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8 Abstract
9 The pro-inflammatory cytokine interleukin 6 (IL-6) interacts with the central nervous system in a

10 largely unknown manner. We used a genetically modified mouse strain (GFAP-sgp130Fc, TG) and

11 wild type (WT) mice to determine whether IL-6 trans-signaling contributes to basal properties of

12 synaptic transmission. Postsynaptic currents (PSCs) were studied by patch-clamp recording in cort-

13 ical layer 5 of a mouse prefrontal cortex brain slice preparation. TG and WT animals displayed

14 differences mainly (but not exclusively) in excitatory synaptic responses. The frequency of both

15 action potential-independent (miniature) and action potential-dependent (spontaneous) excitatory

16 PSCs (EPSCs) were higher for TG vs. WT animals. No differences were observed in inhibitory mini-

17 ature, spontaneous, or tonic inhibitory currents. The pair pulse ratio (PPR) of electrically evoked

18 inhibitory as well as of excitatory PSCs were also larger in TG animals vs. WT ones, while no

19 changes were detected in electrically evoked excitatory-inhibitory synaptic ratio (eEPSC/eIPSC),

20 nor in the ratio between the amino-propionic acid receptor (AMPAR)-mediated and N-methyl D

21 aspartate-R (NMDAR)-mediated components of eEPSCs (IAMPA/INMDA). Evoked IPSC rise times

22 were shorter for TG vs. WT animals. We also compared the sensitivity of TG and WT animals to

23 pentylenetetrazole (PTZ)-induced seizures. We found that TG animals were more sensitive to PTZ

24 injections, as they displayed longer and more severe seizures. We conclude that the absence of

25 basal IL-6 trans-signaling contributes to increase the basal excitability of the central nervous sys-

26 tem, at the system level as well at the synaptic level, at least in the prefrontal cortex.

27

2 8 K E YWORD S

29 GABA, glutamate, interleukin 6, mice, patch-clamp, pentylenetetrazole, prefrontal cortex, seizures,

30 synaptic transmission, trans-signaling

31

32

33 1 | INTRODUCTION

34 Interleukin-6 (IL-6) is a pro-inflammatory cytokine that has been

35 involved in the etiology of a family of neuropsychiatric conditions

36 including depression (Monje et al., 2011; Sukoff Rizzo et al., 2012),

37 schizophrenic psychoses (Behrens, Ali, & Dugan, 2008), anxiety disor-

38ders (Belem da Silva et al., 2016), and epilepsy (Lehtimaki, Liimatainen,

39Peltola, & Arvio, 2011; Li et al., 2011). It has been proposed that IL-6

40alters central nervous system (CNS) excitability by modifying synaptic

41transmission in stress-sensitive brain areas (Atzori, Garcia-Oscos, &

42Mendez, 2012), and that trans-signaling is the main mechanism of

43action of IL-6 in the brain (Campbell et al., 1993, 2014).

44IL-6 carries out its function through two pathways, both leading to

45activation of the janus kinase/activator of transcription JAK/STAT: a

46“classic” pathway, associated with the one-step activation of a
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47 multimeric complex constituted by the IL-6 receptor (IL-6 R) and the

48 transducer protein glycoprotein 130 (gp130), present in immune cells

49 and hepatocytes, as well as a second pathway, denominated “trans-sig-

50 naling”, a multistep process consisting in binding of IL-6 to soluble IL-6

51 R molecules shed by immune cells and glia, followed by binding of the

52 IL-6/IL-6 R complex to gp130, pathway that is available to all nucleated

53 cells (Rose-John, 2012; Waetzig & Rose-John, 2012; Wolf, Rose-John,

54 & Garbers, 2014). The importance of the second pathway has been

55 underscored in the CNS through the use of a genetically modified

56 mouse strain (GFAP-sgp130Fc, TG) in which a construct for a soluble

57 version of the gp130 (sgp130Fc) has been introduced in the promotor

58 for the glial fibrillary acidic protein (GFAP), an astrocyte marker (Chala-

59 ris, Garbers, Rabe, Rose-John, & Scheller, 2011; Nowell et al., 2009).

60 Previous work has shown that this genetic modification greatly impairs

61 the effects of IL-6 in the CNS, presumably by sequestration of IL-6/IL-

62 6 R complexes from the cerebro-spinal fluid (CSF) (Campbell et al.,

63 2014). In fact, TG mice display altered sleep (Benedict, Scheller, Rose-

64 John, Born, & Marshall, 2009; Oyanedel, Kelemen, Scheller, Born, &

65 Rose-John, 2015) and altered anesthesia sensitivity (Braun et al., 2013),

66 suggesting that most central effects of IL-6 within the brain are medi-

67 ated by trans-signaling rather than by the “classic” signaling (Campbell

68 et al., 2014).

