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Traumatic brain injury (TBI) is associated with aberrant network hyperexcitability in the dentate 40 

gyrus. GABAAergic parvalbumin-expressing interneurons (PV-INs) in the dentate gyrus regulate 41 

network excitability with strong, perisomatic inhibition, though the post-traumatic effects on PV-42 

IN function after TBI are not well understood. In this study, we investigated physiological 43 

alterations in PV-INs one week after mild lateral fluid percussion injury (LFPI) in mice.  PV-IN 44 

cell loss was observed in the dentate hilus after LFPI, with surviving PV-INs showing no change 45 

in intrinsic membrane properties. Whole-cell voltage clamp recordings in PV-INs revealed 46 

alterations in both excitatory and inhibitory postsynaptic currents (EPSCs/IPSCs). Evoked 47 

EPSCs in PV-INs from perforant path electrical stimulation were diminished after injury but 48 

could be recovered with application of a GABAA-receptor antagonist. Furthermore, current-49 

clamp recordings using minimal perforant path stimulation demonstrated a decrease in evoked 50 

PV-IN action potentials after LFPI, which could be restored by blocking GABAAergic inhibition. 51 

Together, these findings suggest that injury alters synaptic input onto PV-INs, resulting in a net 52 

inhibitory effect that reduces feedforward PV-IN activation in the dentate gyrus. Decreased PV-53 

IN activation suggests a potential mechanism of dentate gyrus network hyperexcitability 54 

contributing to hippocampal dysfunction after TBI. 55 

 56 

Significance Statement 57 

Traumatic brain injury (TBI) damages the hippocampus and causes long-lasting memory deficits. 58 

After TBI, the dentate gyrus, a crucial regulator of cortical input to the hippocampus, undergoes 59 

a dysfunctional net increase in excitation, though the circuit mechanisms underlying this network 60 

excitatory-inhibitory (E/I) imbalance are unclear. In this study, we found that TBI alters synaptic 61 

inputs onto an inhibitory interneuron population (PV-INs) in the dentate gyrus which results in 62 



 

 3 

the decreased firing activity of these neurons due to a net inhibitory influence. The inhibition of 63 

PV-INs demonstrates a potential mechanism contributing to dentate gyrus network 64 

hyperexcitability and hippocampal dysfunction after TBI.  65 

 66 

Introduction 67 

Fast-spiking, parvalbumin-expressing GABAergic interneurons (PV-INs) are powerful regulators 68 

of excitability in neural networks and play an important role in mediating hippocampal-69 

dependent cognitive behaviors (Armstrong and Soltesz, 2012; Freund and Buzsáki, 1996; Fuchs 70 

et al., 2007; Hu et al., 2014; Nitz and McNaughton, 2004). In the hippocampus, PV-INs 71 

contribute to the ability of the dentate gyrus sub-region to act as a filter or gate of incoming 72 

sensory information from the cortex by providing strong feedforward inhibition onto granule 73 

cells (Coulter and Carlson, 2007). In combination with the low intrinsic membrane excitability of 74 

granule cells, PV-IN GABAergic inhibition contributes to sparse granule cell action potential 75 

firing under normal conditions (Ewell and Jones, 2010; Kraushaar and Jonas, 2000).  76 

 77 

After traumatic brain injury (TBI), the dentate gyrus experiences network hyperexcitability 78 

(Lowenstein et al., 1992; Santhakumar et al., 2000; Toth et al., 1997; Witgen et al., 2005). 79 

Granule cells no longer sparsely fire action potentials, and evoked extracellular burst discharges 80 

are increased in the granule cell layer in vivo (Lowenstein et al., 1992). This shift toward a 81 

hyperexcitable network state leads to a break down in the physiological filtering function of the 82 

dentate gyrus and is associated with spatial memory impairments (Folweiler et al., 2018). 83 

 84 
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One week after TBI, the frequency of miniature inhibitory postsynaptic currents (mIPSCs) is 85 

reduced in granule cells, suggesting that a loss of synaptic inhibition is contributing to granule 86 

cell hyperexcitability (Toth et al., 1997; Witgen et al., 2005). While previous studies have looked 87 

at other populations of dentate inhibitory interneurons after TBI (Butler et al., 2017; Hunt et al., 88 

2011), the potential role of PV-INs in dentate network hyperexcitability after injury has yet to be 89 

examined. In order to understand the effects of TBI on PV-IN inhibition, we investigated the 90 

intrinsic membrane properties and synaptic inputs of PV-INs in the dentate gyrus one week after 91 

mild lateral fluid percussion injury (LFPI).  92 

 93 

Materials and Methods 94 

Mice  95 

All experiments were performed in accordance with protocols approved by our institution’s 96 

Institutional Animal Care and Use Committee and the guidelines established by the U.S. Public 97 

Health Service’s Guide for the Care and Use of Laboratory Animals. Experiments were designed 98 

to minimize the number of animals required and those used were cared for, handled, and 99 

medicated as appropriate to minimize their suffering. To visually identify PV-INs, PVCRE 100 

transgenic mice, expressing Cre-recombinase in parvalbumin-expressing neurons 101 

(129P2Pvalbtm1(cre)Arbr/J; Jackson Laboratory, Bar Harbor, ME, USA. RRID:IMSR_JAX:008069) 102 

were crossed with tdTomato reporter mice (129S6-Gt(ROSA)26Sorm14(CAG-tdTomato)Hze/J; Jackson 103 

Laboratory, RRID:IMSR_JAX:007908) to generate PVCRE;tdTomato+/- (i.e., PV-Tomato) 104 

transgenic animals which express tdTomato fluorescence in parvalbumin-positive cells. All 105 

experiments were performed on 6-8-week-old male and female PV-Tomato mice. The primary 106 

purpose of using both male and female mice was to utilize all transgenic animals that were bred 107 
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for experiments with the secondary aim of reducing sex bias by favoring one sex over another 108 

(Will et al., 2017). The number of male and female mice in each group is listed by experiment in 109 

Table 1.  110 

 111 

Surgical procedures 112 

Animals were anesthetized with a mixture of ketamine (2.6mg/kg) and xylazine (0.16 mg/kg) via 113 

intraperitoneal injection. Once fully anesthetized, animals were placed in a stereotaxic frame 114 

(Stoetling, Wood Dale, IL, USA), the scalp was incised and pulled away to fully expose the right 115 

parietal bone. An ultra-thin Teflon disk, with the outer diameter equal to the inner diameter of a 116 

trephine was glued to the skull with Vetbond (3M, St. Paul, MN, USA) between lambda and 117 

bregma sutures, and between the sagittal suture and the lateral ridge over the right hemisphere. 118 

Guided by the Teflon disk, a trephine was used to perform a 3-mm diameter craniectomy over 119 

the right parietal area. Following craniectomy, a Luer-lock needle hub (3-mm inner diameter) 120 

was secured above the skull opening with superglue (Loctite, Düsseldorf, Germany) and dental 121 

acrylic, filled with saline and capped.  Lastly, animals were removed from stereotaxis, placed on 122 

a heating pad until fully recovered from anesthesia, and then returned to their respective home 123 

cage.  124 

 125 

Lateral fluid percussion injury (LFPI) 126 

Twenty-four hours following craniectomy, animals were placed under isoflurane anesthesia (2% 127 

oxygen in 500ml/min) in a chamber and respiration was visually monitored until animals reached 128 

a surgical plane of anesthesia (one respiration per 2 s). At this point, animals were removed from 129 

isoflurane, the needle hub was refilled with saline and connected to the fluid percussion injury 130 
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device (Department of Biomedical Engineering, Virginia Commonwealth University, Richmond, 131 

