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Abstract 29 

Traumatic brain injury (TBI) causes cellular and molecular alterations that contribute to 30 

neuropsychiatric disease and epilepsy. GABAergic dysfunction figures prominently in the 31 

pathophysiology of TBI, yet the effects of TBI on tonic inhibition in hippocampus remain uncertain. We 32 

used a mouse model of severe TBI (controlled cortical impact, CCI) to investigate GABAergic signaling 33 

in dentate gyrus granule cells (DGGCs). Basal tonic GABA currents were not affected by CCI. However, 34 

tonic currents induced by the δ subunit-selective GABAA receptor agonist THIP (10 µM) were reduced by 35 

44% in DGGCs ipsilateral to CCI (CCI-ipsi), but not in contralateral DGGCs. Reduced THIP currents 36 

were apparent 1 week after injury and persisted up to 15 weeks. The frequency of spontaneous inhibitory 37 

postsynaptic currents (sIPSCs) was reduced in CCI-ipsi cells, but the amplitude and kinetics of sIPSCs 38 

were unaffected. Immunohistochemical analysis showed reduced expression of GABAA receptor δ 39 

subunits and GABAB receptor B2 subunits after CCI, by 43% and 40%, respectively. Activation of 40 

postsynaptic GABAB receptors caused a 2-fold increase in tonic currents, and this effect was markedly 41 

attenuated in CCI-ipsi cells (92% reduction). GABAB receptor-activated K+ currents in DGGCs were also 42 

significantly reduced in CCI-ipsi cells, confirming a functional deficit of GABAB receptors after CCI. 43 

Results indicate broad disruption of GABAergic signaling in DGGCs after CCI, with deficits in both 44 

phasic and tonic inhibition and GABAB receptor function. These changes are predicted to disrupt 45 

operation of hippocampal networks and contribute to sequelae of severe TBI, including epilepsy.  46 

  47 
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Significance statement  48 

Traumatic brain injury (TBI) causes cellular and molecular changes that contribute to the clinical 49 

sequelae of TBI, including epilepsy, cognitive deficits, and mood disorders. Improved understanding of 50 

these cellular and molecular changes will inform therapeutic approaches to potentially disrupt 51 

epileptogenesis and treat symptoms. We investigated changes in GABAergic signaling of dentate gyrus 52 

granule cells (DGGCs) in a preclinical model of severe TBI (controlled cortical impact) and identified 53 

early and persistent deficits in expression and function of both synaptic and extrasynaptic GABAA 54 

receptors and GABAB receptors. These broad changes in GABAergic signaling will alter function of 55 

DGGCs and are predicted to perturb hippocampal networks and contribute to epileptogenesis and 56 

cognitive deficits after TBI.  57 

58 
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Introduction 59 

Traumatic brain injury (TBI) unleashes a cascade of cellular, molecular, and network changes 60 

that contribute to brain dysfunction after TBI, including cognitive deficits, mood/behavioral disorders, 61 

and seizures (Perry et al. 2016).  Severe TBI is a potent risk factor for epilepsy; up to 50% of individuals 62 

with a penetrating head injury develop posttraumatic epilepsy (PTE) (Annegers et al. 1998; Garga and 63 

Lowenstein 2006). Dysfunction of signaling by the inhibitory neurotransmitter GABA is believed to 64 

importantly contribute to epileptogenesis after TBI (Guerriero et al. 2015; Hunt et al. 2013).  65 

GABA acts via distinct receptor subtypes to influence essentially every physiological and 66 

pathophysiological process in the brain. GABAA receptors containing � subunits cluster at synaptic 67 

connections and are transiently activated by vesicular GABA release to cause synaptic or phasic 68 

inhibition. In many areas of brain, high-affinity extrasynaptic GABAA receptors, containing either �5 or δ 69 

subunits, produce a tonic form of inhibition with distinct temporal and spatial characteristics compared to 70 

synaptic inhibition (Farrant and Nusser 2005). In addition to activation by ambient GABA concentration, 71 

estimated to be in the range of 90-200 nM (Santhakumar et al. 2006), extrasynaptic GABAA receptors are 72 

believed to undergo agonist-independent, spontaneous channel openings that support tonic inhibition 73 

(Belelli et al. 2009; Patel et al. 2016). GABA also activates GABAB receptors, which are G-protein 74 

coupled receptors (GPCRs) present on both pre- and postsynaptic cells (Padgett and Slesinger 2010). 75 

GABAB receptors produce intracellular signal transduction and multiple effects, including reduction of 76 

cAMP/PKA activity, presynaptic inhibition of vesicular GABA release (Otis et al. 1993), and direct 77 

activation of K+ channels (Isaacson et al. 1993).  78 

Tonic inhibition is of particular interest in regard to TBI and PTE. Clinical experience and 79 

experimental data indicate that both excessive or deficient levels of tonic inhibition, caused by altered 80 

GABA transporter expression/function or fluctuating neurosteroid levels, can exacerbate seizures and 81 

epilepsy (Cope et al. 2009; Koepp et al. 2005; Maguire et al. 2005). Additionally, tonic inhibition is 82 

increased after experimental stroke and pharmacological or genetic correction of this increase is 83 
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associated with improved motor recovery (Clarkson et al. 2011). These results highlight the importance of 84 

appropriate regulation of tonic inhibition for normal brain function and to mitigate pathology. Tonic 85 

inhibition is regulated over short time frames (seconds to minutes) by vesicular GABA release, dynamic 86 

GABA transporter function, voltage-dependent properties of GABAA receptors, and the actions of GPCRs 87 

(Connelly et al. 2013a; Glykys and Mody 2007; Ransom et al. 2013; Ransom et al. 2010). GABAB 88 

receptors potentiate tonic inhibition in several cell types, including dentate gyrus granule cells (DGGCs), 89 

cerebellar granule cells, interneurons, and thalamocortical neurons (Connelly et al. 2013b; Tao et al. 90 

2013). This effect is mediated by postsynaptic GABAB receptors and δ subunit-containing extrasynaptic 91 

GABAA receptors and provides a link between GABAergic signaling at distinct receptor subtypes. In 92 

DGGCs, GABAB receptors and δ subunit-containing extrasynaptic GABAA receptors are both localized to 93 

perisynaptic/extrasynaptic portions of membranes (Kulik et al. 2003; Wei et al. 2003) 94 

Published data supports GABAergic dysfunction after TBI. TBI causes a loss of GABAergic 95 

interneurons and reduced synaptic inhibition, which promotes hippocampal excitability (Huusko et al. 96 

2015). Expression of many GABAA and GABAB receptor subunits in hippocampus are affected by TBI 97 

(mRNA and protein levels), including GABAA receptor subunits believed to be involved in tonic 98 

inhibition (�4 and δ subunits) (Drexel et al. 2015; Kharlamov et al. 2011; Raible et al. 2012).  Tonic 99 

inhibition in DGGCs is also affected by experimental TBI but the reported results are variable with 100 

descriptions of enhanced, reduced, or unchanged tonic GABA currents after TBI (Boychuk et al. 2016; 101 

Gupta et al. 2012; Mtchedlishvili et al. 2010; Pavlov et al. 2011). This variability may relate in part to 102 

different TBI models, severity of injury, and timing and location of measurements after injury (i.e. 103 

ipsilateral vs. contralateral hippocampus). Improved understanding of changes in GABAergic function 104 

after TBI is essential to critically assess mechanisms causing these changes and the role(s) of altered 105 

