revealed that TNFR2 levels were significantly higher
in the CCI mice 12 weeks after injury compared to the 3 week (+37 + 6%, CCI week 12 vs
week 3, paired two-tailed Student’s t test, Fg g = 1.110, p<0.0001), while TNFR1 did not
show any change at either time point (two-way ANOVA: F1 36 = 0.17; p>0.05) (Figure 5B,
C). The specificity of anti-TNFR1 and anti-TNFR2 antibodies was tested by Western blot
assay on hippocampal protein extracts obtained from TNFR1~~ and TNFR2™/~ mice,
respectively (Supplementary 1B and C). The statistical association analysis showed a
significant correlation between: 1) allodynia and TNF (R = -0.73; p<0.001), TNFR2 (R =
0.61; p<0.01; 2) hyperalgesia and TNF (R = -0.64; p<0.01), TNFR2 (R = 0.70; p<0.001); 3)
anhedonia and the TNF levels in the hippocampus of the injured mice (R = -0.61; p<0.051.
Results are summarized in supplementary, table 1.

TNFR1 knockout mice do not develop anhedonia after CCl injury

In order to understand the role of TNFR1-mediated TNF signaling in the development of
anhedonia and the related hippocampal alterations that followed CCI injury, we performed
CCl surgery on TNFR1 knockout mice and investigated whether the absence of TNFR1
could affect the development of depressive symptoms and the hippocampal changes that we
found in the wild-type mice. To this purpose we chose to perform our analysis on TNFR1/~
mice at the time points at which we observed major changes in wild-type mice after CCI.
Therefore TNFR1™~animals were sacrificed 3 and 5 weeks after surgery, when wild-type
neuropathic mice showed impaired hippocampal plasticity (neurogenesis, neuronal and
myelin plasticity, Figure 3 and 4) and experienced the highest level of depressive symptoms,
respectively (Figure 2C).

TNFR1 knockout mice showed a lower withdrawal threshold of the ipsilateral hind paw
compared to the contralateral side at the Von Frey filament test (two-way ANOVA, injured
side vsuninjured side, Fq 294 = 7.69, p<0.05, CCI, n = 22). However, the increase in
mechanical sensitivity was significantly smaller when compared to the wild-type mice (two-
way ANOVA, injured side TNFR17~ vs wild-type, F1 252 = 144.90, p<0.0001, knockout, n
=22, wt, n=16) (Figure 6A).

Similarly to wild-type mice the majority of TNFR1~/~ mice (94%) showed a baseline
sucrose preference >65% and were included in the study. No significant difference was
observed in the baseline sucrose preference between wild-type and knockout mice (two-way
ANOVA, Fg 476 = 0.83, p>0.05; 96 + 0.9% knockout, n=38 vs 97 + 0.8% wild-type, n = 32,
p>0.05 Bonferroni post-test; supplementary 2). As in the previous experiments we found
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that the sucrose preference was significantly reduced in wild-type animals at 5 weeks after
injury compare to the baseline value (29 + 5% week 5 vs 95 + 1.4% week -1, F15 15 = 11.27,
p<0.0001, two-tailed, paired Student t-test, CCI = 16) (Figure 6B). However, TNFR1™/~
mice did not show signs of anhedonia either at 3 or 5 weeks after injury as their sucrose
preference was significantly higher when compared to wild-type injured mice and similar to
the baseline levels (two-way ANOVA, +61 + 4% knockout vswt, 5 weeks, p<0.001,
Bonferroni post-test, knockout n = 22, wt n = 16) (TNFR1~~: 90 + 3% week 3 and 91 + 1%
week 5 vs 94 + 1% week -1, two-tailed, paired Student t-test, Fp 1 = 8.54 and Fp1 21 = 2.48
p> 0.05, respectively, knockout n = 22) (Figure 6B). Importantly, sucrose intake and water
intake were not affected in TNFR1 knockout mice after injury so that total fluid intake was
similar compared to sham animals and higher than wild-type CCI mice (data not shown).

Interestingly, similarly to the sucrose preference, BW and PS were not affected in TNFR17/~
mice compared to wild-type mice after injury (two-way ANOVA, BW, F1 55, = 13.00,
p<0.05; PS, F1 257 = 156.03, p<0.001; knockout, n= 22, wt n = 16) (Figure 6C and D). These
data support the findings of the sucrose preference test and confirm the development of
depressive-like symptoms in mice that underwent CCI surgery, suggesting a role for TNFR1
in this process.