VA, USA) via high-pressure tubing. The animal was placed onto a heating pad on its left side 132 

and upon resumption of normal breathing pattern but before sensitivity to stimulation, the injury 133 

was induced by a 20-millisecond pulse of saline onto the intact dura. The pressure transduced 134 

onto the dura was monitored with an oscilloscope, with injury severity ranging between 1.4 and 135 

1.6 atmospheres. Immediately after injury, the hub was removed from the skull and the animal 136 

was placed in a supine position to assess righting reflex. After righting, the animal was subjected 137 

to inhaled isoflurane to suture the scalp. Animals were allowed to recover on a heating pad until 138 

mobile, at which point they were returned to their home cage. Sham animals underwent all 139 

surgical procedures including attachment to the FPI device with exclusion of the actual fluid 140 

pulse. 141 

 142 

PV-IN cell counting 143 

To show changes (if any) in number of PV-Tomato interneurons resulted from TBI, sham and 144 

LFPI mice (7 d post-injury) were deeply anesthetized with 5% chloral hydrate and perfused with 145 

15 ml of saline followed by 50 ml of paraformaldehyde  (4% in phosphate buffer, pH 7.4; 146 

Sigma-Aldrich, St. Louis, MO, USA).  The brains were removed and post-fixed in the fixative 147 

for 90 min.  Vibratome slices were cut at 50 μm in thickness with a VT 1000S (Leica, Buffalo 148 

Grove, IL) and collected in serial from a fixed brain.  The slices were treated with 0.3% Triton 149 

X-100 for 1 hour at room temperature (RT) and then counterstained with Hoechst, a DNA dye to 150 

stain nuclei of all cells in a slice.  Hoechst staining (blue) made it easier to outline the structure 151 

and boundary of the hippocampus when counting PV-Tomato cells (red) in dentate gyrus (Figure 152 

1). Fluorescent images were acquired with an Olympus BX-51 microscope at 10X magnification. 153 
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All tdTomato-positive neurons in the dentate gyrus ipsilateral to the injury site were quantified 154 

using modified stereology with the optical fractionator method in which every sixth section 155 

through the rostral/caudal extent of the dorsal hippocampus (bregma -1.00 to -2.75 mm) was 156 

examined (Eisch et al., 2000; Mouton, 2002; West et al., 1991). Cells were scored as tdTomato–157 

positive if tdTomato labeling in the soma was more intense than background (Lim et al., 2013).  158 

Since counting of cells was conducted on every sixth section of the hippocampus, the number of 159 

cells in each anatomical region was multiplied by six to obtain the reported estimate of the total 160 

number of cells per region. Cell anatomical location was considered by both dentate blade 161 

(suprapyramidal or infrapyramidal) and cellular layer, including molecular layer, granule cell 162 

layer, subgranular zone, and hilus. TdTomato-positive cells in the hilus but within one soma 163 

length (20-30 μm) of the granule cell layer were considered in the subgranular zone (Figure 1). 164 

 165 

Immunofluorescent staining 166 

To show if PV-Tomato cells in DG from the transgenic mouse did express PV, we also 167 

performed PV immunofluorescent staining on brain slices containing the hippocampus from 168 

sham and injured mice.  The slices were treated with 0.3% Triton X-100 and blocked with a 169 

mixture of 1% BSA and 5% normal goat serum, 60 min respectively.  They were then incubated 170 

with a monoclonal antibody against PV (1:1000; Sigma-Aldrich, St. Louis, MO), 60 min at RT 171 

and overnight at 4°C.  Visualization was done by incubating the slices with Alexa Fluora 488-172 

conjugated goat anti-mouse IgG for 75 min at RT.  The immunostained slices were mounted on 173 

pre-cleaned slide glass and coverslipped with aqueous mounting medium.  In a stained brain 174 

slice, PV immunostained cells showed green and PV-Tomato cells red (Figure 2).  PV-Tomato 175 
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cells expressing PV should be identified as yellowish to brown, depending upon the intensity of 176 

tdTomato (red).   177 

 178 

Timm staining 179 

To examine whether mossy fiber spouting existed in the hippocampus, Timm staining was 180 

performed according to a protocol reported previously (Van der Zee et al., 1995).  Mice were 181 

perfused with 15 ml of saline followed by 50 ml of sodium sulfide perfusion medium containing 182 

8.9 g of Na2S▪9H2O, 10.9 g of sucrose and 1.19 g of Na2PO4▪H2O dissolved in 100 ml of 183 

deionized water (DW).  The brains were removed and post-fixed in the same perfusion medium 184 

for 3 hours at RT.  Untreated vibratome slices (50 μm in thickness) were mounted on gelatin-185 

coated slide glass and air-dried overnight.  They were then incubated in dark for 60 min with a 186 

mixture containing 6 volume of gum arabic (50 g/100 ml), 3 volume of hydroquinone (5.67 187 

g/100 ml) and 1 volume of citric acid -sodium citrate buffer (25.5 g and 23.5 g respectively in a 188 

total of 100 ml).  For each 100 ml of the incubation solution, 0.5 ml of silver nitrate stock 189 

solution (1.7g AgNO3 /10 ml) was added.  Staining was stopped by brief rinse in DW 3 times.  190 

The slices (on glass) were then dehydrated and cleared before coverslipped with Permount.  191 

Brightfield microscope was used to observe positive Timm staining.  Mossy fiber sprouting was 192 

defined as Timm-stained axonal collaterals (black) present in the molecular layer of dentate 193 

gyrus. 194 

 195 

Electrophysiology 196 

All recordings were made 5–9 days after LFPI or sham surgery. Mice were anesthetized with 197 

isoflurane, and the brains were quickly and carefully removed, then placed into ice-cold 198 
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oxygenated (95% O2/5% CO2) sucrose artificial cerebral spinal fluid (ACSF) containing (in 199 

millimolar): sucrose 202, KCl 3, NaH2PO4 1.25, NaHCO3 26, glucose 10, MgCl2 1, and CaCl2 2. 200 

Coronal slices 350 μM thick containing the dorsal hippocampus were cut on a VT1200S 201 

vibratome (Leica Microsystems Inc., Buffalo Grove, IL, USA) and transferred to 33–37°C 202 

normal ACSF containing (in millimolar): NaCl 130, KCl 3, NaH2PO4 1.25, NaHCO3 26, glucose 203 

10, MgCl2 1, CaCl2 2, for at least 45 minutes. 204 

 205 

Extracellular field recordings 206 

Electrodes for recordings field excitatory post-synaptic potentials (fEPSPs) were fabricated from 207 

borosilicate glass (World Precision Instruments, Sarasota, FL, USA, #1B150F-4), pulled to a tip 208 

resistance of 2–6 MΩ and filled with aCSF. fEPSPs were recorded from an electrode placed in 209 

the suprapyramidal molecular layer. Stimulating electrodes were non-concentric bipolar (World 210 

Precision Instruments, Sarasota, FL, USA, #ME12206) and placed at the apex of the molecular 211 

layer.  Electrical stimuli were 100 μs in duration. Field potential input–output relationships were 212 

recorded in response to increasing stimulating intensities (20–400 μA stimulation, 20 μA 213 

increments, 8 second inter-stimulus interval) from each slice. For each stimulation intensity, 214 

recordings were averaged from three trials, and the field EPSP (fEPSP) slope was calculated for 215 

the first linear portion of the fEPSP (i.e., monosynaptic response). Recordings were obtained 216 

with an Axoclamp 900A amplifier and pClamp10 data acquisition software (Molecular Devices, 217 

Sunnyvale, CA, USA; RRID:SCR_011323), filtered at 2 kHz. Field potential data was analyzed 218 

using pClamp10 software and custom-written scripts in MATLAB R2012b (MathWorks, Natick, 219 

MA, USA). 220 
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 221 

Whole-cell patch clamp recordings 222 

Patch electrodes with resistances of 4–7 MΩ were pulled from borosilicate glass (World 223 

