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Abstract  57 

Battlefield blast exposure related to improvised explosive devices has become the 58 

most common cause of traumatic brain injury (TBI) in the recent conflicts in Iraq and 59 

Afghanistan. Mental health problems are common after TBI. A striking feature in the most 60 

recent veterans has been the frequency with which mild TBI (mTBI) and post-traumatic 61 

stress disorder (PTSD) have appeared together, in contrast to the classical situations in 62 

which the presence of mTBI has excluded the diagnosis of PTSD. However, treatment of 63 

PTSD-related symptoms that follow blast injury has become a significant problem.  BCI-64 

838 (MGS0210) is a group II metabotropic glutamate receptor (mGluR2/3) antagonist 65 

prodrug and its active metabolite BCI-632 (MGS0039) has proneurogenic, procognitive 66 

and antidepressant activities in animal models. In humans, BCI-838 is currently in clinical 67 

trials for refractory depression and suicidality. This aim of the current study was to 68 

determine whether BCI-838 could modify the anxiety response and reverse PTSD-related 69 

behaviors in rats exposed to a series of low-level blast exposures designed to mimic a 70 

human mTBI or subclinical blast exposure. BCI-838 treatment reversed PTSD-related 71 

behavioral traits improving anxiety and fear-related behaviors as well as long-term 72 

recognition memory. Treatment with BCI-838 also increased neurogenesis in the dentate 73 

gyrus of blast-exposed rats. The safety profile of BCI-838 together with the therapeutic 74 

activities reported here, make BCI-838 a promising drug for the treatment of former 75 

battlefield Warfighters suffering from PTSD-related symptoms following blast-induced 76 

mTBI. 77 

Key words: animal model; BCI-838; BCI-632; MGS0210; MGS0039; behavioral testing; 78 

blast; metabotropic glutamate receptors; mGluR2/3; neurogenesis; post-traumatic stress 79 

disorder; rat; traumatic brain injury.  80 
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Significance Statement 82 

Currently available therapies are only partially effective for the treatment of PTSD-83 

related symptoms that appear following blast injury. Treatment with the proneurogenic 84 

mGluR2/3 receptor antagonist BCI-838 reversed PTSD-related behavioral traits in a rat 85 

model of blast-related mTBI. This study highlights BCI-838/BCI-632 and the mGluR2/3 86 

pathway as potential leads in development of novel pharmacological therapies for PTSD-87 

related symptoms that follow blast injury. 88 

  89 
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Introduction 90 

Traumatic brain injury (TBI) is a major cause of combat-related disability (Gubata et al., 91 

2014; Elder, 2015).  Military related TBIs occur through various mechanisms. Because of 92 

the widespread use of improvised explosive devices (IED) in Iraq and Afghanistan blast-93 

related mechanisms have been the most common cause (Hoge et al., 2008; Tanielian and 94 

Jaycox, 2008).  Further, as survival after battlefield trauma has improved, TBI has become 95 

recognized as a particularly common injury in the recent conflicts in Iraq and Afghanistan 96 

with estimates that as many as 20% of returning veterans suffered a TBI during 97 

deployment (Hoge et al., 2008; Tanielian and Jaycox, 2008). Initially most attention 98 

focused on the moderate to severe end of the injury spectrum, which was the type of TBI 99 

that would be recognized acutely in theatre. However, what soon became clear was that 100 

most TBIs being suffered in these conflicts were mild TBI (mTBI) with many going 101 

undocumented at the time of occurrence (Chase, 2015).  102 

Mental health problems occur often after TBI (Jorge et al., 2014). Indeed, a striking 103 

feature in the most recent veterans has been the frequency with which post-traumatic 104 

stress disorder (PTSD) has been seen following blast-related mTBI (Elder et al., 2010). 105 

Studies in Iraq veterans have found that over one-third suspected of having an mTBI 106 

related postconcussion syndrome also have PTSD or depression (Hoge et al., 2008; 107 

Vasterling et al., 2009). This dual diagnosis of PTSD and mTBI upends the conventional 108 

diagnostic separation of the two entities.  Indeed, the presence of mTBI has traditionally 109 

excluded the diagnosis of PTSD. While controversy remains over the separation of the two 110 

disorders clinically (Hoge et al., 2009; Bryant, 2011; Elder et al., 2014) there is no doubt 111 

that mental health problems are common following blast-related mTBI. 112 

BCI-838 (MGS0210), bicycle [3.1.0] hexane-2,6-dicarboxylic acid, 2-amino-3-[(3,4-113 

dichlorophenyl)metoxy]-6-fluoro-,6-heptyl ester,(IR,2R,3R, 5R6R)-) is the prodrug for BCI-114 
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632 (MGS0039), a group II metabotropic glutamate receptor (mGluR2/3) antagonist. BCI-115 

838 has been found to improve memory and reduce anxiety in an animal model of 116 