69 In particular, we and others have found that IL-6 acutely and tran-

70 siently impairs inhibitory g-amino butyric acid (GABA)-ergic signaling in

71 the CNS (Garcia-Oscos et al., 2012; Kawasaki, Zhang, Cheng, & Ji,

72 2008), and that sgp130Fc mice display a differential sensitivity of

73 GABAergic synapses in response to lipopolysaccharide (LPS) systemic

74 challenge (Garcia-Oscos et al., 2015)AQ1 . In the latter work we showed

75 that maximal electrically evoked inhibitory currents in GFAP-sgp130Fc

76 mice are higher than those of WT animals, suggesting that basal inhibi-

77 tory—and possibly excitatory—transmission may be affected by IL-6

78 trans-signaling.

79 An important open question is whether IL-6 trans-signaling plays

80 any role in the development and establishment of neocortical synapses

81 and its properties. We tackled the problem by systematically comparing

82 synaptic transmission in basal conditions between wild-type (WT) and

83 TG mice, using patch-clamp recording in a prefrontal cortical slice prep-

84 aration. We detected several differences both in inhibitory and in exci-

85 tatory synaptic transmission. In order to test the overall systemic effect

86 of IL-6 trans-signaling on brain excitability we also compared the sei-

87 zure sensitivity to the convulsive agent pentylenetetrazole (PTZ) for

88 TG vs.WT animals, finding that TG animals are more sensitive than WT

89 to PTZ.

90 2 | MATERIALS AND METHODS

91 2.1 | Preparation

92 For this study we used 43 WT mice (C57BL/6 J, Charles River, 22

93 male, 21 female) and other 45 mice of the same strain, offspring from

94 mice genetically modified in the laboratory of SRJ (GFAP-sgp130Fc, or

95 TG, 24 male, 21 female), in the age range between 2 and 3 month-old

96 (average age 73615 d/o).

972.2 | GFAP-sgp130Fc mice

98A vector containing the human glial fibrillary acidic protein GFAP pro-

99moter cloned upstream of the optimized soluble glycoprotein 130Fc

100(sgp130Fc) ( Campbell et al., 2014; Rabe et al., 2008) was used for the

101construction of the transgenic mice expressing sgp130Fc in the central

102nervous system by astrocytes (GFAP-sgp130Fc mice); a Bcl II/Not I

103fragment of 5854 bp was isolated from the plasmid and injected into

104oocytes, which were implanted into foster mothers. The following pri-

105mers were used for genotyping sgp130Fc mice:sgp130-Fc-screen for-

106ward: 5’-GAG TTC AGA TCC TGC GAC-3’sgp130-Fc-screen reverse:

1075’-TCA CTT GCC AGG AGA CAG-3’

1082.3 | Brain slices

109We chose to analyze the synaptic properties of the medial prefrontal

110cortex, an area that has long been implicated in the etiology and

111expression of neurologic and psychiatric disease (Holmes & Wellman,

1122009). Mice were anesthetized with isoflurane and sacrificed according

113to the Norma Nacional Mexicana (UASLP protocol n. 2240) and their

114brains sliced with a vibrotome (VT1000, Leica) in a cold solution (0–

11548C) containing (mM) 126 NaCl, 3.5 KCl, 10 glucose, 25 NaHCO3, 1.25

116NaH2PO4, 1.5 CaCl2, 1.5 MgCl2, at pH 7.4, and saturated with a mix-

117ture of 95% O2 and 5% CO2 (ACSF). Coronal slices (270 lm thick)

118were taken from the medial prefrontal cortex and incubated in ACSF at

119328C before being placed in the recording chamber.

1202.4 | Drugs

121Different extracellular solutions were used for different electrophysiol-

122ogy experiments. Pharmacologically isolated inhibitory currents were

123recorded using a solution containing 6,7-dinitroquinoxaline-2, 3-dione

124(10 lM) and kynurenate (2 mM) for blocking a-amino-3- hydroxy-5-

125methyl-4-isoxazolepropionic acid receptor (AMPAR)- and N-methyl-D-

126aspartate receptor (NMDAR)-mediated currents, respectively. Pharma-

127cologically isolated glutamatergic currents were recorded in the pres-

128ence of the GABAAR blocker picrotoxin (100 lM) or bicuculline

129methiodide (10 mM). Tetrodotoxin was dissolved in a 1 mM stock aque-

130ous solution and bath-applied at a final concentration of 1 mM for

131blocking action potentials. Pentylenetetrazole (PTZ) was also prepared

132in aqueous solution and administered via i.p. injections at the doses

133indicated in the text. All drugs were purchased from Sigma (St. Louis,

134MP) or Tocris (Ellisville, MO).