Precision Instruments, Sarasota, FL, USA). Series resistance was monitored throughout the 224 

experiment and recordings were discontinued if series resistance exceeded 25 MΩ at any point. 225 

Series resistance was compensated for at 70-80% compensation. All recordings were made using 226 

a Multiclamp 700B (Molecular Devices, Palo Alto, CA, USA) sampled at 20 kHz, filtered at 227 

2 kHz. Electrophysiological data were analyzed using Clampfit 10 and MATLAB software.  228 

Synaptic events were determined via the Template Search algorithm in Clampfit 10. 229 

 230 

PV-INs were visually identified by fluorescent tdTomato expression in cells within the granule 231 

cell layer, subgranular zone, or hilar subregion within 100 μm of the hilar-granule cell layer 232 

interface. In order to confirm that tdTomato-expressing neurons also had a fast-spiking 233 

electrophysiological signature, experiments began with a series of depolarizing current steps. 234 

Any neurons that failed to demonstrate non-accommodating trains of action potentials with a 235 

maximum spiking frequency greater than 30Hz (Kawaguchi and Kubota, 1997) in response to 236 

depolarizing current injections, or that demonstrated baseline instability, were excluded from 237 

further analysis. All whole-cell recordings were performed in one cell per brain slice and are 238 

reported as n cells per n mice in each group.  239 

 240 

Resting membrane potential was computed as the average voltage in the first 2 seconds 241 

immediately after whole-cell configuration was achieved. All other intrinsic excitability 242 

measures were computed from current clamp recordings consisting of a series of ten 500 ms 243 
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current steps, from −100 to 250 pA in 50 pA increments. Constant holding current was applied to 244 

maintain the neuron at −65 mV before and after current steps. Action potential threshold was 245 

computed by taking dV/dt of the voltage trace at 175 pA in the intrinsic excitability experiments 246 

and then averaging the corresponding voltage values for the first 10 spikes where dV/dt exceeded 247 

30 mV/ms (Howard et al., 2007). Input resistance was determined from the steady-state voltage 248 

response for the four initial current steps (-100 pA to 50 pA). Action potential frequency and 249 

corresponding inter-spike-intervals were calculated for all current steps resulting in action 250 

potential firing. 251 

 252 

For whole-cell patch-clamp recording of excitatory postsynaptic currents and intrinsic 253 

excitability measures electrode internal solution contained (in millimolar): K-Gluconate 140, 254 

EGTA 5, HEPES 10, MgCl2 1, CaCl2 1, KOH 3, Mg-ATP 2, and was titrated to a final pH of 255 

7.1–7.3 with KOH and osmolality of 290-300 mOsm.  Bicuculline methiodide (30 μM, BMI, 256 

Abcam, Cambridge, UK) was added before voltage clamp recordings, and tetrodotoxin (0.4 μM, 257 

TTX, Abcam) was added to isolate miniature events (mEPSCs). Neurons were voltage-clamped 258 

at −65 mV for all EPSC voltage-clamp experiments. Liquid junction potential of 16.9 mV 259 

(calculated in Clampex) was corrected for in all data reported from these experiments. For 260 

whole-cell patch-clamp recording of inhibitory currents, internal solution contained (in 261 

millimolar): Cs-gluconate 140, NaCl 1, EGTA 5, MgCl2 1, CaCl2 1, KOH 3, Mg-ATP 2, and was 262 

titrated to a final pH of 7.2-7.3 with CsOH and an osmolality of 290-300 mOsm. APV (50 μM, 263 

Abcam), CNQX (6 μM, Abcam), and QX-314 (5 mM, Abcam) were added before voltage clamp 264 

recordings, and TTX (0.4 μM) was added to isolate mIPSCs. Liquid junction potential of 2.0 mV 265 

was corrected for in all data reported from these experiments. Neurons were voltage-clamped at 266 
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0 mV for all voltage clamp experiments of inhibitory currents. The slice chamber temperature for 267 

all recordings was set to 29-31°C.  268 

 269 

To record perforant path-evoked excitatory postsynaptic currents (eEPSCs), a non-concentric 270 

bipolar placed in at the apex of the molecular layer was used to stimulate afferent axons onto 271 

patch-clamped PV-INs held at -65 mV in voltage-clamp. Evoked potentials were recorded in 272 

response to electrical stimulation from 10–100 μA in 10 μA incremental steps). Three input-273 

output eEPSCs were recorded and averaged from each cell. Extracellular fEPSPs were 274 

simultaneously recorded in the molecular layer during evoked voltage-clamp and current-clamp 275 

experiments and eEPSC for each recorded cell were normalized to the fiber volley amplitude of 276 

the slice. As for fEPSP recordings, the first linear, monosynaptic portion of the eEPSC was used 277 

to calculate the slope.  For current-clamp experiments, an electrode was placed in the perforant 278 

path at the apex of the molecular layer. Minimal current stimulation was adjusted to find the 279 

lowest current intensity parameter that could elicit at least one action potential in a series of 20 280 

stimulations. Once the minimal stimulation current intensity was set, three series of 20 281 

stimulations (12 second interstimulus interval) were administered and the number of stimulus-282 

evoked action potentials (APs) for each series was recorded and reported as a percentage of the 283 

total number of stimulations in that series (20 stimulations per series). Throughout current-clamp 284 

recordings, a slow injection of current was given to maintain a membrane potential of -65 mV. 285 

Stimulus-evoked APs were recorded in normal aCSF baseline and then in the presence of 100 286 

nM picrotoxin (PCTX).  Cells were recorded in voltage clamp after PCTX wash-in to confirm 287 

that IPSCs were eliminated. 288 

 289 
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Statistical procedures 290 

A priori power calculations using β=0.8 were performed using G*Power statistical software to 291 

determine the minimum sample size required for each experiment (Faul et al. 2007).  292 

Electrophysiological and cell count data were analyzed using pClamp 10 and GraphPad Prism 293 

7.0 software (GraphPad Software, San Diego, CA, USA; RRID:SCR_002798). Data 294 

distributions were initially tested for normality using both Shapiro-Wilk and Agostino-Pearson 295 

tests. Statistics were performed using either unpaired Student’s t-test, or two-way repeated 296 

measures ANOVA with Sidak's multiple comparison test unless use of another test is indicated 297 

(Table 2). In experiments with small sample sizes, effect sizes were reported using Glass’s delta. 298 

Cumulative distribution functions of synaptic event properties were constructed by randomly 299 

sampling the same number of events (n = 75) from each cell.  The Kolmogorov-Smirnov (K-S) 300 

test was used for statistical comparison of synaptic current measurements. N refers to number of 301 

cells and number of animals as described in the results of each experiment. Statistical 302 

significance was set at p < 0.05.  303 

 304 

Results  305 

Parvalbumin immunostaining confirms td-Tomato expression in PV-positive cells.  306 

Cre-tdTomato colocalization was confirmed in a subset of animals (sham n = 3, LFPI n = 4). 307 

Cells were classified as having tdTomato and PV-immunostaining colocalization, PV-308 

immunostaining only, or tdTomato only (Figure 2). There was no difference in the number of 309 

cells where tdTomato and PV-immunostaining overlapped (Sham: mean ± SD = 78.4% ± 5.5% 310 

of total cells; LFPI:  mean ± SD = 78.9% ±11.9% of total cells, p = 0.949, Table 2-a). The 311 

majority of cells that did not colocalize tdTomato and PV+, were PV+ only (Sham = 18.5% ± 312 
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5.9%; LFPI = 13.8 ± 9.7% total cells) and there was no difference in the number of PV+ only 313 

cells between sham and LFPI animals (p = 0.47, Table 2-1b). The occurrence of tdTomato only 314 

cells was extremely rare (Sham = 3.0% ± 5.3%; LFPI = 0.99% ± 1.4%, p = 0.56, Table 2-1c) and 315 

did not differ significantly between the injury groups. While tdTomato was not expressed in all 316 