Hippocampal neurogenesis and plasticity are not affected in TNFR1 knockout mice after

CCl injury

Since the development of anhedonia in wild-type mice correlated with reduced hippocampal
neurogenesis and plasticity, we investigated if similar alterations still occurred in TNFR1~/~
mice, which, contrary to wild-type animals, manifested reduced allodynia and did not
developed anhedonia after CCI. Interestingly, the analysis of hippocampal neurogenesis
revealed that the rate of neuronal differentiation was significantly higher in the dentate gyrus
of TNFR1~/~ mice compared to wilt-type mice that showed a significant reduction of BrdU/
NeuN double-positive cells 3 weeks after injury as previously described (two-way ANOVA
F138 =49.90, p<0.0001; 29 + 2% wt CCl vs 61 + 3% wt sham, p<0.001 Bonferroni post-
test; CCl TNFR17/~ 64 + 2% vs CCI wild-type 29 + 2%, F11.11 = 1.398, unpaired two-tailed
Student’s t test, p<0.0001; knockout: CCI, n= 12, sham, n=9; wt: CCI, n =12, sham, n=
9) (Figure 7A, B).

We then analyzed the expression of plasticity markers and myelin protein in the
hippocampus of TNFR1~~ and wild-type mice after CCI injury by western blot assay. Our
data show that 3 weeks after injury the levels of synaptotagmin and GAP43 were
significantly higher in the TNFR1™~than in the wild-type mice and similar to the levels
measured in the shams (synaptotagmin: two-way ANOVA, F1 35 = 84.63, p<0.001; +1 + 4%
TNFR17~ CCI vs TNFR1 ™/~ sham, p>0.05 and —45 + 3% wt CCI vs sham, p<0.001
Bonferroni post-test; 104 + 2% TNFR1™/~ vs 56 + 2% wt, Fg9 = 1.190, p<0.0001, unpaired
two-tailed Student’s t test; GAP43: two-way ANOVA, Fq 36 = 7.71, p<0.01; -7 + 2%
TNFR17~ CCI vs TNFR1™/~ sham, p>0.05 and —19 + 6% wt CCI vs sham, p<0.001
Bonferroni post-test; 98 + 1% TNFR17~ vs 79 + 2% wt, Fg 9 = 2.613, p<0.0001, unpaired
two-tailed Student’s t test; n = 10/group) (Figure 7C and D). Finally we did not find any

Brain Behav Immun. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Anna et al.

Page 15

significant difference in the levels of MAP2 either between the wild-type and knockout mice
or compared to the sham levels (data not shown).

The analysis of myelin protein revealed that the levels of PLP were similar between the
TNFR1~~and sham mice and significantly higher in the knockout mice compared to wild-
type mice (two-way ANOVA Fq 36 = 62.22, p<0.0001; +7 + 3% TNFR17~ CCl vssham,
p>0.05 and —28 £ 3% wt CCI vs sham, p<0.0001 Bonferroni post-test; 103 + 2% CCI
TNFR17~vs 73 + 1% CCI wt, unpaired two-tailed Student’s t test, Fg 9 = 1.838, p<0.0001)
(Figure 7E). No significant difference was found in the expression of MBP between the two
genotypes (data not shown). We previously showed that hippocampal TNF was significantly
increased in CCI mice 3 weeks after injury, while TNFR2 levels were decreased and TNFR1
unaffected. We then analysed the expression of TNF and TNFR2 in the TNFR1~/~ mice 3
weeks after injury. We found that TNF expression was significantly increased in TNFR1 ™/~
mice compared to shams and similar to the levels measured in wild-type injured animals
(two-way ANOVA, F 36 = 276.26, p<0.0001; +63 + 6% TNFR17~ CCI vs sham p<0.001
and, +56 + 4% wt CCI vs sham p<0.001, Bonferroni post-test; 159 + 5% TNFR1~/~ CCl vs
156 + 3% wt CCl, unpaired two-tailed Student’s t test, Fg g = 2.815, p>0.05; n = 10/group)
(Figure 7F). Interestingly, the expression of TNFR2 was unchanged in TNFR1~/~ and
significantly higher than the levels we found in wild-type mice after CCI (two-way
ANOVA, Fy 36 = 36.83; p<0.0001; +7 + 5% TNFR1™/~ CCl vs sham p>0.05 and —45 + 4%
wt CCI vs sham, p<0.001, Bonferroni post-test; 99 + 4% CCI TNFR1™/~ vs 44 + 5% CCI wt,
unpaired two-tailed Student’s t test, Fg 9 = 1.565, p<0.0001) (Figure 7G) (Supplementary
1B, C). Results are summarized in supplementary data, table 2.

DISCUSSION

Our data show a temporal relationship between CCl-induced neuropathic pain and the
occurrence of depressive behavior, as well as decreased neurogenesis, neuroplasticity and
myelin remodeling in the hippocampus, one of the main mood-regulating regions of the
brain. Moreover we report that these changes occurred in a context in which hippocampal
TNF signaling was unbalanced towards TNFR1 due to increased expression of TNF and
decreased levels of TNFR2. Finally, we showed that TNFR1~~ mice did not develop
depressive symptoms after injury, nor changes in hippocampal neurogenesis and plasticity.