GABAergic signaling in epileptogenesis and the complex pathophysiology of TBI (Glushakov et al. 106 

2016; Hunt et al. 2013).  107 
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We investigated the effects of CCI on GABAergic function of DGGCs in acute brain slices. Our 108 

results indicate early and persistent deficits in tonic inhibition after CCI, effects that were restricted to 109 

ipsilateral hippocampus. In addition, the function of synaptic GABAA receptors and GABAB receptors 110 

was reduced by CCI. These results indicate that GABAergic signaling in DGGCs is broadly affected by 111 

CCI. Altered function of GABAA and GABAB receptors are predicted to contribute to hyperexcitability of 112 

DGGCs/hippocampal networks and behavioral consequences of TBI.  113 

 114 

115 
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Materials and Methods 116 

Animals. Male C57 BL/6 mice were assigned to control or TBI groups. Electrophysiological and 117 

immunohistochemical assessments were performed at various time points after CCI; different groups of 118 

animals were used for experiments at three days, one week, two weeks, one month, and two months after 119 

injury. Animals were group housed and all protocols and procedures were approved by local IACUC.  120 

Controlled Cortical Impact (CCI). Mice aged 5-6 weeks were deeply anesthetized with inhaled isoflurane 121 

and placed in an electromagnetic cortical impactor system (ImpactOne device, Leica). Animal 122 

temperature was monitored and maintained during the procedure and post-surgery. A surgical window 123 

was opened over the scalp midline and a 3 mm craniotomy was performed over the right parietal cortex 124 

without disrupting the dura. CCI group received head trauma with impacts delivered over 50 ms with a 2 125 

mm rounded metal tip at a velocity of 3.5 m/s to generate a 1 mm deformation in the cortical surface. 126 

After CCI, the injury was sealed with dental cement and animals observed until recovery. Sham group 127 

received craniotomy but did not receive impact. Animal weights, behavior, and wounds were followed 128 

daily for the following three days to evaluate recovery; all animals survived this procedure, a single 129 

animal required euthanasia because of wound dehiscence.  130 

Brain slice preparation. Animals were deeply anesthetized with 4% inhaled isoflurane then decapitated 131 

and brain dissected free from the skull. Brains were placed in ice-cold cutting solution with the following 132 

composition (in mM): 125 NaCl, 3 KCl, 26 NaHCo3, 1.2 NaH2PO4, 0.5 CaCl2, 4 MgCl2, 20 dextrose, and 133 

1 kynurenic acid (osmolarity adjusted to 310 +/- 5 mOsm). Solutions were continuously gassed with 95% 134 

O2 / 5% CO2. Transverse slices of hippocampus (300 μm thickness) were cut with a vibratome (Leica, 135 

VT1200) in ice-cold cutting solution and then incubated in cutting solution for at least one hour at room 136 

temperature prior to experiments.  137 

Electrophysiology. Acute hippocampal brain slices were placed in a custom recording chamber with a 138 

volume of ~3 ml and continuously superfused at a rate of 2-3 ml/min with a bath solution containing (in 139 
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mM): 134 NaCl, 3 KCl, 26 NaHCO3, 1.4 NaH2PO4, 2 CaCl2, 2 MgCl2, 10 dextrose and 1 kynurenic acid 140 

that was continuously gassed with 95% O2 / 5% CO2 to achieve a pH of 7.4. Bath solution osmolarity was 141 

adjusted to 295 +/- 5 mOsm. DGGCs were visualized with an upright microscope using DIC/infrared 142 

optics (Slice Scope Pro2000, Scientifica). Whole-cell patch clamp techniques were used to digitally 143 

record membrane currents using a Multiclamp 700B amplifier, Axon Digidata 1550b A-D converter, and 144 

pClamp10 software (Molecular Devices). Data was recorded at 5-10 kHz and low-pass filtered at 1-2 145 

kHz. Series resistance was monitored throughout experiments and compensated by 50%, recordings with 146 

a series resistance greater than 20 MΩ or that had >25% change in series resistance were not considered 147 

for analysis. Micropipettes were produced from thin-walled borosilicate glass with filament using a 148 

micropipette puller (P-97 Sutter). Pipettes had resistances of 5 – 9 MΩ when filled with a solution 149 

designed to isolate GABAA receptor currents that contained (in mM): 130 CsCl, 10 EGTA, 10 HEPES, 10 150 

QX-314 chloride, 4 NaCl, 0.5 Na2GTP, 4 Mg-ATP, with adjusted pH 7.25 with CsOH. Osmolarity was 151 

adjusted to 280 +/- 5 mOsm. When assessing K+ currents a K-gluconate internal solution was used, 152 

containing (in mM): 125 K-gluconate, 10 KCl, 1 EGTA, 10 HEPES, 4 NaCl, 0.5 Na2GTP, 4 Mg-ATP, 153 

with adjusted pH 7.25 with KOH. Kynurenic acid (1 mM) was included in bath solution to block 154 

ionotropic glutamate receptors for all patch clamp experiments. Membrane currents were measured at -70 155 

mV or -110 mV (for K+ currents). All experiments were performed at 32-34ºC.  156 

Drug administration. Tonic GABA currents were measured by focal application of the GABAA receptor 157 

antagonist bicuculline methiodide (40 μM). Focal application was made by pressure ejection (Picospritzer 158 

III, Parker Hannifin) from a micropipette positioned above the tissue surface approximately 50 μm from 159 

the recorded cell and triggered by acquisition software, typically with 2 s duration pulses delivered every 160 

2 minutes (5-10 psi). Effects from the small volume of bicuculline released during focal pressure ejection 161 

resolved within 60 seconds. Other drugs were bath applied via bulk bath solution. Activation of GABAA 162 

receptors containing δ subunits was accomplished by application of the agonist 4,5,6,7-163 

tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP) at the following concentrations (in μM) 0.3, 1, 3, 10 and 164 
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30. GABAB induced tonic current changes were assessed by application of GABAB receptor agonist 165 

baclofen (10 μM) and GABAB receptor antagonist CGP55845 (10 μM). When assessing GABAB receptor 166 

effect through Gi/o, Guanosine 5’-O-(2-thiodiphosphate) (GDP-β-s) (0.5 mM) was used in the intracellular 167 

solution. Baclofen (100 µM) was focally-applied via pressure ejection for measurements of GABAB 168 

receptor activated K+ currents. Chemicals were purchased from Sigma and Tocris.  169 

Immunohistochemistry. Expression levels of GABAA receptor δ subunits and GABAB receptor B2 170 

subunits were assessed by immunohistochemistry (IHC) (Schneider Gasser et al. 2006). For 171 

immunohistochemical experiments, brains were fixed via cardiac perfusion (perfused with 20 ml PBS 172 

with 1000 units heparin and then 35-50 ml paraformaldehyde). Brains were fixed overnight in 10% 173 

formalin and then stored in 30% sucrose at 4oC until ready to cryosection. Brain slices (50 μm thick) were 174 

cut with a cryostat and conditioned with 1 M phosphate-buffered saline (PBS) (4x 20 minutes). Tissue 175 

was permeabilized by incubating in PBS containing 0.25% Triton and 0.01% sodium acetate (1 hour) and 176 

then rinsed with PBS containing 0.1% Triton (PBST) (3x 5 minutes). Antigen retrieval for GABAA 177 

receptor δ subunits, NEUN, and GFAP was accomplished in PBS with 10 mM sodium citrate titrated to 178 

pH 6 at 80 °C (1x 30 minutes) and slices were stored in blocking buffer overnight at 4oC (PBS containing 179 