PV+ cells, this analysis shows that almost all tdTomato cells were PV+ and counting tdTomato 317 

cells provides a good estimate for PV cell prevalence. 318 

 319 

Mild LFPI induces loss of hilar tdTomato-expressing neurons 320 

Previous studies have found fewer hilar GABA-expressing neurons, including PV-INs, one week 321 

after fluid percussion injury, however these studies utilized a more moderate (2.0-2.2 atm) 322 

pressure impact than that implemented in this study (Hunt et al., 2011; Lowenstein et al., 1992; 323 

Santhakumar et al., 2000; Toth et al., 1997). Additionally, some studies have observed post-324 

traumatic mossy fiber sprouting (MFS) in the dentate gyrus molecular layer (Hunt et al., 2011).  325 

To test if hilar PV-IN cell loss occurred in our mild (1.4-1.6 atm) LFPI model, we counted the 326 

number of tdTomato-expressing cells in the dorsal dentate gyrus ipsilateral to the injury site in 327 

sham (n=8 50-μm sections per mouse, 8 mice; Figure 3A) and LFPI (n=8 50-μm sections per 328 

mouse, 9 mice; Figure 3B). At one week after injury, the total number of dentate PV-INs 329 

appeared to trend downward but did not result in a statistically significant change after injury 330 

(Sham: mean ± SEM = 650 ± 65 cells; LFPI mean ± SEM = 485 ± 54, p = 0.067; Figure 3C, 331 

Table 2-2a). However, there were significantly less tdTomato-positive cells in the hilus (Sham: 332 

mean ± SEM = 104  ± 14 cells; LFPI mean ± SEM =  61 ± 10, p = 0.028;  Figure 3D, Table 2-333 

2b).  PV-IN cell counts remained unchanged in the subgranular zone, granule cell layer, 334 

molecular layer, suprapyramidal blade, and infrapyramidal blade when respectively counted 335 
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(Table 2-2c-g). There were no septotemporal differences in PV-IN cell counts (Two-way 336 

ANOVA, F(1,87) = 0.87, p = 0.35, Table 2-2f). Furthermore, to examine whether mossy fiber 337 

sprouting (MFS) was present in our LFPI model seven days following injury, we performed 338 

Timm staining to label mossy fiber projections (i.e., granule axons and axon terminals) in the 339 

dentate gyrus (n = 10 animals in each group). No Timm stained fibers were observed in the 340 

molecular layer of LFPI (Figure 3E-F) or sham animals at seven days post-injury, suggesting that 341 

MFS was not present at the time point observed after injury in our LFPI model.  342 

  343 

Dentate network hyperexcitability persists in PV-Tomato mouse line  344 

To ensure that injury alters dentate excitability in our transgenic PV-Tomato mice, input/output 345 

(I/O) curves were generated by electrically stimulating perforant path fibers (stimulation 346 

intensity range: 20-400 μA, 20 μA increments, 100 μs duration) and recording extracellular field 347 

potentials in the molecular layer one week after LFPI or sham surgery (n = 6 mice in each group, 348 

3 slices per animal) with transgenic animals (Figure 4A). In brain slices from sham animals, 349 

fEPSP slope increased almost linearly as perforant path stimulation intensity increased (Figure 350 

4B).  Slices from LFPI animals demonstrated significantly larger fEPSP slopes with increasing 351 

stimulation intensity compared with sham (repeated-measures ANOVA, F(19,190) = 14.34; p  < 352 

0.0001, Table 2-3a). This injury-induced shift in the I/O curve demonstrates that dentate post-353 

traumatic hyperexcitability is present in the transgenic mouse line used for further experiments in 354 

this study.  355 

 356 

PV-IN intrinsic membrane properties are unaffected by injury 357 
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Neuronal intrinsic membrane properties, dictated predominantly by membrane proteins and their 358 

subsequent activity, play a significant role in a neuron’s propensity to fire action potentials. After 359 

experimental TBI, alterations in intrinsic properties have been observed in dentate glutamatergic 360 

neurons  (Gupta et al., 2012; Howard et al., 2007). To investigate the intrinsic properties of 361 

dentate PV-INs, we performed whole-cell patch clamp recordings one week after LFPI or sham 362 

surgery (Figure 4C-G, n = 10 cells in each group, 1 cell per animal). Passive properties such as 363 

membrane input resistance (Figure 4D; sham: 92.2 ± 6.3 MΩ; LFPI: 88.6 ± 7.5 MΩ; p = 0.71, 364 

Table 2-3b), and resting membrane potential (Figure 4E; mean ± SEM = -65.3 ± 1.4 mV in sham 365 

and -62.9 ± 1.2 mV in LFPI; p = 0.22, Table 2-3c), were not significantly different between cells 366 

from sham and LFPI groups.  Additionally, PV-IN active firing properties were not affected by 367 

injury. PV-INs from sham animals had on average an action potential threshold of -29.8 ± 1.0 368 

mV, while cells from LFPI animals had an average firing threshold of -32.7 ± 2.1 mV (Figure 369 

4F; p = 0.23, Table 2-3d). Action potential firing frequency in response to depolarizing current 370 

steps (400 – 550 nA, 50 nA steps) was unaltered by injury (Figure 4C and 2G; sham: n = 8 cells, 371 

LFPI: n = 7 cells; repeated measures ANOVA: F(1,13) = 0.42; p = 0.53, Table 2-3e). Lastly, 372 

action potential half-width, was not significantly different between sham and injured groups 373 

(Sham: mean ± SEM = 0.74 ± 0.06 ms; LFPI: mean ± SEM = 0.69 ± 0.04 ms; p = 0.55, Table 2-374 

3f). These findings suggest that there is no net change in either passive or active intrinsic 375 

membrane properties of PV-INs after injury.  376 

 377 

Excitatory synaptic inputs onto PV-INs exhibit post-traumatic changes 378 

To examine whether excitatory synaptic input to dentate PV-INs was altered after LFPI, whole-379 

cell voltage-clamp recordings of miniature excitatory postsynaptic currents (mEPSCs) were 380 
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obtained from sham and LFPI brain slices (sham: n = 7 cells, 5 animals; LFPI: n = 6 cells, 6 381 

animals). Representative recordings for each group are shown in Figure 5A. The frequency of 382 

mEPSCs was increased in PV-INs after injury as observed by a decrease in inter-event intervals 383 

(Sham: median (IQR) = 281 (640.2) ms; LFPI: median (IQR) = 164 (436.9) ms, p < 0.0001, K-S 384 

test; Figure 5B, Table 2-4a). Additionally, mEPSC event amplitudes were larger after LFPI 385 

(Sham: median (IQR) = 30.8 (19.4) pA; LFPI: median (IQR) = 33.7 (19.9) pA, p = 0.006, K-S 386 

test; Figure 5C; Table 2-4b) and had faster rise kinetics (rise τ, Sham: median (IQR) = 0.41 387 

(0.70) ms; LFPI: median (IQR) = 0.32 (0.66) ms, p = 0.004, K-S test; Table 2-4c). No change in 388 

mEPSC decay kinetics was observed (decay τ, Sham: median (IQR) = 0.99 (2.28) ms, LFPI: 389 

median (IQR) = 0.83 (1.92) ms, p = 0.20, K-S test; Table 2-4d).  390 

 391 

PV-INs receive less feed-forward excitation from the perforant path after injury 392 