This is the first study to investigate TNFRs expression in the hippocampus of mice that
underwent peripheral nerve injury and consequently developed neuropathic pain and
depressive-like symptoms and to show that neuropathic pain induced depression and the
associated hippocampal alterations are dependent on TNF/TNFR1 signaling.

Previous reports investigated either the occurrence of depressive-like symptoms in
neuropathic pain, without assessing hippocampal plasticity (Yalcin et al., 2011) or analyzed
whether hippocampal neurogenesis is affected in neuropathic pain but did not assess the
development of depressive-like behavior (Mutso et al., 2012). In this study we analyzed both
the behavioral affective responses and the possible hippocampal plastic changes that may
occur in neuropathic pain and found them to be associated with each other. Moreover, we
extended our analysis to the pain recovery phase and observed that, as pain resolved, mice

Brain Behav Immun. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Anna et al.

Page 16

recovered from depressive symptoms, while neurogenesis, neuronal and myelin plasticity
were restored within the hippocampus. In addition, we showed that the formation of new
neurons was not affected in the olfactory bulbs, another area of the brain where new neurons
are added during adult life, showing that the impairment of neurogenesis that occurs in
parallel with the development of neuropathic pain-induced depression is specific to the
hippocampus.

The correlation between hippocampal neurogenesis and depression has been extensively
documented (Castrén, 2005), yet, conclusive evidence that decreased hippocampal
neurogenesis is the cause of depression is still under debate (Sapolsky, 2004). While some
studies support a direct role for impairment of adult neurogenesis in depression (Snyder et
al., 2011), other authors demonstrated that re-establishment of neuronal plasticity, rather
than neurogenesis, is the basis for the restoration of behavioral homeostasis by
antidepressants (Bessa et al., 2009). Therefore, in parallel with neurogenesis, we also
investigated hippocampal neuroplasticity by quantifying changes in synaptic, axonal, and
dendritic proteins. In this study, both neurogenesis and neuroplasticity were affected and
then restored in mice that developed and recovered from neuropathic pain-induced
depressive symptoms, respectively, suggesting that these two events are not necessarily
mutually exclusive, but may both play a role in the development of depression and in the
behavioral improvement observed in response to antidepressant treatments. We evaluated
depressive-like behavior by investigating the development of anhedonia, one of the major
symptops of depression, as well as changes in body weight and physical appearance.
Changes in body weight and physical state have been proven to be reliable indicators of
depressive-like behavior and to correlate with the sucrose preference test and other common
tests used for the evaluation of depression in rodents such as the forced swimming test (FST)
and the tail suspention test (TST) (Ducottet et al., 2003; Griebel et al., 2002). The reason
why we did not use the FST and the TST is due to the fact that these tests are stressfull
(Dayas et al., 2001; Liu et al., 2003) and could have affected the development of anhedonia
in neuropathic pain and altered the results of the sucrose preference test. Instead, the
evaluation of body weight and physical state is purely observational and does not cause
stress to mice. Analogously to the sucrose preference test, body weight and physical
appearance were affected in neuropathic mice and restored to the levels measured in sham
mice 11 weeks after injury demostrating that neuropathic pain induces depressive-like
behavior.

Stress negatively affects hippocampal neurogenesis and plasticity through the activation of
the hypothalamic-pituitary-adrenal (HPA) axis, resulting in the increased production of
corticosterone and in the development of depressive-like symptoms (Gould et al., 1998).
Since pain can activate the HPA axis, (Aloisi et al.,1995; Harbuz and Lightman,1992) we
assessed if our results could be a consequence of the activation of the HPA axis in response
to pain as a stressful stimulus. We measured plasma corticosterone levels in mice affected
by chronic pain and we did not find any significant increase compared to naive mice in
agreement with other studies. This suggests that the hippocampal neurogenesis and plasticity
and the parallel development of depressive behavior are specific to the pain experience
(Duric and McCarson, 2006).
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Using the open field test we also evaluated the occurrence of anxiety-related symptoms and
did not find increased signs of anxiety in neuropathic mice, similarly to previous reports
(Goncalves et al., 2008). In this regard, though, the scientific literature is still contradictory,
as other authors reported the occurrence of anxiety-related behavior in neuropathic pain
(Kontinen et al., 1999; Matsuzawa-Yanagida et al., 2008; Mutso et al., 2012). It is possible
that different animal models of neuropathic pain may result in the development of different
mood disorders, or that a wider panel of behavioral tests is needed to reveal subtle
differences in the anxiety symptoms that may occur in neuropathic pain.

