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30Interactions of neurons with microglia may play a dominant role in sleep regulation. TNF may exert its
31somnogeneic effects by promoting attraction of microglia and their processes to the vicinity of dendrites
32and synapses. We found TNF to stimulate neurons (i) to produce CCL2, CCL7 and CXCL10, chemokines act-
33ing on mononuclear phagocytes and (ii) to stimulate the expression of the macrophage colony stimulat-
34ing factor (M-CSF/Csf1), which leads to elongation of microglia processes. TNF may also act on neurons by
35affecting the expression of genes essential in sleep–wake behavior. The neuronal expression of Homer1a
36mRNA, increases during spontaneous and enforced periods of wakefulness. Mice with a deletion of
37Homer1a show a reduced wakefulness with increased non-rapid eye movement (NREM) sleep during
38the dark period. Recently the TNF-dependent increase of NREM sleep in the dark period of mice with
39CD40-induced immune activation was found to be associated with decreased expression of Homer1a.
40In the present study we investigated the effects of TNF and IL-1b on gene expression in cultures of the
41neuronal cell line HT22 and cortical neurons. TNF slightly increased the expression of Homer1a and
42IL-1b profoundly enhanced the expression of Early growth response 2 (Egr2). The data presented here
43indicate that the decreased expression of Homer1a, which was found in the dark period of mice with
44CD40-induced increase of NREM sleep is not due to inhibitory effects of TNF and IL-1b on the expression
45of Homer1a in neurons.
46� 2014 Published by Elsevier Inc.
47

48

49

50

51 1. Introduction

52 Patients with autoimmune diseases suffer from sickness
53 behavior syndrome (SBS), which is characterized by fatigue, mal-
54 aise, decreased appetite, weight loss, and reduced social activities
55 (Dantzer et al., 2008). A causal link between tumor necrosis factor

56(TNF) and SBS is suggested because treatment with the soluble TNF
57receptor p75 or with antibodies against TNF improved fatigue and
58depression in patients with rheumatoid arthritis (RA), psoriasis,
59and Crohn’s disease (Farahani et al., 2006; Katz et al., 2009;
60Lichtenstein et al., 2002; Moreland et al., 2006; Taylor and
61Feldmann, 2009; Tyring et al., 2006). In recent studies on experi-
62mental SBS in mice, the immune activation was triggered by
63anti-CD40 monoclonal antibodies (mAb), which activate the
64CD40 receptor in B cells and antigen presenting cells including
65macrophages and dendritic cells. Mice treated with CD40 mAb
66show a decrease in wakefulness and an increase in non-rapid eye
67movement (NREM) sleep during the dark period (Gast et al.,
682013; Taraborrelli et al., 2011). Inactivation of the TNF receptor 1
69gene or treatment with soluble TNF receptor p75 protects mice
70from CD40 mediated sleep–wake changes, but not (Nimmerjahn
71et al., 2005) from immune activation (Gast et al., 2013;
72Taraborrelli et al., 2011).

http://dx.doi.org/10.1016/j.bbi.2014.11.008
0889-1591/� 2014 Published by Elsevier Inc.
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73 Reciprocal signaling between neurons and microglia may be
74 essential in remodeling of brain circuits including the formation,
75 modification, and elimination of synaptic structures. This concept
76 is supported by evidence that microglia processes periodically con-
77 tact dendritic spines and axon terminals in vivo (Davalos et al.,
78 2005; Nimmerjahn et al., 2005; Wake et al., 2009). Contacts
79 between neurons and microglia foster cell–cell communication
80 via membrane receptors and soluble mediators including cyto-
81 kines. Among the latter TNF, is considered to play an important
82 role in behavior and immune-mediated inflammation. In
83 inflammatory diseases TNF is produced mainly by microglia and
84 macrophages. Examples are experimental autoimmune encephalo-
85 myelitis and murine cerebral malaria and (Medana et al., 1997;
86 Renno et al., 1995). As shown by in situ hybridization the type of
87 cell producing TNF in rats injected intravenously with lipopolysac-
88 charide (LPS) was identified as microglia, but not as neurons and
89 astrocytes (Buttini et al., 1997). Using in situ hybridization and
90 immunohistochemistry microglia and macrophages were
91 characterized as the major sources of TNF in middle cerebral artery
92 occlusion in mice (Gregersen et al., 2000). However, immunohisto-
93 chemical studies show that the physiological role of TNF in sleep
94 regulation may be mediated by TNF production in neurons
95 (Churchill et al., 2008). TNF binds to TNF receptor TNFR1 and
96 TNFR2, both of which are expressed on neurons (Marchetti et al.,
97 2004). The production of TNF is strongly influenced by circadian
98 rhythms. Levels of Tnf mRNA and TNF correlate with sleep propen-
99 sity, that is, high sleep propensity is associated with high levels of