2% BSA, 2% donkey serum, 0.25% triton). Antigen retrieval for GABAB receptor B2 subunits was 180 

accomplished in PBS with 0.05% triton at 50oC (30 minutes) and then slices stored in blocking buffer 181 

(same as above but with 0.25% triton). Slices were incubated with primary antibodies overnight at 4oC 182 

[anti-GABAAR δ Rb polyclonal diluted 1:3000 (R&D Systems, Cat: PPS090B); anti-GABABR β2 goat 183 

polyclonal diluted to 5 μl / ml (R&D Systems, Cat: AF1188); anti-NEUN rabbit polyclonal diluted 1:2000 184 

(Abcam, Cat: ab104225); anti-GFAP chicken polyclonal diluted 1:2000 (Millipore, Cat: AB5541)]. 185 

Primary antibody was washed with PBS containing 1% BSA, 0.25% Triton (4x 20 minutes). Slices were 186 

incubated with secondary antibodies at room temperature for 2 hours [Cy3 donkey anti-rabbit IgG 187 

(Jackson Immuno, Cat: 711-165-152) diluted 1:500 or Alexa 488 donkey anti-goat or anti-chicken IgG 188 

diluted 1:2000 (Jackson Immuno, Cat: 705-545-147 and Cat: 703-545-155m respectively)]. Tissue was 189 



 

 10 

reconditioned by washing with PBST (3x 5 minutes) before staining with Fluoromount-G with DAPI 190 

(Invitrogen) and mounting on glass slides. Brain slices were imaged using an upright microscope (Eclipse 191 

Ni-E, Nikon). Tiled fluorescent images of the hippocampus were acquired using NIS-Elements software 192 

at 40X magnification using 390 nm light for DAPI, 488 nm for Alexa and 560 nm light for Cy3. 193 

Analysis. Electrophysiological recordings were analyzed with Clampfit (pClamp v10.6) and Origin 194 

(Microcal) software. Tonic GABA currents were measured as the change in mean holding current induced 195 

by the GABAA receptor antagonist bicuculline. Histograms of current were constructed at baseline and at 196 

peak of bicuculline response and fit with a Gaussian function using Levenberg-Marquardt algorithm 197 

provided in Clampfit; the central moment of the Gaussian distribution defined mean holding current. 198 

Dose-response data in Fig. 3C were fit with a Hill equation of the form: 199 

I = Imax * [THIP]n / EC50
n * [THIP]n 200 

where Imax is peak current, EC50 is half-maximal effective concentration of THIP, and n is Hill coefficient. 201 

Spontaneous IPSCs (sIPSCs) were detected as negative-going events and sIPSC parameters (frequency, 202 

amplitude, rise/decay times) were quantified using a template matching function in Clampfit. 203 

Immunohistochemical images were analyzed using ImageJ (v1.48d). Dentate gyrus granule cell layer 204 

(GCL), molecular layer (ML), and hilus were delineated on a DAPI-stained, paired image and set as 205 

region of interest (ROI). The mean grey scale value of ROI was determined from individual sections 206 

(background-subtracted) and recorded as the intensity of antibody staining for GABAA receptor δ 207 

subunits and GABAB receptor B2 subunits. Group data are presented as mean and standard error of the 208 

mean (SEM) and statistical comparisons were made using either a one-way or two-way ANOVA and 209 

two-tailed, unpaired t-test included in software packages (Origin, Microsoft Excel), with a p-value <0.05 210 

considered significant. Results 211 

Histological effects of CCI model 212 
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 CCI creates a direct and visible injury to the cortical surface but our focus is on CCI-related 213 

changes in the hippocampus, which is not directly affected by CCI. To assess the effects of our CCI 214 

model on neuronal survival and neuroinflammation/astrogliosis in the hippocampus we performed 215 

immunohistochemical staining for the neuronal marker NEUN and GFAP at 4 weeks after injury (Fig. 1). 216 

Qualitative assessment of these immunohistochemical images indicate preservation of neurons targeted 217 

for whole-cell recordings in dentate gyrus, in hippocampus both contralateral and ipsilateral to CCI. We 218 

did not quantify NEUN+ cell numbers but loss of neurons in area CA3 was visibly-appreciable in 219 

ipsilateral hippocampus in all slices examined from CCI-treated animals (n = 4 animals); this loss of CA3 220 

neurons was not apparent in hippocampus contralateral to CCI (Fig. 1). GFAP staining was increased 4 221 

weeks after CCI in the ipsilateral hippocampus compared to contralateral hippocampus. These results 222 

validate histological alterations of hippocampus 4 weeks after CCI and indicate a strong laterality to these 223 

changes with evidence of persistent astrogliosis, a marker of neural injury and neuroinflammation 224 

(Colombo and Farina 2016).      225 

CCI effects on tonic GABA currents in DGGCs 226 

We measured tonic GABA currents in DGGCs of acute hippocampal brain slices from 227 

control/sham-operated animals and animals exposed to CCI. Recording conditions were designed to 228 

isolate GABAA receptor currents (CsCl pipette solution with QX-314, extracellular kynurenic acid to 229 

block glutamate receptors). Tonic GABA currents were measured as the change in mean holding current 230 

at -70 mV produced by focal pressure ejection of the GABAA receptor antagonist bicuculline (40 µM) 231 

from a micropipette positioned 30-50 µm from DGGC soma; mean holding current was determined as the 232 

center of Gaussian function fit to histograms of current data (Fig. 2A). Initial experiments were done on 233 

animals 2 weeks after CCI (i.e. 34-39 days old). Baseline tonic currents were similar between DGGCs 234 

from control animals and in DGGCs from both the contralateral and ipsilateral hippocampus of CCI-235 

treated animals (one-way ANOVA, p = 0.89; n = 4 – 8 cells) (Fig. 2A-B). However, significant 236 

differences in tonic currents were observed in the presence of the GABAA receptor δ subunit-selective 237 
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agonist THIP (10 µM) (one-way ANOVA, p<0.01). (Meera et al. 2011). CCI reduced THIP-induced tonic 238 

currents in ipsilateral hippocampus by 55% compared to control cells (control: -81.6 ± 12.2 pA vs. CCI-239 

ipsi: -36.4 ± 9.0 pA, n = 4-8 cells, p<0.01) (Figure 2A, B).  THIP-induced tonic currents were unaffected 240 

in contralateral hippocampus (CCI-contra: -70.6 ± 9.6 pA, n = 6 cells, p = 0.55) (Figure 2A, C).  241 

We next assessed the concentration-dependence for THIP activation of tonic currents for control 242 

and CCI-ipsi DGGCs. These data were collected 14-21 days after CCI from 2 separate groups of CCI-243 

treated animals. Representative recordings of tonic currents from sham and CCI-ipsi cells during bath 244 

application of THIP are illustrated in Fig. 3A, B. At concentrations of 10 µM or greater, THIP-induced 245 

tonic currents were significantly reduced in CCI-ipsi cells compared to control [10 µM THIP: -100.3 ± 246 

9.9 pA (n = 6 cells) vs. -66.0 ± 13.8 pA (n = 7) for sham/control and CCI-ipsi cells, respectively, p<0.05; 247 