Numerous studies have shown increased levels of pro-inflammatory cytokines, such as TNF,
in patients affected by major depression (Dantzer et al., 2008; Miller et al., 2009), while in
rodents administration of cytokines such as TNF induces a mood disturbance known as
“sickness behavior”, which shares many symptoms of major depression (Anisman et al.,
2002; O'Connor et al., 2009a; O'Connor et al., 2009b). As sickness behavior can be blocked
by cytokine antagonists (Kent et al., 1992; Shamash et al., 2002), clinical trials showed that
TNF inhibitors administered for the treatment of immune pathologies also significantly
improve the depressive symptoms that accompany these diseases (Tyring et al., 2006;
Ertenli et al., 2012). Based on these findings, we investigated TNF signaling in the
hippocampus of CCI mice and found that TNF expression was significantly increased 3
weeks after injury, and returned to normal levels when mice recovered from depressive-like
behavior and pain 12 weeks post injury. In parallel, TNFR2 expression was significantly
decreased and then restored to basal levels 3 and 12 weeks after injury, respectively, while
no difference was seen in TNFR1 expression. TNF exists as soluble TNF (STNF) and
transmembrane TNF (tmTNF) forms. STNF primarily binds to TNFR1, which mediates pro-
inflammatory/pro-apoptotic/pro-demyelinanting functions (Holtmann and Neurath, 2004),
while tmTNF binds preferentially to TNFR2, which primarily plays a trophic/protective role
in wound healing and neuronal survival (Arnett et al., 2001; MacEwan, 2002).

TNF has a major role in neuropathic pain development and maintenance, which has been
linked to its signaling through TNFR1 (Zhang et al., 2013); TNFR1 knockout mice do not
develop hyperalgesia and show reduced allodynia after peripheral nerve injury compared to
wild-type mice (Ishikawa et al., 2013), moreover, selective block of TNFR1 decreases
neuropathic pain symptoms, whereas the block of TNFR2 with selective antibodies has no
effect on pain (Sommer and Schafers, 1998; Lindenlaub et al., 2000).

Based on these findings and on our results we hypothesize that hippocampal plasticity and
the associated mood disorders we described during chronic pain, could be mediated by
TNFR1 signaling as a consequence of decreased expression of hippocampal TNFR2 in
presence of higher levels of TNF. In order to understand the role of TNF/TNFR1 signaling
in neuropathic pain-induced depression and the associated hippocampal changes we found in
CCI mice, we performed CCI injury on TNFR1 null mice and investigated the development
of depressive-like symptoms, hippocampal neurogenesis and plasticity vs wild-type
littermates. Consistent with a previous report (Vogel et al., 2006), we found that while the
baseline threshold did not differ between genotypes, allodynia was significantly reduced in
the absence of TNFR1 and that TNFR1~/~ mice did not develop depressive behavior after
injury. Finally, although TNF levels were increased in the hippocampus of knockout mice 3
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weeks after CCI similarly to wild-type, hippocampal neurogenesis and plasticity were not
affected in mice that lacked TNFR1. These data suggest that the development of anhedonia
and the associated hippocampal alterations that occur in mice that suffer from neuropathic
pain after CCl injury are dependent on TNFR1 signaling. In support to our hypothesis it has
been shown that TNF receptors may play different roles in the modulation of hippocampal
neurogenesis; TNFR1 acts as a suppressor of neurogenesis in the hippocampus, whereas
absence of TNFR2 decreases neurogenesis (losif et al., 2006).

Interestingly, we also found that the expression of TNFR2 in TNFR1 knockout mice was
significantly higher than the levels we found in wild-type mice after CCI injury and similar
to shams. Although this data is difficult to interpret, it is possible that signalling pathways
downstream of TNFR1 activation could act as negative regulars of TNFR2 expression. A
possible mechanism underlying the increased expression of TNFR2 in TNFR1™~ mice
following injury could be represented by NF-«xB activation through TNFR1. In a recent
study we determined that in transgenic mice in which NF-xB activation is selectively
inhibited in astrocytes, TNFR2 expression was significantly upregulated in the chronically
injured spinal cords compared to the levels measured in the spinal cords of injured wild-type
mice (Bracchi-Ricard et al., 2013). These data suggest that NF-xB activation acts as a
negative regulator of TNFR2 expression. This is a reasonable supposition when considering
that soluble TNF signaling through TNFR1 is a potent activator of NF-xB signaling (Wajant
and Scheurich, 2011) and that TNFR1 and TNFR2 signaling have often been considered to
be diametrically opposed to one another (Baud and Karin, 2001). Finally, we have recently
determined that inhibiting soluble TNF signaling using a selective antagonist, Xpro1595,
significantly improved functional recovery following spinal cord injury and upregulated
TNFR2 expression in the injured spinal cord relative to injured controls (Bracchi-Ricard et
al., unpublished results).