1352.5 | Electrophysiology

1362.5.1 | General

137Slices were placed in an immersion chamber, and cells were selected

138using procedures described previously (Roychowdhury et al., 2014)

139using an upright microscope (BX51, Olympus) with a 60X objective and

140an infrared camera system (DAGE-MTI, Michigan City, IN). Whole-cell

141voltage-clamp recordings were obtained from cortical L5 pyramidal

142neurons of the mPFC. Neurons were selected by their pyramidal shape

143and pronounced apical dendrite, indicative of their pyramidal cell
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144 nature (Atzori, Kanold, Pineda, Flores-Hernandez, & Paz, 2005). A 5-

145 mV voltage step was applied at the beginning of every episode in order

146 to monitor the quality of the recording. Access resistance (10–20 MX)

147 was monitored throughout the experiment. Recordings with >20%

148 change in input resistance (Rm) was discarded from the analysis. All sig-

149 nals were filtered at 2 kHz and sampled at 10 kHz. All experiments

150 were performed at room temperature (22–238C).

151 2.5.2 | Miniature and spontaneous PSCs

152 Recordings of inhibitory or excitatory postsynaptic currents (PSCs)

153 were performed in the whole-cell configuration, in voltage-clamp

154 mode, at a holding membrane potential of Vh5–60 mV, with 3–5 MX

155 electrodes filled with a solution containing (mM) 100 CsCl, 5 1,2-bis (2-

156 aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid K (BAPTA-K), 1 lido-

157 caine N-ethyl bromide (QX314), 1 MgCl2, 10 N-(2-hydroxyethyl) piper-

158 azine-N’-(2-ethanesulfonic acid), 4 glutathione, 3 ATPMg2, 0.3 GTPNa2,

159 and 20 phosphocreatine. The holding voltage was not corrected for the

160 junction potential (< 4 mV). The intracellular recording solution was

161 titrated to pH 7.35 and had an osmolarity of 26763 mOsm. Miniature

162 IPSCs (mIPSCs) were recorded in the presence of the Na1 channel

163 blocker tetrodotoxin (TTX, 1 mM).

164 2.5.3 | Tonic GABAergic currents

165 Extrasynaptic GABAAR are characterized by the presence of a specific

166 subunit—denominated d subunit (Drasbek & Jensen, 2006). We used

167 4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-ol (THIP, or gaboxadol) to

168 specifically enhance d subunit-mediated extrasynaptic GABAAR-medi-

169 ated extrasynaptic currents, which we estimated by determining the

170 picrotoxin-induced change in holding current (Vh) following previous

171 bath-application of gaboxadol (5 mM). After recording an initial baseline,

172 THIP was first bath-applied for 10 minutes or longer, until it yielded a

173 stable condition, after which picrotoxin (100 mM) was applied on top of

174 THIP, in order to determine the tonic GABAAR-dependent component

175 of the holding current (Ih) (Banerjee et al., 2013; Drasbek & Jensen,

176 2006). For Ih normalization we calculated neuronal surface area as pro-

177 portional to the capacitance, calculated from the decay time of a 5 mV

178 pulse delivered at every acquisition sweep.

179 2.5.4 | Electrically evoked synaptic currents

180 Evoked excitatory and inhibitory PSCs (eEPSC and eIPSCs) were meas-

181 ured by delivering two electric stimuli (� 200 ms, 0–100 mA) 200 ms

182 apart every 12 s with an isolation unit (A360 WPI, Sarasota FL),

183 through a glass stimulation pipette using a monopolar electrode filled

184 with ACSF and placed at 150–200 mm away from the recording elec-

185 trode with an isolation unit, through a glass stimulation monopolar

186 electrode filled with ACSF. The responses were monitored at different

187 stimulation intensities prior to baseline recording.

188 2.5.4.1 | Excitatory-inhibitory synaptic ratio

189 In order to determine inhibitory and excitatory currents within a single

190 cell we used a low-Cl- containing intracellular solution where CsCl was

191 lowered to 10 mM, and the remainder 90 mM was substituted with K1

192 gluconate, resulting in a theoretical reversal potential for Cl- of approxi-

193mately 265 mV, similar to a procedure previously described (Garcia-

194Oscos et al., 2012). The holding voltage was corrected for the junction

195potential (Voffset � 9 mV). The intracellular recording solutions were

196titrated to pH 7.3 and had an osmolarity of approximately 270 mOsm.

197Reversal potential for postsynaptic currents were evaluated deter-

198mining current–voltage (I–V) relationships for the evoked postsynaptic

199current (peak amplitude of 10 events at each holding potential Vh in

200the range from Vh5290 mV up to Vh 5160 mV). Evoked IPSCs

201reversed polarity close to the theoretical reversal potential of 265 mV

202(-6462 mV, n53), while evoked EPSCs reversed at Vexc510.563

203mV (n53).

2042.5.4.2 | AMPAR- vs.NMDAR-mediated ratio

205We also used patch-clamp recording for measuring the ratio between

206N-methyl-D-aspartate-receptor-mediated currents (INMDA) and alpha-

207amino-3-hydroxy-5-methyl-4-isoxazolepropionic-acid-receptor-

208mediated currents (IAMPA), similar to previous work (Dufour, Liu, Gusev,

209Alkon, & Atzori, 2006). Briefly, the control solution contained bicucul-

210line methachloride (10 lM) for blocking GABAAR-mediated currents.