30 µM THIP: -150.3 ± 29.2 pA (n = 6 cells) vs. -71.4 ± 17.7 pA (n = 7) for control and CCI-ipsi cells, 248 

respectively, p<0.01]. There was a trend for smaller tonic currents in CCI-ipsi cells with 3 µM THIP, but 249 

this was not significant (control: -59.0 ± 9.3 pA vs. CCI-ipsi: -46.3 ± 9.4 pA, n = 6 - 8 cells respectively, 250 

p = 0.35). The dose-response data was fit with a Hill equation with three degrees of freedom to yield 251 

estimated EC50 and Hill coefficient of 4.9 µM and 1.0 for control cells and 2.5 µM and 0.94 for CCI-ipsi 252 

cells, respectively (Fig. 3C). Fit comparison analysis generated an F-test value of 0.56 (p = 0.66), 253 

indicating that these fits and associated parameters are not significantly different. These results indicate 254 

deficits in THIP-sensitive extrasynaptic GABAA receptors after CCI, an effect that is manifest only at 255 

higher concentrations of THIP and is restricted to ipsilateral DGGCs ipsilateral to injury. The similar 256 

estimates of THIP affinity for tonic current activation in control and CCI-ipsi DGGCs suggests a 257 

pharmacologically-homogenous population of extrasynaptic receptors in both groups. 258 

Using additional sets of experimental animals, we investigated the time course of changes in tonic 259 

currents following CCI. To assess time-dependent changes after CCI, individual tonic current 260 

measurements are plotted as a function of age and time after CCI and  data were binned into groups <4 261 

weeks or >4 weeks after CCI for statistical comparison with age-matched controls (Fig. 4). There were no 262 
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significant changes in baseline tonic currents after CCI in either group (average time after CCI of 14.6 ± 263 

1.8 days or 59.0 ± 6.0 days), or in ensemble analysis of measurements at all time points [two-way 264 

ANOVA indicated no effect of CCI (p = 0.64) or time (p = 0.92)] (Fig. 4A,B).  Consistent with data 265 

obtained 2-3 weeks after CCI, THIP-induced (10 µM) tonic currents were significantly reduced in CCI-266 

ipsi cells within the first week of CCI and remained reduced at 2 months after CCI; ensemble analysis of 267 

tonic currents in THIP 10 µM at all time points for these groups of animals had mean values of -105.7 ± 268 

4.8 pA and -58.7 ± 4.6 pA for control (n = 18) and CCI-ipsi (n = 24) cells, respectively (two-way 269 

ANOVA, p<0.01 for CCI effect, p = 0.76 for effect of time after CCI) (Fig. 4E,F). Dose-response data 270 

obtained from animals 2-3 weeks after CCI (Fig. 3C) showed a concentration-dependence to CCI-related 271 

changes in tonic current, with significant differences between control and CCI-ipsi cells seen only at 272 

THIP concentrations of 10 µM or greater. However, tonic currents in the presence of 1 µM THIP that 273 

were recorded >4 weeks after CCI showed a significant reduction compared to age-matched controls 274 

(average time after CCI of 69.6 ± 3.6 days) (p<0.01) (Fig. 4C,D). This effect was not seen for data from 275 

cells <4 weeks after CCI (average time after CCI of 14.6 ± 1.9 days), but analysis of data at all time 276 

points with two-way ANOVA showed a significant reduction of tonic currents in the presence of THIP 1 277 

µM in CCI-ipsi DGGCs (control: -37.2 ± 3.5 pA, n = 14; CCI: -22.6 ± 2.4 pA, n = 23; p<0.01 for CCI 278 

effect). This discrepancy could relate to inter-animal variability, inter-procedural variability in CCI, or 279 

time-dependent changes in � subunit expression after CCI; our data do not suggest significant effect of 280 

time after CCI (two-way ANOVA, p = 0.28). CCI data presented in Fig. 4 was obtained from a total of 26 281 

cells in slices from 16 animals from four separate groups of CCI-treated mice. 282 

 These results indicate that alterations in THIP-sensitive, extrasynaptic GABAA receptors occur 283 

within 1 week of injury and persist for at least 8 weeks. CCI data presented in Fig. 4 was obtained from a 284 

total of 26 cells in slices from 16 animals from four separate groups of CCI-treated mice. 285 

CCI affects synaptic input to DGGCs 286 
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We examined the properties of spontaneous inhibitory postsynaptic currents (sIPSCs) in control 287 

and CCI-ipsi DGGCs (Fig. 5). DGGCs from CCI animals displayed a significant reduction in frequency 288 

of sIPSCs compared to control animals (59% reduction on average, control: 0.99 ± 0.1 Hz vs. CCI-ipsi: 289 

0.41 ± 0.07 Hz, n = 15 - 18 cells for each condition; one-way ANOVA, p < 0.01) (Fig. 5A-B, D). 290 

However, there were no significant differences of sIPSC amplitude, rise time, or decay time constant in 291 

CCI-ipsilateral DGGCs compared to control cells (Figure 5C,D). The alteration in sIPSC frequency, but 292 

not the properties of sIPSCs themselves, seen after CCI is most consistent with a presynaptic effect due to 293 

either a loss of GABAergic interneurons or an alteration of release probability (Hunt et al. 2013; Huusko 294 

et al. 2015). Our data does not distinguish between these possibilities nor other potential mechanisms. 295 

These results indicate that spontaneous synaptic inhibition of DGGCs is reduced after CCI, consistent 296 

with prior studies (Boychuk et al. 2016; Pavlov et al. 2011).  297 

Immunohistochemical analysis of GABA receptor expression after CCI  298 

The reduction of THIP-induced tonic currents after CCI suggests reduced expression of GABAA 299 

receptor δ subunits in dentate gyrus after CCI. We assessed expression of GABAA receptor δ subunits by 300 

quantifying immunofluorescence in dentate gyrus of control and CCI-treated hippocampus (2 weeks after 301 

CCI) (Schneider Gasser et al. 2006). The IHC confirmed δ subunit expression in cell body layer, 302 

molecular layer and hilar region of dentate gyrus (Fig. 6A). Quantification of signal intensity from gray-303 

scale images (normalized to region of interest area) showed a significant reduction of staining density for 304 

δ subunits in all regions of the dentate gyrus after CCI (granule cell layer, molecular layer and hilus). On 305 

average, CCI caused a 40% reduction in intensity of delta subunit staining across the entire dentate gyrus 306 

(n = 18-19 slices from 3 animals under each condition, p < 0.01) (Fig. 6B). Delta subunit staining was 307 

reduced in granule cell layer, molecular layer, and hilus by 40%, 39%, and 49%, respectively. The 308 

decrease in δ subunit staining is quantitatively similar to the 39-44% reduction in THIP-induced tonic 309 

currents aforementioned (i.e. Fig. 4D,F).  310 
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In addition to effects on receptors involved in tonic and phasic inhibition, CCI could also alter 311 

signaling via metabotropic GABAB receptors that secondarily affect tonic inhibition (Tao et al. 2013). We 312 

investigated the effects of CCI on expression of GABAB receptor B2 subunits in dentate gyrus. Staining 313 

for GABAB receptors was present in cell bodies, molecular layer and hilar region (Fig. 6C). 314 

Quantification of staining intensity for GABAB B2 subunits showed significant reduction in ipsilateral 315 

dentate gyrus after CCI. On average, CCI caused a 38% reduction in staining intensity for GABAB B2 316 

subunits across the entire dentate gyrus (n = 15-19 slices from 3 animals under each condition, p < 0.05) 317 