We previously showed that blocking STNF activity with Xpro1595 reduced demyelination
and promoted axonal preservation in a mouse model of multiple sclerosis, while etanercept,
a nonselective TNF inhibitor, did not (Brambilla et al., 2011). Reduction in myelination in
some areas of the brain has been documented in patients suffering from depression (Garver
et al., 2008; Bartzokis, 2011; Zhang et al., 2012), and conversely, demyelinating disorders
characterized by myelin loss show co-morbidity with depression (Arnett et al., 2008), but
nothing has been reported about the mechanism by which demyelination progresses and so
far, very little is known about the contribution of myelin plasticity as part of the
hippocampal structural plasticity that occurs in depression (Merkler et al., 2009). Notably,
the role of TNFR1-mediated TNF signaling in causing demyelination has been widely
investigated by different authors (Arnett et al., 2001; Eugster et al., 1999; Probert et al.,
2000). We and others have demonstrated that signaling mediated by tmTNF/TNFR2, is
neuroprotective and promotes remyelination in EAE and spinal cord injury models (Bracchi-
Richard et al., 2013; Brambilla et al., 2011; Taoufik et al., 2011). Finally, a recent study
shows that increased levels of hippocampal TNF and depressive behavior could be
prevented by the treatment with Xpro1595, supporting the role of STNF and TNFR1
signaling in the development of depression (Bedrosian et al., 2012). Based upon this
evidence we sought to determine whether myelin alterations occurred in the hippocampus of
mice affected by neuropathic pain-iduced depression and the role of TNF signaling through
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TNFR1 in these events. We found that 3 weeks after injury, the level of PLP, the most
abundant myelin protein in the central nervous system, was significantly decreased in the
hippocampus of CCI mice, while both PLP and MBP levels were surprisingly higher in mice
that recovered from anhedonia and pain as compared to the sham animals. Interestingly, no
changes in myelin protein expression were found in TNFR1 knockout mice. These data
indicate that the development and recovery from depressive-like behavior after CCl is
associated with hippocampal myelin remodeling. Moreover we report that these events
coincided with increased expression of hippocampal TNF and were dependent upon TNFR1
signaling.

In this study we have not investigated pathways downstream of TNR1 signaling. Signaling
through TNFR1 and TNFR2 mediates pathological and protective effects, respectively
(Baud and Karin, 2001). In the CNS TNFR1 elicits signaling through numerous downstream
effectors, including NF-xB, p38, INK, MAPK, and ceramide (MacEwan, 2002b), which
have been shown to cause. Specifically, ceramide has been implicated in TNFR1 mediated
neurotoxixity (Kolesnick and Golde 1994; Martinez et al., 2012; Obeid et al., 1993). We
speculate that ceramide production could represent a potential pathway downstream of
TNFR1 activation in hippocampal neurons which may be mediating the behavioral and
hippocampal effects seen after CCI surgery. We do not exclude that other factors may be
involved as well; the identification of the specific pathways required for TNF-induced
structural impairments in the hippocampus will be an essential matter of our future studies.

Based on our current data we cannot establish whether the TNF-effects observed in our
model are peripherally or centrally mediated. However, it has become increasingly clear that
there is abundant communication between the central nervous system and the peripheral
immune system even in the absence of direct injury to the blood-brain barrier (BBB). This
crosstalk is mediated largely by TNF and other cytokines produced both peripherally and
centrally. TNF is transported across the BBB and into the brain (Pan and Kastin, 2001; Pan
et al., 2006) by TNFR1 and TNFR2 dependent mechanisms (Pan and Kastin, 2002; Qin et
al., 2007). It is well know that TNF levels are rapidly upregulated at the site of injury and
increase rapidly in the blood and CSF after peripheral nerve injury (George et al., 2004; Ren
etal., 2011). It is possible that after CCI injury peripherally produced TNF enters the brain
inducing its local production, finally resulting in increased hippocampal TNF levels. Since
both receptors have a role in mediating TNF transport through the BBB, this could explain
the similar increase of TNF expression in the hippocampus of TNFR1 knockout mice
compared to wild-type.

Previous studies have shown that centrally administered TNF (i.c.v. -
intracerebroventricular) attenuates norepinephrine production and produces depressive-like
behavior in mice, which is completely prevented by thalidomide, an inhibitor of TNF
synthesis or by i.c.v. administration of anti-TNF antibody or by different classes of
peripherally administered antidepressants (Reynolds et al., 2004; Kaster et al., 2012). These
results support the central effects of TNF in inducing depressive-like symptoms.