211Postsynaptic currents were recorded with 3–5 MX electrodes using a

212solution containing the following (in mM): 100 CsOH, 100 gluconic

213acid, 5 1,2-bis(2-aminophenoxy)ethane-N, N,N0,N0-tetraacetic acid K

214(BAPTA-K), 1 lidocaine N-ethyl bromide (QX314), 1 MgCl2, 10 N-(2-

215hydroxyethyl)piperazineN0-(2-ethanesulfonic acid) (HEPES), 4 glutathi-

216one, 1.5 ATPMg2, 0.3 GTPNa2. Electrically evoked EPSC were meas-

217ured by delivering two electric stimuli (200 ls, 10–50 lA). IAMPA were

218recorded at a holding potential Vr5260 mV and measured at their

219peak. INMDA were recorded in the same cell at Vr5160 mV in order to

220remove the Mg21 block at NMDA receptors. INMDA amplitude meas-

221ured at a latency of 45 ms after the electric stimulation for minimizing

222the possible contamination by IAMPA. The stability of the recording was

223assessed by measuring IAMPA both prior and subsequent to the mea-

224surement of INMDA. Only recordings in which IAMPA measured before

225and after INMDA differed by<20% were considered.

2262.6. | PTZ-evoked seizures

2272.6.1 | Assessment of the optimal convulsive dose

228We prepared Pentylenetetrazole (Sigma) at a concentration of 2.5 mg/

229ml in saline buffer (NaCl 0.9%). A pilot test was performed to deter-

230mine the concentration to use, testing concentrations in ascending

231order 25, 50, 75, and 100 mg/kg, injected intraperitoneally into mice of

232the C57BL/6 strain (n53 each dose). No effects were observed at

23325 mg/kg, while at 50 mg/kg all three animals showed and survived an

234epileptic event, and all animals injected with a dose�75 mg/kg died

235following the seizure. To assess the severity of convulsions we used a

236standard Racine test, consisting in the following scale: stage 0—normal

237behavior; stage 1—hypoactivity, immobility; stage 2—rigidity, whisker

238twitching; stage 3—reared, rigid posture, some automatisms (e.g., fore-

239limb pawing, head bobbing, tail whipping); stage 4—intermittent rearing

240and falling with forelimb/jaw clonus, stage 5—continuous rearing and

241falling>30 s or continuous jumping (popcorning); stage 6—generalized

242tonic-clonic seizures with whole body convulsions (Getova &
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243 Mihaylova, 2011). For each 5-minute interval the highest seizure stage

244 reached was recorded. We quantified the effects of the PTZ i.p. injec-

245 tions of 40, 50, and 60 mg/kg in terms seizure latency (defined as the

246 duration of the interval between the PTZ injection and the behavioral

247 entry to stage 1), start (time interval between PTZ injection and the

248 actual seizure onset), number of turns, and duration of the event

249 (n53). None of the parameters significantly differed for different con-

250 centrations, except for the event latency, which was substantially

251 shorter for 50 mg/kg compared to lower doses, presented a small var-

252 iance, and was therefore used for all subsequent experiments.

253 2.6.2 | Procedure

254 Eleven mice WT (5 female, 6 male) and 12 TG (6 female, 6 male) 2.5

255 months old were administered intraperitoneally a concentration of

256 50 mg/kg, placed in a sand wall transparent open field and video docu-

257 mented in video behavior of each animal for 60 minutes while taking a

258 video with a web camera. Later on, recordings of each PTZ administra-

259 tion was analyzed off-line for determination of the four parameters

260 described in the previous section (latency, start, severity, and duration).

261 2.7 | Statistical analysis

262 In patch-clamp experiments we defined a statistically stable period as a

263 time interval (5–8 minutes) along which the mean amplitude of IPSC

264 measured during any 1-minutes assessment did not vary according to an

265 unpaired Student’s t test. Miniature and spontaneous events were ana-

266 lyzed with the Clampfit software (pClamp 10, Molecular Devices/Axon,

267 Foster City, CA), and MiniAnalysis (Synaptosoft, NJ, US). The minimum

268 number of events considered per each condition was>200. In the anal-

269 ysis of miniature and spontaneous postsynaptic currents, only single

270 events were considered for kinetic analysis. Detection threshold for min-

271 iature and spontaneous events was set at � 150% of the standard devi-

272 ation of the noise (typical noise � 4–5 pA, threshold � 7–8 pA).

273 All data are expressed as mean6 standard error of the mean. Pair

274 pulse ratio (PPR) was calculated by dividing the mean of the second

275 response by the mean the first response for each individual trace and

276 then averaged (Atzori et al., 2005). Differences were assessed by com-

277 paring the same parameter with unpaired Student’s t test. Data are

278 reported as significantly different only if p<0.05 (*).