(Fig. 6D). GABAB B2 subunit staining was significantly reduced in granule cell layer and hilus by 58% 318 

and 46%, respectively (p<0.05).   319 

Our immunohistochemical results indicating reduced expression of GABAA and GABAB receptor 320 

subunits after CCI are consistent with prior studies using western blots and in situ hybridization (Drexel 321 

et al. 2015; Raible et al. 2012). These supportive results taken together with our electrophysiology data 322 

indicate that CCI produces broad dysfunction of GABAergic signaling in DGGCs, with altered function 323 

of receptors involved in tonic inhibition, fast and slow synaptic inhibition, and both pre- and postsynaptic 324 

modulatory actions. 325 

GABAB receptor modulation of tonic currents is attenuated after CCI 326 

The reduction of GABAB receptor expression after CCI led us to hypothesize that moduation of 327 

tonic currents produced by GABAB receptor activation would be attenuated after injury (Tao et al. 2013). 328 

To test this, we evaluated the modulation of tonic GABA currents by the GABAB receptor agonist 329 

baclofen in control and CCI tissue. These experiments were done in the presence of 1 µM THIP to 330 

provide larger, more stable tonic currents while assessing modulation and to constrain our measurements 331 

to δ subunit-containing GABAA receptors. In control tissue, tonic currents were increased during bath 332 

application of baclofen (BAC, 10 µM), an effect that developed within minutes (baseline: -23.6 ± 5 pA 333 

vs.  BAC: -76.0 ± 33 pA, n = 11, p = 0.01) (Fig. 7A-B). The GABAB receptor antagonist CGP55845 334 

(CGP, 10 µM) partially inhibited the response to baclofen, but significantly reduced the change in tonic 335 
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current induced by baclofen compared to control (tonic current change with BAC: -52.4 ± 28 pA vs. tonic 336 

current change with CGP + BAC: -8.1 ± 5 pA, n = 9 – 11 cells, p < 0.05) (Fig. 7B). Intracellular solutions 337 

containing 0.5 mM GDP-�-S, a GTP analog that inhibits the function of GPCRs (Huang et al. 2015; 338 

Patenaude et al. 2003; Takahashi et al. 1998), prevented enhancement of tonic currents during BAC 339 

application (Fig. 7B). These results indicate that activation of postsynaptic GABAB receptors enhance 340 

tonic currents mediated by δ subunit-containing GABAA receptors. 341 

We next examined baclofen modulation of tonic currents in DGGCs 2 weeks after CCI. Tonic 342 

current enhancement by GABAB receptor activation was significantly attenuated in CCI-ipsi DGGCs 343 

compared to control (Fig. 7A, C). On average, THIP-induced tonic currents of CCI-ipsi DGGCs were -344 

15.4 ± 5.8 pA at baseline and increased to -19.6 ± 4.8 pA during baclofen application (n = 8, p = 0.2) 345 

(Fig. 7C). The increase in tonic current amplitude produced by baclofen in CCI-ipsi DGGCs was, on 346 

average, only 8% of that seen in control cells. These findings demonstrate that CCI impairs modulation of 347 

tonic inhibition by GABAB receptors.  348 

GABAB receptor activated K+ currents are reduced after CCI 349 

Results presented above indicate that CCI reduces GABAB receptor expression and function. To 350 

further evaluate functional changes in postsynaptic GABAB receptors after CCI, we directly measured 351 

K+ currents in response to focal application of baclofen (100 µM). These experiments were done with K+-352 

gluconate pipette solution and cells were held at -110 mV during baclofen application to provide 353 

sufficient driving force for K+ currents.  In control DGGCs, baclofen-induced inward currents were 354 

sensitive to the GABAB receptor antagonist CGP (10 µM) and the inwardly-rectifying K+ channel blocker 355 

Ba2+ (100 µM) (n = 5 - 6 cells for both CGP and Ba2+, p < 0.01 for both) (Fig. 8A, B). Additionally, we 356 

recorded currents in response to ramp voltage commands (from -140 to -30 mV) before and during 357 

baclofen application; subtraction of these records yielded the baclofen-induced ramp current. These ramp 358 

currents were inwardly-rectifying and had a reversal potential near the equilibrium potential for K+
 ions 359 
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(mean reversal potential of -81.2 ± 3 mV, range = -76 to -92 mV, n = 4) (Fig. 8C). These data indicate 360 

that focal application of baclofen stimulated GABAB receptor-activated K+ channels. 361 

  Baclofen-induced K+ currents were significantly reduced in CCI-ipsi DGGCs two weeks after 362 

CCI. On average, GABAB-activated K+ currents in CCI-ipsi cells were reduced by 55% compared to 363 

control (n = 6 - 8 cells, p <0.01) and by 51% compared to the CCI-contra cells (Fig. 8D, E). To assess 364 

whether the changes in GABAB activation of K+ currents persisted beyond 2 weeks after injury a subset 365 

of animals was studied 2 months after CCI. At this later time point, the baclofen-induced K+ currents of 366 

CCI-ipsi cells were significantly reduced compared to CCI-contra cells (n = 4–6, p < 0.01) (Fig. 8F). 367 

These data indicate that CCI causes early and persistent functional deficits of GABAB receptors, 368 

including activation of postsynaptic K+ channels and altered intracellular signaling involved in 369 

modulation of tonic GABA currents.  370 

Discussion 371 

Our results provide evidence for broad disruption of GABAergic signaling in DGGCs in a model 372 

of severe TBI (CCI). Our data indicate that CCI produces downregulation of � subunit-containing 373 

GABAA receptors, reduction of spontaneous synaptic input, and functional impairments in GABAB 374 

receptor signaling. Immunolabeling of neurons (NEUN) after CCI indicates cell loss in area CA3 with 375 

relative preservation of DGGCs targeted for recordings, and suggests that observed physiological changes 376 

are not a consequence of simple neurodegeneration and cell death, but are a manifestation of surviving 377 

neurons. These factors are predicted to dramatically alter inhibitory signaling and hippocampal function 378 

with implications for the cognitive and behavioral consequences of TBI, as well as epileptogenesis and 379 

recurrent seizures in chronic epilepsy. 380 

TBI and Tonic inhibition  381 

CCI did not affect baseline tonic currents due to endogenous GABA in DGGCs at all time points 382 

studied, consistent with prior studies that have measured basal tonic currents 1 to 6 months after 383 
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experimental TBI (CCI or severe fluid percussion injury/FPI) (Boychuk et al. 2016; Pavlov et al. 2011) 384 

[but see (Gupta et al. 2012; Mtchedlishvili et al. 2010)]. However, tonic currents induced by the � subunit 385 

selective agonist THIP were significantly reduced in DGGCs by 1 week after CCI and remained reduced 386 

up to 2 months after injury. This effect was restricted to CCI-ipsi cells, suggesting factors that alter 387 

properties of DGGCs are limited to the injured hemisphere. At 2 weeks after CCI, our data identified a 388 

concentration dependence to this effect and significant reduction of THIP-induced tonic currents was only 389 

seen at concentrations >3 µM. The estimated THIP affinity was similar between control and CCI-ipsi 390 

DGGCs (EC50 of 4.9 µM vs. 2.5 µM for control and CCI-ipsi, respectively). Our affinity estimates 391 

compare well to data on THIP sensitivity of recombinant extrasynaptic GABAA receptors in HEK cells 392 

(α4�3� and α6�3�); these studies report EC50 values ranging from 2.9 to 13 µM (Meera et al. 2011; 393 