Ren et al., (2011) found that TNF was increased in the cerebrospinal fluid, in the
hippocampus and in the plasma after spared nerve injury (SNI). Moreover, they showed that
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i.c.v. or intrahippocampal injection of recombinant TNF mimicked the effects of SNI in
naive rats, whereas inhibition of TNF or genetic deletion of TNFR1 prevented both
hippocampal synaptic dysfunction (disruption of LTP and frequency facilitation at CA3-
CAL synapses, reduction of presynaptic boutons in hippocampal CA1 region) and memory
deficits that they observed after SNI. These data suggest that central TNF following
peripheral nerve injury is critical for development of neuropathic pain and memory/
hippocampal deficits.

Our data suggest a crucial role for hippocampal TNF/TNFR1 in the induction of depressive-
like symptoms and hippocampal plasticity; however the only way to prove whether central
production of TNF is sufficient to cause these alterations or peripheral TNF is leading
central TNF production would be by using genetically modified animals lacking either TNF
or TNFR1 expression selectively within the hippocampus. Alternativley we could target
central or systemic TNFR1 signaling by intracranial or systemic administration of selective
STNF inhibitors such as the XPro1595 that we previously used in EAE and spinal cord
injury models (Brambilla et al., 2011; Bracchi-Richard et al., unpublished results). We can
speculate that by blocking central TNF activity through TNFR1 we should be able to
observe protection in response to peripheral nerve injury and animals would not develop
pain or signs of depression and hippocampal myelin remodeling, reduced plasticity and
neurogenesis. The results of such a study could give insights to the specific central and
peripheral mechanisms involved in brain production of TNF. Cytokines other than TNF,
such IL-1p and IL-6, have been found to be have a role in neuropathic pain after peripheral
nerve injury (Arruda et al., 2000; Balschun et al., 2004). Like TNF, IL-18 is a pro-
inflammatory cytokine that has been implicated in the induction and maintenance of
neuropathic pain (Honore et al., 2006; Ren et al., 2009; Bianchi et al., 1998; Hori et al.,
1998) and has been found to be upregulated in the hippocampus after spared nerve injury or
CCI (Al-Amin et al., 2011; del Rey et al. 2011). Further, interfering with IL-1f signals in the
brain reduces depressive-like symptoms observed during spared nerve injury (Norman et al.,
2010), indicating that over-expression of IL-1f in the hippocampus may be relevant for
these symptoms. Since increased IL-1p has been suggested to lead to decreased
neurogenesis in the elderly (Kuzumaki et al., 2010) we cannot exclude that it could play a
similar role in our model of neuropathic pain.

Here, we investigated the effects of chronic neuropathic pain on depressive-like behavior
and different forms of hippocampal plasticity. Our study expands and complements some
aspects of previous works that revealed hippocampal impairments in neuropathic pain
(Mutso et al., 2012; Ren et al., 2011) and is the first investigation to show that neuropathic
pain-induced depression is dependent on hippocampal TNF through TNFR1 and is
associated with different forms of hippocampal changes such as reduced neurogenesis,
neuronal plasticity (Ren et al., 2011) and for the first time myelin remodeling. Moreover we
extended our observations to a late time point at which mice were spontaneously recovered
from pain, and found that all the behavioral and structural abnormalities found in
neuropathic mice did not manifest after spontaneous recover from pain had occurred.

Our results suggest a possible new mechanism through which myelin proteins are modulated
in the hippocampus during depressive-like conditions and may be part of a broader
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neuroplastic process, leading to or resulting from neurogenesis and neuronal remodeling and
that these changes are dependent upon signaling through TNFR1. We hypothesize that
alterations in white matter might disrupt the neural circuits that are involved in emotional
functions and thus contribute to the pathophysiology of depression.Whether myelin protein
alterations are the original cause of a neuronal transmission dysfunction that led to the
structural plasticity changes we observed in the hippocampus of neuropathic mice or are
instead a consequence of these neuroplastic modifications remains to be understood and will
be the focus of future studies.

CONCLUSIONS

Altogether, our data propose a novel molecular mechanism that regulates the development
of depressive behavior associated with impaired hippocampal neurogenesis, neuronal and
myelin plasticity and, that relies on hippocampal TNF signaling through TNFR1. We
propose that therapeutic interventions based on the use of TNFR1-selective inhibitors may
be beneficial not only to the treatment of neuropathic pain but also to the prevention of
comorbid diseases such as depression and that this could occur through TNF/TNFR1
modulating the plastic events that take place at the hippocampal level such as myelin
remodeling, neuronal plasticity, survival and complete maturation of adult newborn neurons.
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Figure 1.