Alzheimer's Disease (Kim et al., 2014). It has been tested in humans and found to be 117 

clinically well tolerated and orally bioavailable. BCI-838 is currently in human clinical trials 118 

for depression. As a pro-drug BCI-838 is metabolized in the liver into BCI-632, which is the 119 

active compound delivered to brain. In humans, daily oral dosing of BCI-838 results in 120 

steady-state levels in brain, which last for 22 h.  121 

mGluR2/3 receptor antagonists are pro-neurogenic as evidenced by their stimulation of 122 

hippocampal neurogenesis in adult brain (Yoshimizu and Chaki, 2004). In rodents, 123 

mGluR2/3 receptor antagonists enhance learning and memory and they also possess 124 

anxiolytic and antidepressive properties (Higgins et al., 2004; Shimazaki et al., 2004; 125 

Yoshimizu et al., 2006; Campo et al., 2011). As a class, these compounds are regarded as 126 

promising for treatment of a variety of mental health and neurologic disorders including 127 

refractory major depression, suicidality, sleep-wake cycle disorders, and other psychiatric 128 

conditions in which cognitive impairment is a prominent feature (Celanire et al., 2015).  129 

Neurogenesis in the adult hippocampus affects higher cognitive functions (especially 130 

memory) and influences affective behavior (Kempermann et al., 2015). Stimulation of 131 

hippocampal neurogenesis has been proposed as a central mechanism underlying the 132 

action of antidepressant drugs (Chaki, 2017). TBI by cortical impact is reported to impair 133 

hippocampal neurogenesis (Rola et al., 2006; Shetty, 2014; Shapiro, 2016; Wang et al., 134 

2016), raising the possibility that proneurogenic drugs might be effective in modifying the 135 

course of latent manifestations resulting from mTBI. 136 

Modulation of other mGluRs has also been explored in experimental models of TBI 137 

(Loane et al., 2009; Loane et al., 2013; Kabadi and Faden, 2014). The stimulation of 138 

mGluR5 has emerged as one of the more promising approaches with effects that include 139 

promoting reduced production of nitric oxide and tumor necrosis factor-  as well as limiting 140 
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caspase dependent apoptosis and intracellular generation of reactive oxygen species 141 

(Loane et al., 2009). However, none of these studies have explored modulation of mGluRs 142 

in the context of blast injury.  143 

The aim of this study was to investigate whether administration of BCI-838 could 144 

modify the anxiety response and reverse PTSD-related behaviors while concomitantly 145 

enhancing neurogenesis in the dentate gyrus (DG) in rats previously found to exhibit a 146 

variety of chronic PTSD-related behavioral traits (Elder et al., 2012; Perez-Garcia et al., 147 

2016, 2018). BCI-838 treatment reversed PTSD-related traits improving anxiety and fear-148 

related behaviors, in addition to long-term recognition memory. Hippocampal neurogenesis 149 

was also robustly increased in the DG of drug-treated blast-exposed rats. The present 150 

study highlights the potential role for BCI-838, hippocampal neurogenesis, and the 151 

mGluR2/3 pathway in the development of novel pharmacological therapies to help former 152 

Warfighters suffering from the dual diagnosis status when PTSD-related symptoms co-153 

exist with blast-induced mTBI. 154 

  155 
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Materials and Methods 156 

Animals 157 

Adult male Long Evans Hooded rats (250g-350g; 10 to 12 weeks of age; Charles River 158 

Laboratories International, Inc., Wilmington, MA, USA) were used as subjects. All studies 159 

were approved by the Institutional Animal Care and Use Committees of the James J. 160 

Peters VA Medical Center, Bronx, NY and the Walter Reed Army Institute of 161 

Research/Naval Medical Research Center, Silver Spring, MD. Studies were conducted in 162 

compliance with the Public Health Service policy on the humane care and use of 163 

laboratory animals, the NIH Guide for the Care and Use of Laboratory Animals, and all 164 

applicable Federal regulations governing the protection of animals in research. 165 

 166 

Blast overpressure exposure 167 

Rats were exposed to overpressure injury using a shock tube, which simulates the 168 

effects of air blast exposure under experimental conditions (Ahlers et al., 2012). The shock 169 

tube has a 0.32-m circular diameter and is a 5.94 m-long steel tube divided into a 0.76-m 170 

compression chamber that is separated from a 5.18-m expansion chamber. The 171 

compression and expansion chambers are separated by polyethylene terephthalate Mylar 172 

TM sheets (Du Pont Co., Wilmington, DE, USA) that control the peak pressure generated. 173 

The peak pressure at the end of the expansion chamber was determined with 174 

piezoresistive gauges specifically designed for pressure-time (impulse) measurements 175 

(Model 102M152, PCB, Piezotronics, Inc., Depew, NY, USA).  176 

Individual rats were anesthetized using an isoflurane gas anesthesia system consisting 177 

of a vaporizer, gas lines and valves and an activated charcoal scavenging system adapted 178 

for use with rodents.  Rats were placed into a polycarbonate induction chamber, which was 179 

closed and immediately flushed with 5% isoflurane mixture in air for two minutes. Rats 180 
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were placed into a cone shaped plastic restraint device and then placed in the shock tube. 181 