279 3 | RESULTS

280 3.1 | Glutamatergic currents

281 We examined frequency, amplitude, rise-time, and decay-time of action

282 potential-independent miniature excitatory synaptic currents (mEPSCs)

283 in the presence of tetrodotoxin (TTX, 1 mM) as well as of spontaneous

284 excitatory synaptic currents (sEPSCs) in the absence of TTX. We found

285 that the frequency of both mEPSCs and of sEPSCs was larger in TG vs.

286 WT animals (representative traces in FigureF1 1A, B for mEPSCs, and in

287 Figure 1G, H for sEPSCs, mean in Figure 1C, I for mEPSCs and sEPSCs,

288 respectively). None of the other parameters measured significantly dif-

289 fered between TG and WT animals (mean mEPSC amplitude, rise-, and

290decay-times in Figure 1D–F, for mEPSCs, and in Figure 1J–L, for

291sEPSC, respectively). These results suggest that TG animals may display

292a higher excitability.

2933.2 | Inhibitory currents

294We sought for possible differences between TG and WT animals in

295action potential-independent (miniature) inhibitory postsynaptic cur-

296rents (mIPSCs, in TTX) and spontaneous inhibitory postsynaptic cur-

297rents (sIPSCs). No differences were detected in mIPSC frequency,

298amplitude, rise-, or decay-time (representative traces in Figure F22A,B,

299mean frequency Figure 2C, mean amplitude Figure 2D, mean rise- and

300decay-times in Figure 2E, F). Likewise, no differences were present in

301sIPSC frequency, amplitude, rise-, or decay-time (representative traces

302in Figure 2G, H, mean frequency Figure 2I, mean amplitude Figure 2L,

303mean rise- and decay-times in Figure 2M, N).

304In an attempt to determine possible differences between extrasy-

305naptic tonic g-amino butyric acid (GABA)-ergic currents we used a

306standard technique consisting in first enhancing with THIP (5 mM) the

307currents mediated by GABAARs containing the d subunit—peculiar of

308extrasynaptic GABAARs—and then blocking the enhanced tonic cur-

309rents with the GABAAR blocker picrotoxin (100 mM) or bicuculline

310methiodide (20 mM, Figure 2O) still in the presence of THIP. The tonic

311component of GABAAR-mediated current (Itonic) was calculated as

312THIP-induced increase in the holding current Ih (Figure 2O, mean in

313Figure 2P), and Itonic5 Ih(ctr) – Ih(PTX), the difference between the

314THIP-enhanced Ih and the Ih remaining after picrotoxin or bicuculline

315block (see Figure 2O, mean in Figure 2Q). No differences were

316detected between TG and WT in Itonic (n512 WT and 14 TG, n.s.) or

317in the THIP-induced Ih enhancement. Statistical significance of the

318measurement was not affected by normalization of the current to neu-

319ronal surface (see the Methods section) for either measurement (Figure

3202R, S, respectively).

3213.3 | Evoked synaptic currents

322The ratio between excitatory and inhibitory synaptic currents is an

323important parameter of neuronal sensitivity. By using a low Cl- intracel-

324lular solution and recording glutamatergic currents mediated by amino-

325propionic acid receptors (AMPARs) or GABAARs at two different hold-

326ing potentials (see the Methods section), as in previous work (Garcia-

327Oscos et al., 2012), we were able to measure the excitatory-to-

328inhibitory synaptic ratio (IAMPA/IGABA) within the same cell (representa-

329tive traces in Figure F33A, B, for WT and TG animals, respectively. No dif-

330ferences between WT and TG animals were found in IAMPA/IGABA

331(mean IAMPA/IGABA50.5760.11 in WT, vs.0.6060.09 in TG animals,

332n.s., Figure 3C).

333Besides an AMPAR-dependent component, most glutamatergic

334synapses possess a further component dependent on the activation of

335N-methyl D-aspartate receptors (INMDA). We calculated the ratio

336IAMPA/INMDA using a solution containing the GABAAR blocker bicucul-

337line (10 mM) after measuring separately either component. IAMPA was

338determined as a peak value of the evoked EPSC at Vh5265 mV, while
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339 INMDA was determined as the late current (95 ms past the stimulation

340 artifact) at a holding potential Vh 5160 mV in order to remove the

341 voltage-dependent Mg21 block, similar to previous work (Dufour et al.,

342 2006) (representative traces are shown in Figure 3D, E for WT and TG

343 animals, respectively, for details see the Methods section). No differ-

344ence between WT and TG animals was detected in IAMPA/INMDA

345(mean: 5.861.2 in WT vs.5.861.1 in TG animals, n512 and 15,

346respectively, n.s., Figure 3F).