Chronological overview of the experimental paradigms conducted in this study. A, Wild-
type mice were sacrificed 3 and 12 weeks after CClI injury, the time points at which they
suffer neuropathic pain and were spontaneously recovered from it. Behavior (allodynia,
hyperalgesia, sucrose preference, body weight, physical state measurements, open field test)
was performed once a week 24 hours apart in the following order: BW and PS assessment,
sucrose preference test, open filed test, von Frey filament test, hot plate. B, TNFR1
knockout mice were sacrificed 3 weeks after injury. Behavior = allodynia, body weight and
physical state measurements). Sucrose preference (SP) was measured on week -1, 3 and 5.
BrdU was administered weekly.
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Figure 2.

Behavioral assessment of allodynia, hyperalgesia and depressive symptomps. A, Mice
developed allodynia 1 week after CCI surgery and were completely recovered at week 12.
B, Hyperalgesia was evident 2 weeks after surgery until week 7. Mean + SEM of paw
withdrawal threshold (g) and paw latency threshold (sec), respectively; **p<0.01, right paw
vs left paw; #p<0.01, week 8-11 vs 7 (allodynia) and week 5-7 vs 4 (hyperalgesia). C,
Anhedonia paralleled the development and resolution of allodynia and hyperalgesia: CCl
mice showed reduced sucrose preference 4 weeks after surgery until week 10 compared to
sham animals, and were completely recovered at week 11. Mean = SEM of sucrose
preference; **p<0.01, CCI vs sham; #p<0.01, week 6-10 vs week 5. D-E, Similarly, CCI
mice showed a significant reduction of body weight gain (D) and degradation in the physical
state of the coat (E), 5 and 4 weeks after injury, respectively, which were restored to the
levels measured in sham mice 11 weeks later. **p<0.01, CCI vs sham; #p<0.05, #p<0.01,
weeks 6-10 vsweek 5, and week 8-10 vs 7. (CCI, n= 34, sham, n = 26).
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Figure 3.

Analysis of adult neurogenesis in the hippocampus and olfactory bulbs 3 and 12 weeks after
injury. A, The number of BrdU* cells was similar between CCI and sham mice but the
number of BrdU*/NeuN™* cells were dramatically reduced in the GCL of CCI mice
compared to shams. Mean + SEM of: BrdU* (BrdU*/NeuN + BrdU*/NeuN™* cells) and
BrdU*/NeuN* cells; *"p<0.01. A’, Representative images of BrdU (green)/NeuN (red)
immunostaining in the DG of sham and CCI animals 3 weeks after surgery. Arrows indicate
some BrdU*/NeuN* cells (yellow). Arrowheads identify the cells in the higher
magnification micrographs (scale bar = 60 micron) (CCI, n = 10, sham, n=9). B, The
percentage of BrdU*/NeuN* neurons was dramatically reduced in the GCL of neuropathic
mice 3 weeks after CCl, and then completely restored 12 weeks later (3 weeks: CCI, n = 10,
sham, n=9; 12 weeks: CCI, n=9, sham, n = 9). C, The percentage of BrdU" cells that
differentiated into new adult NeuN* neurons in the OB of CCI mice was similar to shams
both 3 and 12 weeks after injury. Mean + SEM of BrdU*/NeuN* cells % (BrdU*/NeuN*vs
total BrdU* cells); “*p<0.001, CCI vs sham; #p<0.01, CCI weeks 12 vsweek 3 (CCl,n=9,
sham, n = 9). DG=dentate gyrus, GCL=granular cell layer, OBs=olfactory bulbs.
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Western blot analysis of hallmarks of neuronal plasticity and myelin protein in the
hippocampus of CCI and sham mice 3 and 12 weeks after injury. A, Synaptotagmin (A) and
GAP43 (B) expression were significantly reduced 3 weeks after injury in CCI mice. (A-C)
The levels of synaptotagmin, GAP43 and MAP2 were significantly increased in CCI mice
12 weeks after injury compared to 3 weeks. D, PLP levels were significantly decreased in
CCI mice compared to shams 3 weeks after surgery. (D-E), Both PLP and MBP levels were
significantly increased in CCI mice 12 weeks after surgery compared to shams and to the 3
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weeks levels. Mean + SEM of optical density of each protein normalized to beta-tubulin,
percentage of sham at 3 weeks; "p<0.05, *"p<0.001, CCI vs sham; #p<0.001 12 weeks vs 3
weeks (3 weeks: CCl, n=10, sham, n=10; 12 weeks: CCl, n=10, sham, n=10).
Representative experiments are shown.
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Western blot quantification of TNF and TNFRs in the hippocampus of CCI and sham mice 3
and 12 weeks after injury. A, TNF expression was significantly increased in CCI mice 3
weeks after surgery compared to shams. 12 weeks later TNF levels were restored to normal.

B, TNFR1 levels were similar between sham and CCI mice at both 3 and 12 weeks. C,

Brain Behav Immun. Author manuscript; available in PMC 2015 October 01.