Since local dentate glutamatergic neurons have demonstrated increased activity after 393 

experimental TBI (Gupta et al., 2012; Lowenstein et al., 1992; Santhakumar et al., 2000), it is 394 

likely that a decrease in action potential-mediated excitatory drive is coming from perforant path 395 

synapses. To test the effect of injury on feed-forward excitation of PV-INs, we examined the I/O 396 

relationship of evoked EPSCs (eEPSCs) by electrical stimulation of the perforant path at 397 

incremental stimulus intensities (Figure 6A top row; 10-100 μA). While the slope of perforant 398 

path eEPSCs was not significantly different between PV-INs from sham (n = 12 cells, 6 animals) 399 

and injured (n = 11 cells, 6 animals. Figure 6B left; repeated measures ANOVA, F (1, 13) = 400 

0.1825, p = 0.68; Table 2-5a), there was a decrease in eEPSC amplitude (Figure 6B middle; 401 

repeated measures ANOVA, amplitude: F(1,22) = 4.715, p = 0.041, Table 2-5b) and charge 402 

transfer with increasing stimulus intensities (Figure 6B right; F(1,21) = 5.426, p = 0.029, Table 403 
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2-5c).  BMI was then washed in to block local GABAergic inhibition onto cells in sham and 404 

LFPI slices, respectively, and evoked synaptic current properties were re-examined (Figure 6A 405 

bottom row). In the absence of inhibition, LFPI eEPSC I/O curves were similar to sham (Figure 406 

6C left; eEPSC slope: F(1,10) = 0.005, p = 0.94; Figure 6C middle; eEPSC amplitude: F (1, 10) 407 

= 0.86, p = 0.37; Figure 6C right; eEPSC charge transfer: F (1, 10) = 0.95, p = 0.35, Table 2-5d-408 

f). There was no difference in the passive intrinsic properties of PV-INs used in current clamp 409 

experiments (Resting membrane potential, sham: mean ± SEM = -64.5 ± 2.6 mV; LFPI: mean ± 410 

SEM = -61.0 ± 2.5 mV; whole-cell capacitance, sham: mean ± SEM =  43.4 ± 6.8 pF; LFPI: 411 

mean ± SEM = 43.7 ± 6.5 pF). These data suggest that diminished feed-forward excitatory 412 

synaptic transmission from the perforant path onto dentate PV-INs is due to GABAergic 413 

inhibition after injury.  414 

 415 

Increased synaptic inhibitory input onto PV-INs after LFPI  416 

To understand how brain injury affects inhibitory synaptic transmission onto dentate PV-INs, we 417 

next recorded miniature action potential-independent inhibitory events (mIPSCs; Figure 7A, 418 

sham: n = 6 cells/animals, LFPI: n = 7 cells/animals). We observed an increase in the amplitude 419 

of mIPSCs after injury (Figure 7B; Sham: median (IQR) = 18.3 (11.6) pA, LFPI: median (IQR) 420 

= 19.6 (16.8) pA, p = 0.0003, K-S test, Table 2-6a). Rise kinetics were significantly faster in 421 

LFPI PV-INs (rise τ; Sham: median (IQR) = 0.73 (0.71) ms; LFPI: median (IQR) = 0.63 (0.75) 422 

ms, p = 0.0079, K-S test; Table 2-6b). Injury did not affect mIPSC event frequency however, as 423 

the inter-event interval between events was not significantly different between PV-INs from 424 

sham and injured slices (Figure 7C; Sham: median (IQR) = 268 (468.3) ms; LFPI: median (IQR) 425 

= (412.3) 237 pA, p = 0.26, K-S test; Table 2-6c). Miniature IPSC decay tau also remained intact 426 
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after injury (Sham: median (IQR) = 5.6 (8.4) ms; LFPI: median (IQR) = 7.8 (9.7) ms, p = 0.86, 427 

K-S test; Table 2-6d). These results demonstrate that PV-INs receive larger AP-independent 428 

GABAergic events after LFPI, but that the frequency or ionotropic GABAA-receptor kinetics is 429 

unchanged. 430 

 431 

Decrease in PV-IN action potentials is due to net GABAergic inhibition 432 

The results of the whole-cell patch clamp recordings indicate that there are changes in both 433 

excitatory and inhibitory synaptic inputs onto PV-INs after brain injury. These alterations affect 434 

the synaptic balance of PV-INs and influence the cells’ ability to fire an action potential by 435 

depolarizing or hyperpolarizing the membrane potential. To understand the net effect of post-436 

traumatic synaptic alterations on the feed-forward activation of PV-IN neurons, we performed a 437 

series of perforant path minimal stimulation experiments and counted the number of PV-INs 438 

evoked action potentials recorded in current-clamp (Figure 8A; n = 5 cells, 5 animals, in each 439 

group). Prior to current clamp recording, resting membrane potential and whole-cell capacitance 440 

were measured in each cell. Neither resting membrane potential (Sham: mean ± SEM = -64.5 ± 441 

2.67 mV; LFPI: mean ± SEM = -61.0 ± 2.48 mV, p = 0.37) nor whole-cell capacitance (Sham: 442 

mean ± SEM = 43.4 ± 6.81 pF; LFPI: mean ± SEM =  43.8 ±  6.48 mV, p = 0.64, Table 2-7a-b) 443 

differed between groups. In normal aCSF solution, PV-INs from LFPI slices had a significantly 444 

lower percentage of evoked action potentials than cells from sham slices (Figure 8B black 445 

circles; % evoked APs, Sham: mean ± SEM = 57.8% ± 6.3; LFPI: mean ± SEM = 12.0% ± 4.0, p 446 

= 0.0008, Welch’s unpaired t-test, Glass’s d = 3.6; Table 2-7c;). There was no difference 447 

between the baseline stimulation levels of sham and LFPI groups (Sham: mean ± SEM = 44 ± 448 

21.6 μA; LFPI: mean ± SEM = 50 ± 21.7 μA, two-sample t-test t = -0.19, p = 0.85). Next, 100 449 
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nM PCTX was bath applied to remove GABAA-mediated inhibition from PV-INs. PCTX 450 

significantly increased the percentage of evoked action potentials in both sham (Sham pre-451 

PCTX: mean ± SEM = 57.8% ± 6.3; Sham post-PCTX: mean ± SEM = 92.6% ± 6.2, p = 0.0004, 452 

paired t-test, Table 2-7d) and LFPI PV-INs (LFPI pre-PCTX: mean ± SEM = 12.0% ± 4.0; LFPI 453 

post-PCTX: mean ± SEM = 78.6% ± 10.6, p = 0.0034, paired t-test, Table 2-7e). After PCTX 454 

application, there was no difference in the percentage of PV-IN evoked action potentials in sham 455 

and LFPI groups (Figure 8B gray squares; % evoked APs, sham: mean ± SEM = 92.6% ± 6.2, 456 

LFPI: mean ± SEM = 78.6% ± 10.6, p = 0.29, Welch’s unpaired t-test, Glass’s d = 1.13; Table 2-457 

7f). These findings demonstrate that feed-forward activation of PV-INs is compromised by 458 

network inhibition.  459 

 460 

Discussion 461 

In the dentate gyrus, GABAergic basket cells and axo-axonic cells (i.e., PV-INs) are important 462 

drivers of feedforward inhibition onto granule cells (Ewell and Jones, 2010; Kraushaar and 463 

Jonas, 2000). Previous work has shown that feedforward inhibitory control of dentate granule 464 

cell firing is compromised after LFPI (Toth et al., 1997; Witgen et al., 2005). In seeking to 465 

identify potential cellular sources of granule cell disinhibition, this study is the first to 466 

demonstrate altered excitability of dentate PV-INs following experimental TBI. First, we showed 467 

that mild LFPI induced a loss of PV-INs in the hilus, recapitulating hilar interneuron loss 468 

observed in previous studies using moderate LFPI (Lowenstein et al., 1992; Santhakumar et al., 469 