100 Tnf mRNA and TNF. Furthermore increased TNF is seen during sleep
101 deprivation (Imeri and Opp, 2009; Kaushal et al., 2012; Krueger,
102 2008). Central or systemic injections of TNF or IL-1b increase the
103 duration of NREM sleep and the EEG delta power, the latter being
104 an index of sleep intensity (Krueger, 2008; Opp, 2005). In this
105 regard, it is also noteworthy that TNF and IL-1b cause dysregula-
106 tion of Clock genes with decreased expression of the period genes
107 Per1, Per2 and Per3 and the PARbZip transcription factors including
108 Dbp, Tef and Hlf (Cavadini et al., 2007).
109 The regulation of sleep has been studied intensively using sleep
110 deprivation (SD). SD leads to increased expression of, e.g., immedi-
111 ate early genes/transcription factors, mitochondrial genes, genes
112 involved in energy metabolism, and neurotransmitter transporters
113 and receptors (Cirelli, 2009). Transcriptome profiling in inbred
114 mouse strains showed that genetic background affects susceptibil-
115 ity to SD at the transcriptional level. When taking the genetic
116 background into account, expression of Homer1a associates with
117 changes in homeostatic sleep need (Franken et al., 2001;
118 Mackiewicz et al., 2008; Maret et al., 2007) Neurons expressing
119 Homer1a also express early growth response 2 (Egr2/Krox20),
120 Fos-like antigen 2 (Fosl2), prostaglandin-endoperoxide synthase 2
121 (Ptgs2), junctophilin 3 (Jph3), and neuronal pentraxin 2 (Nptx2)
122 (Maret et al., 2007). Expression of these transcripts equally
123 increases with sleep need. Homer1a mRNA increases during spon-
124 taneous and enforced periods of wakefulness (Huber et al., 2007;
125 Maret et al., 2007; Nelson et al., 2004). Mice with a deletion of
126 Homer1a (Homer1a KO mice) show a reduced wakefulness with
127 increased NREM sleep during the dark period (Naidoo et al.,
128 2014, 2012). Previous studies of mice with CD40-induced sleep
129 showed that Homer1a expression decreases during the second half
130 of the dark period when mice show increased NREM sleep (Gast
131 et al., 2013). In the cortex of CD40 mAb-treated mice the decline
132 of Homer1a in the dark period was associated with a significant
133 depression of Egr2, Nptx2, and Fosl2.
134 The effects of cytokines on sleep–wake behavior may involve
135 communications of neurons with microglia. Cytokines may regu-
136 late intercellular interactions by promoting neurons to produce
137 chemokines, which attract microglia to neuronal dendrites and
138 synapses. In this study, we investigated whether TNF may lead to

139the expression of chemokines by neurons. The data presented here
140show that TNF activates neuronal production of CCL2, CCL7 and
141CXCL10 and of M-CSF/CSF-1. These chemokines have been well-
142described to attract mononuclear phagocytes and to lead to the
143extension of microglia processes. By influencing synaptic strength
144and by secreting mediators such as glutamate and prostaglandins,
145TNF-stimulated microglia cells may play a pivotal role in the regu-
146lation of sleep. Our study on effects of cytokines on neurons also
147addresses the question as to weather downregulation of Homer1a
148expression in CD40-activated mice is due to cytokine-mediated
149repression of Homer1a. Such effects would induce transitions
150between wakefulness and sleep. We found that HT22 cells and cor-
151tical neurons respond to TNF and IL-1b with increased Egr2 and
152Ptgs2 expression, but not with a downregulation of Homer1a. Thus
153in CD40 mAb-treated mice, the decrease of Homer1a expression in
154the dark period is not due to direct inhibitory effects of TNF and
155IL-1b on Homer1a transcription.

1562. Methods

1572.1. Primary cortical neurons, HT22 cells and cytokine treatment

158Neurons were isolated from the cerebral cortex of C57Bl/6 J
159mice gestational stage E14–E18 as previously described
160(Ogunshola et al., 2002). Dissected cortices were dissociated in
161Hank’s buffered salt solution containing trypsin or papain and
162DNase I for 5 min at 37 �C. Neurons were seeded on poly-L-lysine
163coated petri dishes (3 � 106 cells per 100 mm dish) in Neurobasal
164medium containing B27 supplement (1�), albumax (0.25 g/ml), 1%
165sodium pyruvate, 100 U/ml penicillin–streptomycin and 1 mm
166L-glutamine (GIBCO, Invitrogen, AG, Switzerland). The cultures
167(purity 98%), were maintained for 17 days at normal atmosphere
168(21% O2) in a humidified incubator at 37 �C. For analysis of cytokine
169expression cells were treated on day 14–17 with TNF (Peprotech,
170London UK) or PBS control for 4–8 h. Thereafter cells and superna-
171tants were harvested.
172For expression of Homer1a, Egr2, Ptgs2 and Fosl2 primary cortical
173neurons were plated either on 35 mm dishes (at 1.5 � 106 cells;
174density = 1560 cells/mm2) pre-coated with 0.1 mg/ml poly-L-lysine.
175Cultures were maintained in a humidified CO2 incubator (5% CO2,
17637 �C) and half of the medium was changed once a week. After
177treatment of cortical neurons with cytokines or PBS control during
1784 h, total RNA from cell cultures was extracted.
179The mouse hippocampal neuronal cell line HT22 was obtained
180from David Schubert at the Salk Institute (La Jolla, CA). HT22 cells
181were plated in 12-well tissue cultures plates (100,000 cells per
182well) in DMEM with 10% FCS. Two days after plating, cultures were
183serum deprived for 1 h. Thereafter, HT22 cells were treated with
184TNF or IL-1b for 4 h and RNA extracted.

1852.2. RNA extraction and quantification

186RNA was extracted using RNA easy mini kit (Qiagen). All RNA
187samples were DNase-treated and quantified on a NanoDrop ND-
1881000 spectrophotometer. To quantify the RNA expression level,
1891 lg of RNA was reverse-transcribed in 20 ll using random
190hexamers and Superscript II reverse transcriptase (Invitrogen)
191according to standard procedures. The cDNA was diluted 10 times
192and 2 ll were amplified in a 10 ll TaqMan reaction on ABI PRISM
193HT 7900 detection system in technical triplicate. Cycler conditions
194were 50 �C 2 min, 95 �C 10 min and 45 cycles at 95 �C 15 s and
19560 �C 1 min. Forward primer, reverse primer, and probe sequences
196are given in Table 1. The gene expression level was normalized to
197three reference genes (Rsp9, TBP, and EEF1a1) using Qbase software
198(Hellemans et al., 2007). The fold changes indicative of the relative
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