TNFR2 levels were significantly decreased in CCl mice 3 weeks after surgery compared to
the shams. 12 weeks later TNFR2 levels were significantly higher in CCIl mice compared to
3 weeks. Mean + SEM of optical density of each protein normalized to beta-tubulin,
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percentage of sham at 3 weeks; “p<0.05, **p<0.001 CCI vs sham; #p<0.001 12 weeks vs 3
weeks; (3 weeks: CCI, n=10, sham, n=10; 12 weeks: CCI, n=10, sham, n=10).
Representative experiments are shown.
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Figure 6.

Behavioral assessment of allodynia, anhedonia, body weight and physical state in TNFR17/~
mice after CClI injury. A, Mechanical allodynia was significantly reduced in TNFR1
knockout mice compared to wild-type littermates starting at 1 after surgery. Mean £ SEM of
paw withdrawal threshold (g); #p<0.001 injured paw, knockout vs wild-type; **p<0.001,
wild-type, injured paw vs uninjured paw. B, Sucrose preference was significantly higher in
TNFR1~/~ injured mice compared to wild-type 5 weeks after injury and similar to the
baseline levels; #p<0.0001, knockout vs wt; “*p<0.0001, wild-type, week 5 vsweek -1. C,
Body weight was similar between TNFR1 knockout CCI mice compared to shams at any
time after injury, and significantly higher than injured wild-type mice. D, Physical state was
not affected in TNFR1 knockout mice at any time after injury compared to wild-

type. #p<0.0001, CCI, knockout vs wt; “*p<0.0001, wild-type, CCI vs sham (KO: CCl n
=22 wt, sham n =16; wt: CCI n =22 sham n =16).
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Figure 7.

A-B Analysis of hippocampal neurogenesis in TNFR1~~ mice 3 weeks after CCI. A, The %
of BrdU/NeuN double-positive cells was significantly higher in the GCL of TNFR1~/~ than
wilt-type mice and similar to shams. Mean + SEM of BrdU*/NeuN™ cells % (BrdU*/
NeuN*vs total BrdU* cells); #p<0.001, knockout vs wild-type; *“p<0.001, wild-type, CCI
vssham (KO: CCI, n=12, sham, n=9; wt: n= 12, sham, n = 9). B, Representative confocal
images of BrdU (green)/NeuN (red) immunostaining in the DG of TNFR1~/~ and wild-type
animals 3 weeks after injury. Arrows indicate BrdU*/NeuN* cells (yellow). Arrowheads
identify the cells in the higher magnification micrographs (scale bar = 60 micron). C-E,
Western blot analysis of hallmarks of neuronal plasticity and myelin proteins in the
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hippocampus of TNFR1 knockout and wild-type mice 3 weeks after injury. The levels of
synaptotagmin (C) and GAP43 (D) were similar between CCI and sham TNFR1~~ mice and
significantly higher in TNFR1~/~ than in wild-type mice. E, Similarly, PLP expression was
not affected in TNFR1/~F-G, Western blot quantification of TNF and TNFR2 in the
hippocampus of TNFR1~/~ and wild-type mice 3 weeks after injury. F, The levels of TNF
were significantly increased in both genotypes after injury. G, TNFR2 expression was
similar between TNFR1 ™/~ injured and sham mice and significantly decreased in wild-type
CCI compared to TNFR1 ™/~ mice. Data are the mean + SEM of optical density of each
protein normalized to the beta-tubulin and are expressed as percentage of sham at 3

weeks; #p<0.001, knockout vs wild-type; *p<0.05, **p<0.001, CCI vs sham (KO: CCI, n=
10, sham, n = 10; wt: n =10, sham, n = 10). Representative experiments are shown.
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Figure 8.

Model of TNF/TNFR1 signaling-driven hippocampal plasticity possibly responsible for
the development of depression following CClI injury in mice. A, Chronic neuropathic
pain results in depressive-like behavior, increased hippocampal TNF, and reduced TNFR2
levels 3 weeks after injury. Hippocampal neurogenesis was decreased at this time point,
neuroplasticity and myelin remodeling occurred, likely promoting depression. B, Depressive
symptoms were no more present in mice that spontaneously recovered from pain 12 weeks
after injury as well as hippocampal neurogenesis that was restored to baseline levels.
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Profound neuronal and myelin plasticity occurred at this time point possibly as a
compensatory mechanism to support axonal preservation and functionig after loss of myelin
and neuronal plasticity proteins that occured in the hippocampus of animals suffering from
pain (A). C, TNFR1 null mice were protected from developing depressive symptoms and
hippocampal plastic changes, such as myelin and neuronal plasticity and neurogenesis
impairment, indicating a role for TNFRL1 signaling in the delopment of depression after CCI.
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