2000; Toth et al., 1997; Witgen et al., 2005).  While surviving PV-INs have normal intrinsic 470 

membrane properties, excitatory and inhibitory synaptic currents are respectively shifted after 471 

injury. Furthermore, the data reveal that cortical feedforward activation of PV-INs is diminished 472 
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due to a net inhibitory effect and lead to decreased evoked PV-IN firing. Together, our findings 473 

demonstrate a mechanism of reduced network inhibition contributing to dentate gyrus and 474 

hippocampal dysfunction following TBI. 475 

 476 

The observed hilar PV-IN cell loss demonstrates that interneurons in this subregion are 477 

vulnerable to cell death in a milder model of LFPI (1.4-1.6 atm). A recent study of mild LFPI in 478 

rats also found a non-specific decrease in PV-INs seven days post-injury (Zhang et al., 2018).  479 

The steady number of PV-INs in the subgranular zone and granule cell layers supports findings 480 

by Toth and colleagues, who proposed that laminar cell density plays a role in injury-induced 481 

neuronal loss, and with loose cell packing in the hilus leading to cell death susceptibility (Toth et 482 

al., 1997). An advantage of cell counts in the PV-Tomato transgenic mice used is that 483 

fluorescence protein expression is controlled by the CAG promoter and therefore was not directly 484 

linked to PV-expression after injury. Therefore, it is unlikely that the decrease in tdTomato-485 

positive cell bodies is due to reduced PV protein expression or immunoreactivity (Nichols et al., 486 

2018). However, we cannot rule out that brain injury may negatively affect CAG promotor 487 

activation and interfere with fluorescent protein expression.  488 

 489 

When we examined the intrinsic membrane excitability of PV-INs, we observed no differences 490 

in passive or active properties following injury. Other dentate cells types have also been shown 491 

to retain their intrinsic properties, suggesting that the composition of membrane leak and 492 

voltage-gated channels are not overtly altered by LFPI (Howard et al., 2007; Santhakumar et al., 493 

2001, 2000). This could reflect homeostatic compensation by opposing modifications of intrinsic 494 

currents, as was previously observed in mossy cells after injury (Howard et al., 2007). This is 495 
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opposed to the transient depolarization found in dentate interneurons due to diminished Na+/K+ 496 

ATPase activity during the early acute post-injury period (i.e., four days after FPI; Ross and 497 

Soltesz, 2000). Therefore, at seven days after injury, homeostatic mechanisms may have 498 

recalibrated PV-IN membrane properties. Further inspection of isolated ionic currents may be 499 

required to rule out the contribution of compensatory cellular processes of maintaining PV-IN 500 

intrinsic excitability and to better understand the dynamicity of cellular properties during the 501 

post-traumatic period.  502 

 503 

While the intrinsic properties of PV-INs remained intact, changes in both excitatory and 504 

inhibitory synaptic currents reflected post-traumatic circuit-level alterations. On the excitatory 505 

side, miniature EPSCs had larger amplitude events, suggesting a larger postsynaptic response 506 

(e.g., increased insertion of receptors into the membrane) or larger presynaptic quantal size. The 507 

kinetics of mEPSCs were unchanged after injury. Several factors contribute to changes in rise 508 

and decay kinetics, including dendritic filtering, glutamate clearance, and receptor subunit 509 

composition. The lack of differences in the kinetics of miniature EPSCs between sham and LFPI 510 

groups suggests that factors like glutamate clearance and dendritic filtering may not play a 511 

prominent role in integration of excitatory post-synaptic currents by PV-INs (Diamond and Jahr, 512 

1997; Magee and Cook, 2000; Williams and Mitchell, 2008).  Furthermore, PV-INs in LFPI 513 

animals demonstrated increased mEPSC frequency. More frequent mEPSC events may reflect in 514 

increased in basal excitatory transmission mediated by changes in release probability or 515 

increased presynaptic activity, the latter which has support from previous studies that local 516 

dentate glutamatergic neurons are more excitable after injury (Gupta et al., 2012; Santhakumar et 517 
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al., 2000). This suggests that basal excitatory synaptic transmission onto PV-INs after LFPI may 518 

be a consequence of increased local glutamatergic activity in the dentate gyrus network.  519 

 520 

On the inhibitory side, mIPSCs demonstrated larger amplitudes but did not alter their frequency 521 

of occurrence, suggesting either an increase in postsynaptic response such as more GABAA-522 

receptors inserted into the postsynaptic membrane, or the presynaptic packaging of larger GABA 523 

quantal sizes. Specifically, enhanced inhibitory events may indicate an increase in tonic GABA-524 

receptor mediated currents, as have been shown in dentate PV-INs after status epilepticus and 525 

granule cells in a controlled cortical impact TBI model (Mtchedlishvili et al., 2010; Yu et al., 526 

2013). Additionally, mIPSCs in LFPI animals had faster rise kinetics than in sham animals.  The 527 

kinetics of IPSCs at GABAergic synapses are determined by the properties of their postsynaptic 528 

receptors.  Differences in IPSC kinetics may suggest alterations in the activation or recruitment 529 

of GABAA-receptors with different subunit compositions. Phasic inhibition results are mediated 530 

by activation of synaptically located, α1 and γ2 subunit-containing postsynaptic receptors by 531 

saturating concentrations of GABA. Tonic inhibition results from activation of extrasynaptic 532 

GABAA-receptors containing α4 and δ subunit-containing by low concentrations of ambient 533 

GABA (Rossi and Hamann, 1998; Stell and Mody, 2002; Mody and Pearce, 2004). 534 

Extrasynaptic GABAA-receptors are slow to desensitize while their synaptic counterparts rapidly 535 

desensitize. Therefore, it is possible that faster mIPSC rise times suggest alterations in 536 

postsynaptic receptor subunit composition.  537 

 538 

After LFPI, perforant path-evoked EPSCs were smaller than sham controls, but returned to sham 539 

levels when GABAergic inhibition was blocked by BMI wash-in. No change in eEPSC slopes 540 
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indicated that the activation of the evoked response was not affected, but the amplitude and 541 

overall charge transfer are decreased because of an enhanced inhibitory tone onto PV-INs. 542 

Minimal stimulation experiments further demonstrated that net augmentation of GABAergic 543 

inhibition decreased PV-INs evoked APs in response to entorhinal afferent input. This finding 544 

has major implications for predicting the activity of PV-INs in the post-traumatic dentate gyrus. 545 

It also provides additional evidence that injury-induced granule cell disinhibition may be 546 

attributed to decreased activation of feedforward GABAergic sources. While the results of our 547 

study do not provide a direct link between altered PV-IN firing and diminished GABAergic 548 

synaptic transmission onto granule cells, they do demonstrate network alterations in synaptic 549 

transmission that affect the functional activation of PV-INs. The post-traumatic decrease in 550 

mIPSC frequency onto granule cells seen previously suggests that there are fewer inhibitory 551 

synapses onto granule cells, potentially including loss of hilar PV-IN connections  (Soltesz et al., 552 

1995; Toth et al., 1997).  553 

 554 

At the circuit level, loss of perisomatic inhibitory control of dentate granule cells is likely to 555 

disrupt the gating function of the dentate gyrus after TBI. Additionally, decreased feedforward 556 

recruitment of PV-INs could have cognitive consequences. Fuchs and colleagues have previously 557 

demonstrated that loss of PV-IN recruitment lead to impaired performance on hippocampal-558 

dependent behavioral task in mice when excitatory drive onto PV-INs was knocked out (Fuchs et 559 

al., 2007).  Therefore, alterations in PV-IN activation and network recruitment could have 560 

profound effects on cognitive processes and potentially underlie hippocampal-dependent 561 

cognitive deficits experienced by TBI patients.  Future studies would benefit from investigating 562 

potential changes in the properties of PV-IN synapses onto granule cells, as previous work 563 
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suggests that these synapses may have higher failure rates and smaller pools of readily releasable 564 

vesicles in a model of dentate network hyperexcitability (Zhang and Buckmaster, 2009).  565 