347The same recordings were used to calculate pair pulse ratio (PPR

348with an interpulse delay of 200 ms), rise-time, and decay time for both
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F IGURE 1 The absence of IL-6 trans-signaling increases glutamatergic synaptic frequency.(A and B) Representative traces of mEPSC in
WT and TG animals, respectively. (C, D, E, and F) Bar graphs representing the mean6 s.e.m. of the frequency, amplitude, rise- and decay-
time of mEPSC, respectively. The asterisk (*) represents statistical significance, while n.s. indicates nonsignificant differences. (G and H) Rep-
resentative traces of EPSC in WT and TG animals, respectively. (I, J, K, and L) Bar graphs representing the mean6 s.e.m. of the frequency,
amplitude, rise- and decay-time of sEPSC, respectively. The asterisk (*) represents statistical significance, while n.s. indicates nonsignificant
differences
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F IGURE 2 IL-6 trans-signaling does not affect inhibitory GABAergic currents.(A and B) Representative traces of mIPSC in WT and TG ani-
mals, respectively. (C, D, E, and F) Represent the mean6 s.e.m. of mIPSC frequency, amplitude, rise-, or decay-time. No statistical differen-
ces were detected in any of these parameters. (G and H) Representative traces of sIPSC in WT and TG animals, respectively. (I, L, M, and
N) Represent the mean6 s.e.m. of sIPSC frequency, amplitude, rise-, or decay-time. No statistical differences were detected in any of these

parameters. (O) Method for determining the amplitude of extrasynaptic GABAAR-mediated current: each dot in the time-course graph rep-
resents the resting current (Ih), measured every 12 seconds in a V-clamp recording. Bath-application of gaboxadol (THIP, 5 mM, a selective
enhancer of the specific GABAAR d subunit), increases Ih. A subsequent application of the GABAAR blocker picrotoxin or bicuculline reduces
Ih. Both the THIP-induced and the GABAR-blocker sensitive current (tonic IGABA) were measured as shown in the example. P and Q: No dif-
ferences were detected between WT and TG animals neither in the amplitude of the THIP-induced nor in tonic IGABA. (R and S) The same
data in B and C were normalized to the neuronal surface determined from neuronal decay time and input resistance measured with a 5 mV
pulse delivered in each recording. No differences between TG and WT animals were detected even after current normalization
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F IGURE 3 Effect of IL-6 trans-signaling on the ratio between electrically evoked synaptic currents and their kinetics.(A and B) Representa-
tive traces showing the GABAAR-mediated (IGABA, green) and AMPAR-mediated (IAMPA, brown) synaptic currents (measured in the same

cell) in WT (A) and in TG (B) animals. (C) Ratio IAMPA/IGABA in WT (black bar) vs. TG animals (red bar). No significant differences were
detected. (D and E) Representative traces showing the NMDAR-mediated (INMDA, blue) and AMPAR-mediated (IAMPA, red) synaptic currents
(measured in the same cell) in WT (A) and in TG (B) animals. (C) Ratio I AMPA/INMDA in WT (black bar) vs. TG animals (red bar). No significant
differences were detected. (G and H) rise- and decay times of eIPSC. TG animal’s rise times are significantly shorter compared to WT ones.
(I and J) Rise and decay times of eEPSC. No differences in eEPSC kinetic parameters were identified between TG and WT animals
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349 eIPSCs (mean in Figure 3G–I) and eEPSCSs (mean in Figure 3J–L),

350 respectively. TG animals displayed a larger PPR for both eIPSCs

351 (0.7260.02 for WT, vs.1.3760.08 for TG, n512 and 15, respec-

352 tively, p<0.05) and eIPSCs (0.9660.02 for WT, vs.1.160.05 for TG,

353 n512 and 15, respectively, p<0.05). Rise time of eIPSC was shorter

354 in TG animals compared to WT (4.160.3 for WT, vs.2.260.3,

355 p<0.05), whereas all remaining kinetic parameters of electrically

356 evoked PSCs did not change.

357 Altogether, the previous results indicate a series of differences

358 between TG and WT mice, suggesting that transgenic animals may

359 display a larger overall excitability. The results summarizing the differ-

360 ences in synaptic transmission between TG and WT are reported in

361 TableT1 1.

362 3.3.1 | Central IL-6 trans-signaling protects from PTZ-

363 induced seizures

364 In order to determine possible differences in excitability threshold we

365 compared the sensitivity to seizures in WT vs.TG animals. We used a

366 convulsion model based on the intraperitoneal injections of the

367 GABAAR antagonist pentylenetetrazole (PTZ) to induce status epilepti-

368 cus (Erdo�gan, G€olgeli, Arman, & Ersoy, 2004) in the experimental ani-

369 mals. We compared TG and WT for the severity of the PTZ-induced

370 seizures with the help of a semi-quantitative (Racine) scale evaluating

371 seizure latency, gravity, and duration of the convulsive PTZ-induced

372 episode (see the Methods section).