Mortensen et al. 2010). For comparison, the EC50 for THIP activation of synaptic type GABAA receptors 394 

containing �2 subunits is in the range of 69 to 423 µM and binary receptors composed of only α� subunits 395 

have an intermediate THIP sensitivity. These considerations indicate that the concentrations of THIP we 396 

used provided some selectivity for high-affinity extrasynaptic GABAA receptors, which potentially 397 

include a mixture of receptors with both α�� and α� subunit composition (Meera et al. 2011; Mortensen 398 

and Smart 2006). Thus, CCI causes early and persistent alterations of extrasynaptic GABAA receptor 399 

expression and function, a conclusion supported by immunohistochemical analysis showing reduced 400 

immunofluorescence of � subunits after CCI. 401 

Measurements of THIP-induced currents in DGGCs after experimental TBI have provided 402 

variable results, with descriptions of either increased THIP-induced currents (Gupta et al. 2012; 403 

Mtchedlishvili et al. 2010), decreased THIP-induced currents (Boychuk et al. 2016), or no change in 404 

THIP-induced currents (Pavlov et al. 2011). These studies all used THIP concentrations of 1-3 µM; in the 405 

light of our data showing a concentration-dependence for detecting altered THIP currents after CCI, it is 406 

compelling to speculate that use of higher concentrations of THIP may have revealed additional or more 407 

consistent alterations of tonic currents after CCI. Technical factors relating to degree of experimental 408 
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brain injury, timing of measurements after injury, hemisphere under study (ipsilateral vs. contralateral), 409 

and even factors related to animal strains could account for some of the reported variability. The core 410 

finding that CCI reduces THIP currents in ipsilateral DGGCs was observed in 6 different sets of animals 411 

exposed to experimental TBI, and following experimental TBI performed by different investigators; thus, 412 

we believe reduced expression of THIP-sensitive extrasynaptic GABAA receptors is a robust and reliable 413 

feature of the CCI model. 414 

Irrespective of these variable results, our data raise an important question: If expression of � 415 

subunit-containing extrasynaptic GABAA receptors is reduced after CCI, why are basal, endogenous tonic 416 

currents unaltered? This observation suggests that compensatory mechanisms allow DGGCs to maintain 417 

physiological levels of tonic inhibition after CCI despite fewer receptors. Boychuk et al. (2016) also 418 

observed reduced THIP currents after CCI with paradoxical maintenance of baseline tonic currents that 419 

was not due to upregulation of �5 subunit-containing extrasynaptic GABAA receptors or apparent 420 

changes in GAT1 function. Estimates of THIP affinity were similar between control and CCI-ipsi 421 

DGGCs, arguing against transition to new GABAA receptor subtypes after CCI, but we cannot exclude 422 

the emergence of THIP-insensitive, �5 subunit-containing extrasynaptic GABAA receptors (Zhan and 423 

Nadler 2009). Basal tonic inhibition after CCI could also be maintained by elevations of ambient GABA 424 

levels (Reeves et al. 1997) or post-translational modifications of extrasynaptic receptors affecting GABA 425 

affinity, gating kinetics/open probability, single channel conductance, or even the frequency of 426 

spontaneous, GABA-independent channel openings (McCartney et al. 2007; Wlodarczyk et al. 2013). 427 

Changes in intracellular Cl- concentration after CCI could also affect basal levels of tonic currents, but 428 

this effect would to be minimized by our use of CsCl pipette solutions during whole-cell recordings. Our 429 

data do not distinguish between these possibilities, and defining the factors that maintain basal tonic 430 

currents after CCI despite downregulation of � subunit-containing GABAA receptors will require 431 

additional study. 432 

TBI and synaptic inhibition 433 
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In contrast to the variable reports of TBI effects on tonic GABA currents, reduced synaptic 434 

inhibition in DGGCs is more uniformly described after experimental TBI (Boychuk et al. 2016; 435 

Mtchedlishvili et al. 2010; Pavlov et al. 2011). Our analysis of sIPSCs indicates a reduction in sIPSC 436 

frequency without changes in amplitude or kinetics after CCI, an effect that was limited to the ipsilateral 437 

hemisphere at the time point studied (2 weeks after CCI). This pattern of altered phasic inhibition 438 

suggests a presynaptic deficit without alteration of postsynaptic GABAA receptor expression or function. 439 

Significant loss of GABAergic interneurons is consistently observed in many areas of the brain after TBI, 440 

including the amygdala, hippocampus, dentate gyrus, and cortex  (Almeida-Suhett et al. 2014; Cantu et al. 441 

2014; Huusko et al. 2015; Pavlov et al. 2011). We suspect that loss of interneurons after CCI contributes 442 

to the reduced sIPSC frequency observed, although we did not independently quantify interneuronal loss 443 

in our CCI model and other pre- and postsynaptic factors may also contribute. Our use of kynurenic acid 444 

to block glutamate receptors and isolate GABAA receptor currents is expected to reduce sIPSC frequency 445 

and could potentially mask glutamate-dependent, compensatory network activity after CCI (Salin and 446 

Prince 1996; Santhakumar et al. 2001). However, TBI-related changes in both tonic and phasic inhibition 447 

have been shown to be independent of glutamate receptor blockade (Gupta et al. 2012; Pavlov et al. 448 

2011).  449 

GABAB receptor function and TBI 450 

Tonic inhibition is subject to modulation by a variety of receptor subtypes including insulin 451 

receptors, dopamine receptors, and GABAB receptors (Connelly et al. 2013a; Jin et al. 2011). The effects 452 

of GPCRs (and associated signaling pathways) on tonic inhibition are cell-type specific and depend on the 453 

type of extrasynaptic GABAA receptor subunits expressed. For example, tonic inhibition in nigrostriatal 454 

D1+ and D2+ medium spiny neurons (MSN) display distinct and reciprocal patterns of modulation. D2-455 

like receptors (Gi/o), which decrease PKA activity, reduce tonic currents of D2+ MSNs. In contrast, tonic 456 

currents of D1+ MSNs are insensitive to decreased PKA activity, but are increased by D1-like receptors 457 

(Gs) that stimulate PKA activity (Janssen et al. 2009). In hippocampus and thalamus, GABAB receptors 458 
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(Gi/o) enhance tonic inhibition in cells expressing GABAA receptor � subunits (thalamocortical cells, 459 

DGGCs, and interneurons), but not in CA1 pyramidal cells (that mainly express �5 subunit-containing 460 

receptors) nor � subunit knock-out mice (Connelly et al. 2013b; Glykys et al. 2008; Tao et al. 2013). 461 

Modulation by GPCRs and signaling pathways are mechanisms allowing neurons to dynamically “tune 462 

the tone” of extrasynaptic GABAA receptors in response to neuromodulators or ongoing neural activity. 463 

These effects will develop and operate over minutes, in contrast to other mechanisms that rapidly 464 

(seconds) regulate tonic conductance (e.g. nonvesicular GABA release, voltage-dependent properties of 465 

GABAA receptors) (Pavlov et al. 2009; Ransom et al. 2013; Ransom et al. 2010). 466 

Enhancement of tonic inhibition by GABAB receptors is predicted to reduce the response of 467 

DGGCs to excitatory synaptic inputs with consequences for information flow through hippocampus and 468 

hippocampal network activity (Connelly et al. 2013b; Pavlov et al. 2009). GABAB receptors are believed 469 

to enhance tonic inhibition via increased surface expression of GABAA receptors, including those 470 

containing � and �3 subunits (Kuczewski et al. 2011; Parga and Ransom 2018). Activation of 471 

postsynaptic GABAB receptors, localized to extrasynaptic portions of membrane (Kulik et al. 2003), 472 

requires robust patterns of presynaptic activity and GABA spillover (Lüscher and Slesinger 2010; 473 