 566 

There are several limitations of this study. It is important to note that perisomatic inhibitory 567 

control of dentate granule cells is provided by nonoverlapping populations of PV+ and CCK+ 568 

basket and axo-axonic cells (Freund and Buzsáki, 1996; Soriano et al., 1990). While this study 569 

only examined PV-INs after TBI, understanding the effects of CCK+ basket cell inhibition will 570 

provide a complete picture of alterations in granule cell perisomatic inhibition. In addition, we 571 

did not investigate possible mechanisms of synaptic alterations such as the number of synapses, 572 

presynaptic probability of release, or firing activity of presynaptic neurons. Future investigation 573 

of the mechanisms of E/I imbalance are crucial to understanding the overall shift in network 574 

excitability. Lastly, while both male and female mice were utilized for experiments, we did not 575 

explicitly explore sex as an experimental variable in this study. Previously, our laboratory has 576 

demonstrated that female and male mice similarly experience higher fEPSP I/O curves seven 577 

days after LFPI (citation redacted), however the current study does not explicitly compare sex 578 

differences in dentate PV-IN physiology after injury.  579 

  580 

In conclusion, our data show that synaptic input onto dentate PV-INs is altered after injury and is 581 

associated with diminished afferent activation of PV-INs driven by network inhibition. Inhibition 582 

decreases action potential initiation and suggests that activation of PV-IN-mediated feedforward 583 

inhibition onto granule cells in the dentate gyrus is compromised following brain injury. These 584 

results demonstrate post-traumatic alterations in inhibitory function that may contribute to 585 
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dentate network hyperexcitability and may hold therapeutic significance in the future as a 586 

specific cellular target for restoring hippocampal dysfunction after TBI. 587 

 588 

 589 
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 714 
 715 
Figure 1. Anatomical layers of the dentate gyrus used to determine PV+ cell location for 716 

counting. Overlay of Hoechst staining (blue) of all cells in the slice was used to identify the 717 
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anatomical structure and cellular layer boundaries (dotted white line) of the dentate gyrus when 718 

counting tdTomato-expressing (red) parvalbumin-positive cells. Cell anatomical location was 719 

divided by both dentate blade—suprapyramidal (SP) or infrapyramidal (IP)—and cellular layer, 720 

including molecular layer (ML), granule cell layer (GCL), subgranular zone (SGZ), and hilus. 721 

TdTomato-expressing cells in the hilus but within one soma length (20-30 μm) of the granule 722 

cell layer were considered in the subgranular zone (white arrow). Lower left: scale bar, 50 μm.  723 

 724 
Figure 2. Immunofluorescent staining to confirm dentate parvalbumin expression in tdTomato-725 

positive cells in both sham (top row) and LFPI (bottom row) animals seven days after surgery. 726 

A) and D) Transgenic expression of tdTomato fluorescence (red) in parvalbumin-positive cells 727 

expressing Cre-recombinase. B) and E) Immunofluorescent staining of parvalbumin-expressing 728 

cells (green). C) and F) Co-localization of td-Tomato and immunofluorescence (inset) 729 
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demonstrates that most td-Tomato-expressing cells are parvalbumin-positive. Asterisk indicates 730 

the location of the inset. A small portion of parvalbumin-expressing cells (green) did not express 731 

td-Tomato (white arrows).  732 

 733 
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 734
Figure 3. PV-IN cell loss in the dentate hilus occurs one week after mild LFPI.  Parvalbumin-735

positive (PV+) inhibitory interneurons expressing the fluorescent marker tdTomato in the dentate 736

gyrus one week after A) sham surgery or B) LFPI. C) Total number of PV+ cell bodies in the 737

dentate gyrus (DG) are not significantly different between sham and LFPI. D) The hilus 738

ML 

Hilus 
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experiences a significant loss of PV+ interneurons. n.s., non-significant; * p < 0.05. E) Timm 739 

staining of granule cell mossy fiber projections (black) into the hilus and area CA3 in an LFPI 740 

animal seven days after injury, scale bar 50 μm Inset (white box) magnified in F) demonstrates 741 

no Timm stained fibers are present in the inner molecular layer (ML) adjacent to the granule cell 742 

layer (GCL) where mossy fiber sprouting would occurscale bar, 25 μm. 743 

 744 
 745 
 746 
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Figure 4. PV-IN intrinsic membrane excitability remains intact after LFPI. A) Field excitatory 747 

postsynaptic potentials (fEPSPs) recorded from dentate molecular layer suggests dentate network 748 

hyperexcitability in transgenic PV-Tomato mouse line in response to perforant path electrical 749 

stimulation as demonstrated by B) significantly larger fEPSP slopes in LFPI mice than sham 750 

mice within the stimulation intensity range of 20-400 μA, 20 μA increments, 100 μs duration.  C) 751 

Example membrane voltage traces from sham (top trace) and LFPI (bottom trace) PV-INs in 752 

response to -50 pA and +100 pA current injections. Passive membrane properties of PV-INs are 753 

unchanged by injury as exemplified by D) membrane input resistance and E) resting membrane 754 

potential. Active firing properties also show no significant difference between sham (black 755 

points) and injured (gray points) on F) action potential threshold and G) PV-IN firing frequency 756 

in response to increasing depolarizing current injections. 757 
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 758 
Figure 5. PV-IN mEPSCs are larger and more frequent after LFPI. A) Representative traces of 759 

voltage-clamp recordings from sham (top trace) and LFPI (bottom trace) PV-IN cells in the 760 

presence of 30 μM bicuculline methiodide and 0.4 μM tetrodotoxin to block presynaptic action 761 
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potential-dependent synaptic transmission. Cumulative probability plots of B) mEPSC inter-762 

event interval and C) event amplitude from sham PV-INs (black) and LFPI PV-INs (gray). 763 

Vertical dashed lines indicate the median of the distribution at probability, p = 0.5. Insets: bar 764 

graphs of the median and 95% confidence intervals of B) mEPSC inter-event interval and C) 765 

mEPSC amplitude in sham (black) and LFPI (gray) PV-INs. ***, p < 0.001, **, p < 0.01 766 

 767 
 768 
Figure 6. Decreased perforant path evoked EPSCs onto PV-INs after LFPI. A) Representative 769 

traces of perforant path evoked EPSCs onto PV-INs from sham (top left), LFPI (top right), and 770 
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the same sham (bottom left) and LFPI (bottom right) cells with the addition of bicuculline 771 

methiodide (BMI). Evoked EPSCs were normalized to the fiber volley (FV) amplitude of the 772 

extracellular field response of that brain slice. The FV-normalized B left) slope, B middle) 773 

amplitude, and B right) charge transfer of eEPSCs in sham (blue) and LFPI (red) PV-INs. FV-774 

normalized C left) slope, C middle) amplitude, and C right) charge transfer of eEPSCs after BMI 775 

wash-in.  776 

 777 
 778 
 779 
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 780 
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Figure 7. Increase in PV-IN miniature IPSC amplitude after LFPI. A) Representative traces of 781 

voltage-clamp recordings at 0 mV from sham (top trace) and LFPI (bottom trace) PV-IN cells in 782 

the presence of glutamatergic blockers, APV and CNQX, and 0.4 μM TTX to isolate action-783 

potential-independent synaptic transmission. Cumulative probability plots of B) mIPSC 784 

amplitude, C) inter-event interval from sham PV-INs (black) and LFPI PV-INs (gray). Vertical 785 

dashed lines indicate the median of the distribution at probability, p = 0.5. Insets: bar graphs of 786 

the median and 95% confidence intervals for respective event measurements in sham (black) and 787 

LFPI (gray). n.s., no significance, ***, p < 0.001. 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 
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 800 
 801 
Figure 8. Feed-forward activation of PV-INs is diminished by increased network inhibitory 802 

input. A) Minimal electrical stimulation evoked voltage responses for individual cells in sham 803 