373 After a preliminary set of experiment in WT animals, in which the

374 injection of 25 mg/kg of PTZ (n53) did not cause any effect, 50 mg/

375 kg did induce measurable effects (n53), while injections of 75 mg/kg

376 induced death (n53), we further refined the search of the optimal con-

377 centration to perform the final form of the experiments, by testing the

378 effects of the doses of 40, 50, and 60 mg/kg on the characteristics of a

379convulsive episode following the i.p. administration of PTZ. While start,

380severity, and duration of the epileptic events did not display significant

381differences among the three PTZ doses, the latency showed a clear

382trend toward shorter intervals (n56, data not shown), prompting at

38350 mg/kg as the lowest dose eliciting a short-delay convulsion, concen-

384tration which was chosen for the next phase experiment.

385The latency and start of the PTZ-induced events were not signifi-

386cantly different between WT and TG animals (Figure F44A, B), although a

387tendency to shorter intervals was present (n510 WT animals and

388n511 TG animals). On the contrary, the severity and duration of the

389PTZ-induced events were larger for TG animals (Figure 4C: 1.4560.22

390arbitraryunits WT vs.2.6260.47 a.u. TG; Figure 4D, 0.5960.27

391minutes WT vs.1.7860.84 minutes TG, same sample as Figure 4A, B).

3924 | DISCUSSION

393In previous work by us and others (Atzori et al., 2012; Kawasaki et al.,

3942008) it was found that acute administration of IL-6 reduces the ampli-

395tude of GABAergic synaptic currents, with scant or no effect on excita-

396tory currents. Furthermore, we showed that LPS injections also

397decrease GABAergic signaling in an IL-6-dependent fashion, leading us

398to hypothesize that IL-6 plays a critical role in changes of the

399excitatory-to-inhibitory ratio brought about by stress. In the present

400investigation we aimed to identify differences in basal synaptic trans-

401mission between WT and the TG animals.

402By comparing WT animals with genetically modified mice in which

403central IL-6 trans-signaling was blocked, we showed in this study for

404the first time that central IL-6 trans-signaling modulates basal synaptic

405transmission as well as seizure excitability.

406The increase in both mEPSC and sEPSC frequency suggests that

407the presynaptic component of excitatory synapses undergo an

TABLE 1 Summary of the synaptic properties of GFAP-sgp130Fc vs.WT C57BL/6 mice (TG vs.WT)

GABAergic transmission change Glutamatergic transmission change ratios change

mIPSC amplitude 0 mEPSC amplitude 0 IAMPA

IGABA
0

frequency 0 frequency " IAMPA

INMDA

0

rise time 0 rise time 0

decay time 0 decay time 0

sIPSC amplitude 0 sEPSC amplitude 0

frequency 0 frequency "

rise time 0 rise time 0

decay time 0 decay time 0

eIPSC PPR " eEPSC PPR "

rise time # rise time 0

decay time 0 decay time 0

extrasynaptic THIP-induc. 0

picrot.-sens. 0
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408 enhanced development in TG vs.WT animals, possibly ending up with

409 an enhanced presynaptic function or even with a larger number of exci-

410 tatory synapses in the TG animal compared to the WT one. Given the

411 postsynaptic nature of the negative effect of IL-6 on GABAergic trans-

412 mission (Garcia-Oscos et al., 2012), and the increased postsynaptic

413 GABAergic response observed previously in TG compared to WT ani-

414 mals (Garcia-Oscos et al., 2015)—further supported by the shorter rise-

415 time in evoked IPSCs—we considered the possibility that IL-6 trans-sig-

416 naling affected the basal levels of GABAergic currents. Yet, neither

417 mIPSCs, sIPSC, nor THIP-sensitive or the picrotoxin-sensitive compo-

418 nents of tonic GABAergic currents displayed any significant difference,

419 before or after current normalization to cell surface area, suggesting

420 that block of IL-6 trans-signaling during development does not alter

421 basal synaptic inhibition.

422 Changes in pair pulse ratio of electrically evoked synaptic signals

423 corroborate the hypothesis that IL-6 trans-signaling modulates action

424 potential-dependent release in both excitatory and inhibitory synapses,

425 possibly by affecting cellular conductances involved in the action

426 potential.

427We also considered the possibility that the ratio between synaptic

428excitation and inhibition, and/or the proportion between AMPAR- and

429NMDAR-mediated glutamatergic synaptic currents—two parameters

430critical for neuronal excitability and plasticity—were modulated by IL-6

431trans-signaling. Measurement of either by standard methods (Dufour

432et al., 2006; Garcia-Oscos et al., 2012) did not reveal any significant dif-

433ference in either parameter, suggesting that whichever synaptic change

434is associated with an absent IL-6 trans-signaling, both the synaptic bal-

435ance between excitation and inhibition and the gross proportion

436between AMPAR- and NMDAR-mediated transmission is resettled to

437basal level, at least in the absence of any external challenge (stress).