Scanziani 2000). It is hypothesized that periodic increases in extracellular GABA during 474 

pathophysiological neural activity, such as interictal bursting and seizures (During and Spencer 1993; 475 

Markwardt et al. 2009; Perreault et al. 1992), could activate postsynaptic GABAB receptors to provide 476 

adaptive, feed-forward increases in tonic inhibition. Our data indicate that modulation of tonic inhibition 477 

by GABAB receptors is markedly attenuated after CCI. The enhancement of tonic inhibition by GABAB 478 

receptors (mediated by Gi/o signaling) could be occluded after TBI when cAMP levels and PKA activity 479 

are reduced in hippocampus (Atkins et al. 2007; Titus et al. 2013a). However, TBI-associated changes in 480 

cAMP/PKA activity recover within days of injury so are not expected to contribute to the deficits in 481 

GABAB modulation of tonic currents we observed 2 weeks after injury. Moreover, our 482 

immunohistochemical analysis and direct measurements of GABAB receptor-activated K+ currents 483 
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demonstrate reduced expression and function of GABAB receptors after CCI. This downregulation 484 

explains, at least in part, the impaired modulation of tonic currents after CCI. It remains to be shown 485 

whether synaptic GABAB responses/slow IPSCs are also affected by CCI, but altered GABAB expression 486 

and GIRK channel function is predicted to significantly impact behavior of DGGCs independent of 487 

modulatory actions on tonic inhibition (Lüscher and Slesinger 2010). To the best of our knowledge, this 488 

study is the first description of functional deficits of GABAB receptors after experimental TBI (but see 489 

Drexel et al. 2015).  490 

Functional implications for altered GABAergic signaling after TBI   491 

Our findings in the CCI model are most relevant to severe TBI, defined by prolonged (>24h) loss 492 

of consciousness or structural brain abnormalities/hemorrhage, and severe TBI confers a high risk of 493 

developing epilepsy (second only to subarachnoid hemorrhage as risk factor for acquired epilepsy) 494 

(Annegers et al. 1998; Garga and Lowenstein 2006). In addition to deficits related to neuroanatomical 495 

injuries and seizures, sequelae of severe TBI frequently includes cognitive dysfunction and mood 496 

disorders (Morissette et al. 2011; Paterno et al. 2017). Numerous cellular and molecular processes 497 

contribute to the complex pathophysiology and outcome of TBI, including neuronal death (Huusko and 498 

Pitkanen 2014),  NMDA receptor function/CAMKII expression (Schwarzbach et al. 2006), mossy fiber 499 

sprouting (Hunt et al. 2009), intracellular signaling pathways (Kobori et al. 2014; Yang et al. 1993), 500 

immune/inflammatory mechanisms (Schwarzmaier and Plesnila 2014), and alterations in GABAergic 501 

signaling (Hunt et al. 2013). The persistent effects of CCI on expression and regulation of � subunit-502 

containing extrasynaptic GABAA receptors described here are of particular interest, because tonic 503 

inhibition has established effects on many of the physiological and pathophysiological processes affected 504 

by TBI, including learning and memory (Cheng et al. 2006), anxiety- and mood-related behaviors  (Smith 505 

et al. 2007), and epileptic seizures (Chuang and Reddy 2018).  506 

Functional deficits in � subunit-containing GABAA receptors and GABAB receptors after CCI are 507 

predicted to alter cellular/network activity and behavior. Furthermore, the consequences of these 508 
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functional deficits are predicted to be greatest during robust neural activity accompanied by transient 509 

elevations of GABA concentration. Because only a fraction of extrasynaptic GABAA receptors are active 510 

under basal conditions, activity-dependent increases in [GABA] will activate additional, unbound 511 

receptors and increase tonic inhibition (Ransom et al. 2013; Wei et al. 2003). Reduced expression of both 512 

GABAA and GABAB receptors after CCI will impair the ability of DGGCs to rapidly adjust inhibitory 513 

tone in response to ongoing neural activity. These impairments will affect the integration and processing 514 

of inputs arriving from cortex, recurrent mossy fibers, and local interneurons and promote 515 

hyperexcitability. Although our data is limited to DGGCs, the changes in GABAergic signaling caused by 516 

CCI are expected to contribute to broader hippocampal dysfunction and the clinical consequences of TBI, 517 

including alterations in synaptic plasticity that can impact memory and epileptogenesis (Titus et al. 518 

2013b; Wu et al. 2014). GABAA receptor � subunits are also an emerging therapeutic target for mood 519 

disorders, and neurosteroid analogs that potentiate tonic inhibition (brexanolone, SAGE-217) are effective 520 

treatments for major depression and post-partum depression (Gunduz-Bruce et al. 2019; Kanes et al. 521 

2017). The development of mood disorder after TBI likely involves more widespread networks than just 522 

the hippocampus, and in situ hybridization experiments indicating reduced expression of  � subunits in 523 

cortex and thalamus after experimental TBI support a possible role of � subunit in post-TBI depression 524 

(Drexel et al. 2015).   525 

 Defining the cellular and molecular changes triggered by TBI and their relative contribution to 526 

behavioral and cognitive outcomes and epileptogenesis/seizures is a daunting challenge but is essential to 527 

develop novel, effective strategies and interventions to improve outcomes. Of the myriad effects of TBI, 528 

those that occur reliably and persist beyond the acute phase deserve the greatest attention and represent 529 

opportunity for therapeutic intervention. Our data and prior work compel us to conclude that reduced 530 

expression of extrasynaptic GABAA receptors and GABAB receptors are reliable and persistent 531 

consequences of TBI. Future work defining the proximal factors that generate persistent functional 532 

changes after TBI could inform strategies to limit the cellular and molecular changes that underlie 533 
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cognitive dysfunction and the development of epilepsy.   534 
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Figure legends 535 

Figure 1. CCI produces persistent astrogliosis and loss of CA3 neurons that are restricted to the 536 

ipsilateral hippocampus. A: Immunofluorescent images of contralateral hippocampus one month after 537 

CCI with DAPI (blue; nuclear), GFAP (red; astrocyte), NEUN (green; neuron), and merged images. 538 

Hippocampal sub-regions are labeled within the DAPI panel. B: Immunofluorescent images from 539 

ipsilateral hippocampus after CCI showing DAPI, GFAP, NEUN, and merged images as in (A). Persistent 540 

astrogliosis after CCI is seen as increased GFAP staining, arrows indicate region of neuronal loss in the 541 

CA3 region within the NEUN panel.  The astrogliosis and loss of CA3 neurons seen in ipsilateral 542 

hippocampus one month after CCI is absent in in the contralateral hippocampus; there is relative 543 

preservation of DGGCs targeted for our recordings, indicating these cells remain viable after CCI. Scale 544 

bar (500 µm) in upper left panel applies to all images. 545 

Figure 2. CCI reduces THIP-induced tonic currents, but not basal tonic currents, in ipsilateral 546 

DGGCs. A: Membrane currents of DGGCs in response to focal application of the GABAA receptor 547 

antagonist bicuculline (Bic) application before and during exposure to THIP (10 µM). CCI data recorded 548 