(top left trace) and LFPI (bottom left trace) slices during whole-cell current-clamp recordings 804 

with a holding potential of -65 mV in normal aCSF solution (left) and with bath application of 805 

100 nM picrotoxin (Sham, right top trace; LFPI, right bottom trace) while recording the same 806 

cell with 12 second inter-stimulus intervals (intervals shorted to 500 ms in figure). B) Percentage 807 

of evoked action potentials elicited in response to a sequence of 20 stimulations (i.e., 10 evoked 808 

APs in 20 stimulations = 50%) at baseline in normal aCSF perfusion solution and after bath 809 

application of picrotoxin. Percent differences in evoked responses for sham (mean ± SEM): 810 

34.8% ± 3.1 (n = 5 cells), and for LFPI (mean ± SEM): 66.6% ± 13.31 (n = 5 cells). *, p = 811 

0.0008, Welch’s unpaired t-test.  812 

 813 
 814 
 815 
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 816 

Tables 817 

 818 

Experiment 
Sham LFPI 

Male (n) Female (n) Male (n) Female (n) 

Immunostaining 3 0 4 0 

Cell Counts 6 2 4 5 

Timm Staining 10 0 10 0 

Field EPSPs 4 2 3 3 

Intrinsic Properties 5 5 4 6 

Miniature EPSCs 4 3 3 3 

Evoked EPSCs 7 5 8 3 

Miniature IPSCs 2 4 5 2 

Evoked APs 3 2 3 2 
 819 

Table 1. Male and female mice per group used in each experiment. For each experiment (left 820 

column) the sample size of male and female mice in sham and LFPI groups. Abbreviations: n, 821 

sample size; EPSCs, excitatory postsynaptic currents; IPSCs, inhibitory postsynaptic currents; 822 

APs, action potentials. 823 

 824 

 Experiment Data 
Structure Type of Test Test Statistic P-value 

Immunostaining 
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1a 
Td-Tomato/PV-

immunostain 
colocalization 

Normal  
(SW & DP) 

Two-tailed 
unpaired t-test 

t = 0.065 
df = 4.42 p = 0.95 

1b PV-immunostained 
cells only  

Normal  
(SW & DP) 

Two-tailed 
unpaired t-test 

t = 0.721 
df = 5 p = 0.47 

1c TdTomato cells 
only 

Normal  
(SW & DP) 

Two-tailed 
unpaired t-test 

t = 0.774 
df = 5 p = 0.56 

Cell Counts 

2a  
Total DG Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 

t = 1.971  
df = 15 

  
p = 0.07 

 2b 
 Hilus Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 

t = 2.431  
df = 15 

  
p = 0.03 

2c  
Subgranular Zone Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 

t = 1.579  
df = 15 

  
p = 0.14 

 2d 
Granule Cell Layer Normal  

(SW) 
Two-tailed 

unpaired t-test 

t = 0.6157  
df = 15 

  
p = 0.55 

 2e 
Molecular Layer Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 

t = 0.9811  
df = 15 

  
p = 0.34 

 2f Suprapyramidal 
Blade 

Normal 
 (SW & DP) 

Two-tailed 
unpaired t-test 

t = 2.048 
df = 15 

  
p = 0.06 

2g 
Infrapyramidal 

Blade 
Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 

t = 1.117 
df = 15 

  
p = 0.28 
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2f 
Septotemporal  Normal (DP) Two-way  

ANOVA F (1,87) = 0.87 p = 0.35 

 Intrinsic Properties 

3a  
Field EPSPs Normal 

 (SW & DP) 

Repeated 
measures 
ANOVA 

F(19,190) = 
14.34 p < 0.0001 

3b  Input Resistance Normal (DP) Two-tailed 
unpaired t-test 

t = 0.3717 
df = 18 p = 0.71 

3c  
Resting Membrane 

Potential 
Normal  

(SW & DP) 
Two-tailed 

unpaired t-test 
t = 1.279 
 df = 18 p = 0.21 

3d  
AP Threshold Normal (SW) Two-tailed 

unpaired t-test 
 t = 1.244  
df = 18  p = 0.23 

3e  
AP Firing 
Frequency Normal (SW) 

Repeated 
measures  
ANOVA 

F (1, 13) = 
0.422   p = 0.53  

3f   
AP half-width Normal (SW) Two-tailed 

unpaired t-test 
t = 0.612 
df = 14 p = 0.55 

Miniature EPSCs 

 4a  Inter-event 
Interval 

Non-normal 
(SW & DP) 

Kolmogorov- 
Smirnov test D = 0.162 p < 0.0001 

 4b 
 Amplitude Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.113 p = 0.006 

4c 
Rise Tau Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.104 p = 0.004 
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 4d 
Decay Tau Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.072 p = 0.20 

Evoked EPSCs 

5a  
Slope Normal 

 (SW & DP) 
Two-way 
ANOVA 

F (1, 13) = 
0.1825  p = 0.68 

 5b 
Amplitude Normal  

(SW & DP) 
Two-way 
ANOVA 

F (1, 22) = 
4.715  p = 0.04 

 5c 
Charge Transfer Normal 

 (SW & DP) 
Two-way 
ANOVA 

F (1, 21) = 
5.426  p = 0.03 

 5d 
Slope 

 (BMI wash-in) 
Normal  

(SW & DP) 
Two-way 
ANOVA 

 F (1, 10) = 
0.005518 p = 0.94 

5e  
Amplitude 

 (BMI wash-in) 
Normal  

(SW & DP) 
Two-way 
ANOVA 

 F (1, 10) = 
0.8552 p = 0.38 

5f  
Charge Transfer 
(BMI wash-in) 

Normal  
(SW & DP) 

Two-way 
ANOVA 

 F (1, 10) = 
0.9528 p = 0.35 

Miniature IPSCs  

 6a 
Amplitude Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.134 p = 0.0003 

6b 
Rise Tau Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.126 p = 0.008 

 6c 
Inter-event Interval Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.064 p = 0.25 
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 6d 
Decay Tau Non-normal 

(SW & DP) 
Kolmogorov- 
Smirnov test D = 0.038 p = 0.86 

Evoked APs  

 7a 
Resting Membrane 

Potential Normal (SW) Welch’s 
unpaired t-test 

t = 0.9494 
df = 8 p = 0.37 

7b 
Whole-cell 
Capacitance  Normal (SW) Welch’s 

unpaired t-test 
t = 0.4834 

df = 8 p = 0.64 

 7c 
Evoked APs 

(Normal aCSF) Normal (SW) Welch’s 
unpaired t-test 

 t = 9.084  
df = 4 p = 0.0008 

7d Evoked APs 
(Sham pre- and 

post-PCTX) 
Normal (SW) Paired t-test t = 11.27, df = 

4 p = 0.0004 

7e Evoked APs 
(LFPI pre- and 

post-PCTX) 
Normal (SW) Paired t-test t = 5.119 df = 

4 p = 0.0034 

9f 
Evoked APs 

(100nm PCTX) Normal (SW) Welch’s 
unpaired t-test 

t = 1.138  
df = 6  p = 0.29 

  825 
 826 

Table 2. Statistical analysis of experimental results. For each experiment (second column), the 827 

statistical results included the structure of the data distribution as determined by Shapiro-Wilk 828 

(SW) or D’Agostino-Pearson (DP) normality tests (third column), the statistical test used, the test 829 

statistic and degrees of freedom (df), and the p-value. P-values greater than 0.05 are rounded up 830 

to two decimal places. Abbreviations: DG, dentate gyrus; EPSCs, excitatory postsynaptic 831 
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currents; IPSCs, inhibitory postsynaptic currents; APs, action potentials; aCSF, artificial cerebral 832 

spinal fluid; PCTX, picrotoxin. 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 