438The differences identified in the present work do not necessarily

439reflect or are caused by the absence of IL-6 trans-signaling and the

440consequent failure to mediate acute effects of stress on synaptic trans-

441mission (in TG animals). In fact, the differences that we detected may

442rather be caused by the (yet unknown) long-term effects of basal IL-6

443trans-signaling on glutamatergic synaptic transmission associated with

444either modulation of GABAergic transmission (Garcia-Oscos et al.,

4452012), direct neurotrophic effects of IL-6 on the cortical (excitatory

C
O
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R

F IGURE 4 The absence of IL-6 trans-signaling worsens PTZ-induced seizures.(A) Convulsion beginning (latency, A), (B) time of the appear-
ance of behavioral effects like mouth and facial contractions (start), (C) convulsion score in the Racine Scale (severity), (D) convulsion dura-

tion (duration) of the convulsive episode (PTZ at 50 mg/kg). TG mice do not display latencies or start time significantly different from WT
animals after PTZ injections (Figure 2A, B), but do show increased severity (Figure 2C) and duration (Figure 2D) of the epileptic episode
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446 and/or inhibitory) circuitry (Levin & Godukhin, 2017), or even by indi-

447 rect, glia-mediated neurotrophic effects (Parish et al., 2002).

448 While the present electrophysiological results suggest that the

449 absence of IL-6 trans-signaling during development—and possibly

450 throughout the animal life—elicits mostly higher levels of spontaneous

451 (action potential-independent as well as action potential-dependent)

452 excitatory activity, without altering either the excitatory-inhibitory syn-

453 aptic ratio nor the ratio between AMPAR-mediated and NMDAR-

454 mediated signaling (calculated from single cell electrically evoked cur-

455 rents), it is not immediately obvious whether chronic IL-6 trans-signal-

456 ing block would be associated with an altered overall excitability of the

457 overall system. We chose to measure PTZ-induced seizure sensitivity

458 because of the short latency of the Test (1–2 minutes), eliciting a

459 response from an organism which did not have the time to undergo

460 longer-term biochemical alterations, different from the LPS challenge,

461 which occurs about 4 hours after intraperitoneal injections.

462 The increased sensitivity of TG animals to PTZ-induced seizures

463 clearly indicates that TG animals are more excitable compared to WT

464 ones, suggesting that IL-6 trans-signaling exerts an overall inhibitory

465 effect on basal excitability. These data are in line with an enhanced

466 basal excitability suggested by the increase EPSC frequency in the PFC

467 recordings, corroborated by previous results (Benedict et al., 2009;

468 Braun et al., 2013; Oyanedel et al., 2015), and are consistent with the

469 anecdotal observation of increase excitability and aggression within

470 and between TG animals.

471 Given that the IL-6/IL-6 R transducer gp130 belongs to the family

472 of membrane tyrosine kinases similar to neuronal growth factor which

473 includes nerve growth factor (NGF), neurotrophin 3 and 4 (NT3 and

474 NT4) and BDNF, it is remarkable that an impaired or absent IL-6 trans-

475 signaling affected excitatory synapses in a similar way to BDNF (Wu

476 et al., 2004), while at the same time enhancing also inhibitory transmis-

477 sion (Bardoni, Ghiri, Salio, Prandini, & Merighi, 2007), tempting the

478 speculation that IL-6 and BDNF may play complementary roles in the

479 development and/or synaptic stabilization of inhibitory synapses.

480 5 | CONCLUSIONS

481 The present work suggests that IL-6 trans-signaling does modulate

482 basal excitatory as well as—to a lesser extent—inhibitory synaptic trans-

483 mission. While the changes in mIPSC rise-time, together with the

484 increased level of I/O eISPC currents (Garcia-Oscos et al., 2015) sug-

485 gest the influence of IL-6 trans-signaling on a postsynaptic component

486 of inhibitory synaptic transmission, in agreement with a working

487 hypothesis formulated previously (Atzori et al., 2012; Garcia-Oscos

488 et al., 2012), the change in eIPSC PPR may indicate an additional pre-

489 synaptic component, not necessarily associated with intrasynaptic

490 mechanisms of GABA release, but rather with a modulation of action-

491 potential dependent GABAergic interneurons or other cellular

492 mechanisms.

493 Further work will be necessary to assess the role of IL-6 trans-sig-

494 naling in stress-induced plasticity of neuronal synaptic networks. A spe-

495 cial care should be used to extrapolate long- from short-term effects of

496IL-6, given that different temporal patterns of cytokine release associ-

497ated parallel physiological, emotional, or cognitive stressors may bring

498about different—possibly opposite (adaptative or maladaptative)—

499response to stress.
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644 Inflammation does not only affect immune processes but also brain function, in an unknown

645 manner. The proinflammatory cytokine interleukin-6 acts in the brain mainly through a mecha-

646 nism denominated trans-signaling. Synaptic and behavioral excitability were increased in a

647 transgenic model lacking interleukin 6 trans-signaling specifically in the brain.
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