2 weeks after injury. Illustrated currents are mean response (black line) of three focal applications of Bic 549 

overlaid with the individual responses to Bic in each cell (gray line). Insets to right of each trace represent 550 

all-points histogram and Gaussian fits used to measure mean holding current before and after Bic 551 

application; tonic current amplitude is defined as difference in mean holding current produced by Bic. 552 

Horizontal bars represent period of drug application in this and subsequent figures. Holding potential was 553 

-70 mV. B: Mean baseline tonic current (± SEM) of DGGCs in control, CCI-contra, or CCI-ipsi slices. 554 

Baseline tonic currents were unaffected by CCI 2 weeks after injury. Solid circles represent data from 555 

individual cells in this and subsequent figures. C: Mean THIP-induced tonic current of DGGCs in control, 556 

CCI-contra, or CCI-ipsi slices. CCI significantly reduced amplitude of THIP-induced currents in CCI-ipsi 557 

cells only. ** - p < 0.01.  558 
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Figure 3. Dose-dependence of CCI effects on THIP-induced tonic currents. A: Membrane currents 559 

from a sham-treated cell before and during bath application of increasing concentrations of THIP. Right 560 

hand panel shows time course of tonic current change for this experiment. B: Membrane currents from a 561 

CCI-ipsi cell before and during bath application of THIP, right hand panel shows time course of current 562 

change for this experiment. C: Dose-response relationship for THIP-activation of tonic currents in control 563 

and CCI-ipsi DGGCs. CCI reduced current amplitudes with THIP concentrations greater than 3 µM. 564 

Solid line is a Hill equation fit to data, the estimated EC50 was 4.9 µM and 2.5 µM for control and CCI-565 

ipsi cells, respectively. Inset shows data and fitted curves normalized to maximum value for these fits. D: 566 

Normalized dose response data from (C). Data and fitted curves were normalized to maximum value 567 

(Imax) for these fits to better illustrate the similar EC50 values. Error bars are omitted for clarity.  568 

Figure 4. Time-dependence of changes in baseline or THIP-induced tonic currents after CCI. A: 569 

Baseline tonic current amplitude as a function of age and time after CCI for control and CCI-ipsi cells. 570 

Open circles are mean ± SEM of binned data; data binned into groups of cells <4 weeks after CCI or >4 571 

weeks after CCI (dashed line). Solid circles are measurements from individual control (black) or CCI-ipsi 572 

(red) cells.  B: Mean ± SEM of basal tonic currents at all time points. C: Time course of THIP-induced (1 573 

µM) tonic currents after CCI for CCI-ipsi cells and age-matched controls. D: Mean ± SEM of tonic 574 

currents with 1 µM THIP at all time points. Tonic currents with 1 µM THIP were not significantly 575 

different compared to control <4 weeks after injury but significant differences were seen in cells >4 576 

weeks after CCI and in ensemble analysis of all time points. E: Time course of tonic currents induced by 577 

THIP (10 µM) after CCI for control and CCI-ipsi cells. Data are plotted as a function of age and time 578 

after CCI, solid circles represent individual measurements from control/sham (black) or CCI-ipsi (red) 579 

cells. n.s. – not significant, * - p < 0.05, ** - p < 0.01. 580 

Figure 5. CCI reduces frequency, but not amplitude or kinetics, of sIPSCs in CCI-ipsilateral cells. 581 

A: Membrane currents from control and CCI-ipsi DGGCs (two minutes of gap-free recording at -70 mV). 582 

B: Data from (A) on expanded timescale. Reduced frequency of sIPSCs in CCI-ipsi cells is visibly 583 
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apparent 2 weeks after CCI. C: Average sIPSC from control and CCI-ipsi DGGCs. Average sIPSCs were 584 

normalized to allow comparison of time course and decay kinetics, which were indistinguishable between 585 

control and CCI-ipsi cells. D:  Mean (±SEM) for sIPSC parameters in control and CCI cells. CCI 586 

significantly decreased sIPSC frequency by 59%, but sIPSC amplitude, rise time, decay time constant, 587 

and total charge transfer were not significantly affected. Circles represent data from individual cells of 588 

control (black) or CCI-treated (red) animals. 589 

Figure 6. Immunohistochemical analysis of CCI effects on expression of GABAA receptor �� 590 

subunits and GABAB receptor B2 subunits in dentate gyrus. A: Immunofluorescent micrographs of 591 

staining for GABAA receptor δ subunit in dentate gyrus of control and CCI-ipsi slices. Gray scale images 592 

used for quantification are illustrated. B: Mean signal intensity (arbitrary units) for GABAA receptor δ 593 

subunit staining of control and CCI-ipsi dentate gyrus. Quantification of signal intensity was normalized 594 

to area of regions of interest, illustrated data points are the average of area-specific intensity of ROI for 595 

entire dentate gyrus (solid circles represent data from individual slices). CCI significantly reduced 596 

staining intensity for GABAA receptor δ subunit in dentate gyrus. C: Immunofluorescent micrographs of 597 

GABAB receptor B2 subunit staining in dentate gyrus of control and CCI-ipsi slices. D: Mean signal 598 

intensity of GABAB receptor B2 subunit staining. CCI significantly reduced intensity of GABAA receptor 599 

δ subunit staining in dentate gyrus.  600 

Figure 7. Enhancement of tonic currents by postsynaptic GABAB receptors is attenuated after CCI. 601 

A: Membrane currents in response to bicuculline application in control and CCI-ipsi cells before (left-602 

panel traces) and during baclofen (10 µM) application (right-panel traces). All data in this figure were 603 

recorded in the presence of low concentrations of THIP (1 μM).  B: Mean tonic current at baseline and 604 

during baclofen application for cells studied under control conditions, with the GABAB receptor 605 

antagonist CGP55485 (CGP, 10 µM), or with intracellular GDP-�-S (0.5 mM). Baclofen significantly 606 

increased tonic currents under control conditions. This effect was partially blocked by CGP, with 607 

significant reduction in magnitude of tonic current change compared to control. Disruption of G-protein 608 
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signaling with intracellular GDP-�-S prevented baclofen-induced tonic current increases. C: Time course 609 

of tonic current change during baclofen application (baclofen-induced tonic current) in control and CCI-610 

ipsi cells. * - p < 0.05, ** - p < 0.01. 611 

Figure 8. CCI reduces GABAB receptor activated K+ currents. A: Membrane currents in response to 612 

focal application of baclofen (100 µM, 5 s application) before and during bath application of CGP (10 613 

µM). Currents were measured with K+-gluconate pipette solution at -110 mV. B: Mean current induced 614 

by baclofen under control conditions, with GGP, or the K+ channel blocker Ba2+ (100 µM). CGP and Ba2+ 615 

inhibited baclofen-induced currents by 74% and 82%, respectively. C: Current-voltage plot of ramp 616 

current induced by baclofen (subtracted). Baclofen-induced ramp currents were inwardly-rectifying and 617 

the illustrated current reversed direction at -90 mV. D: Baclofen-evoked K+ currents in control and CCI-618 

ipsi DGGCs. E: Mean GABAB receptor activated K+ current in control and CCI-ipsi cells.  On average, 619 

CCI reduced GABAB receptor-activated K+ currents by 66%. F: Mean GABAB receptor activated K+ 620 

current in CCI-contra and CCI-ipsi DGGCs 2 months after CCI. GABAB receptor activated K+ currents 621 

are reduced in CCI-ipsi cells by 48% compared to CCI-contra cells 2 months after injury. 622 

623 
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