Movement was further restricted during the blast exposure using 1.5 cm diameter flattened 182 

rubber tourniquet tubing. Three tourniquets were spaced evenly to secure the head region, 183 

the upper torso and lower torso while the animal was in the plastic restraint cone.  The end 184 

of each tubing was threaded through a toggle and run outside of the exposure cage where 185 

it was tied to firmly affix the animal and prevent movement during the blast overpressure 186 

exposure without restricting breathing.  Rats were randomly assigned to sham or blast 187 

conditions with the head facing the blast exposure without any body shielding resulting in a 188 

full body exposure to the blast wave. The total length of time under anesthesia including 189 

placement in the shock tube and execution of the blast procedure was typically less than 3 190 

minutes. Blast-exposed animals received 74.5 kilopascal (kPa) exposures equivalent to 191 

10.8 pounds per square inch (psi). One exposure per day was administered for three 192 

consecutive days. Sham exposed animals were treated identically including receiving 193 

anesthesia and being placed in the blast tube but did not receive a blast exposure. Under 194 

the blast conditions utilized here blast-exposed rats recovered identically to controls and 195 

exhibited no loss of the righting reflex (Ahlers et al., 2012).  196 

 197 

 Animal housing 198 

Animals were housed at a constant 70-72o F temperature with rooms on a 12:12 hour 199 

light cycle with lights on at 7 AM. All subjects were individually housed in standard clear 200 

plastic cages equipped with Bed-O'Cobs laboratory animal bedding (The Andersons, 201 

Maumee, Ohio, USA) and EnviroDri nesting paper (Sheppard Specialty Papers, Milford, 202 

NJ, USA). Access to food and water was ad libitum. Subjects were housed on racks in 203 

random order to prevent rack position effects. Cages were coded to allow maintenance of 204 

blinding to groups during behavioral testing.  205 

 206 
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 207 

Drug Administration  208 

BCI-838 was dissolved in a solution of 5% carboxymethylcellulose (CMC, Sigma 209 

Aldrich, St. Louis MO, USA) and 0.3% 2N hydrochloric acid solution (Sigma Aldrich) at 210 

room temperature. The drug emulsion was prepared daily by sonication for 2 min to fully 211 

dissolve. Animals were divided into 4 experimental groups: 1) sham exposed (placed in 212 

blast tube but did not receive blast exposure) treated with vehicle (5% CMC), 2) blast 213 

exposed treated with vehicle, 3) blast exposed treated with 4 mg/kg BCI-838 (low dose), 214 

and 4) blast exposed treated with 10 mg/kg BCI-838 (high dose). The experiment was 215 

performed independently on two cohorts of rats described in Extended Data Fig. 1-1 and 216 

1-2. Doses were chosen based on previous work in other rodent models (Kim et al., 2014). 217 

Bodyweight was recorded weekly and doses were adjusted accordingly. 218 

The drug was administered by oral gavage starting two weeks after the last blast 219 

exposure.  Administration was conducted daily between 9 am and 2 pm for 60 days by 220 

personnel experienced in the procedure. Restraint for gavage was performed similar to 221 

that described by Turner et al. (Turner et al., 2012) except that a towel was used to firmly 222 

grasp and gently immobilize the rat with the head and body held vertically. A 7-cm straight 223 

stainless-steel gavage needle with a 3-mm ball tip (Fischer Scientific, Waltham MA, USA) 224 

was used for gavage and wiped clean between animals.  225 

 226 

Bromodeoxyuridine (BrdU) injections 227 

All animals received once daily i.p. injections of BrdU (150 mg/kg of body weight) for 8 228 

days during the third week of drug treatment (5 weeks after blast exposure).  BrdU (Sigma) 229 

was dissolved in saline solution (0.9 % NaCl in sterile H20) warmed to 40oC and gently 230 

vortexed. The solution was allowed to cool to room temperature (25oC) before injection. 231 

 232 
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 233 

Behavioral testing 234 

Behavioral testing was begun at the end of the 60 days of drug administration. All 235 

behavioral testing was performed by the same investigator (GPG). The following tests 236 

were performed: 237 

 238 

1. Locomotor activity and open field 239 

General locomotor activity and open field behavior was examined in 40.6 cm × 40.6 cm 240 

Versamax activity cages (Accuscan, Columbus, OH, USA), each outfitted with a grid of 32 241 

infrared beams at ground level and 16 elevated 7.6 cm above ground level. Locomotor 242 

activity was recorded during 60 min and analyzed with VersaData Software (Accuscan), 243 

which automatically calculates move time, move distance and center time based on beam 244 

breaks. The center of the chamber was defined as a square of 25.4 cm × 25.4 cm (7.6 cm 245 

from each side wall) and virtually drawn with VersaMap software (Accuscan). Center 246 

entries and center rest time were defined based on the centroid of the rat being in the 247 

center of the chamber with center rest time defined as time when the centroid was in the 248 

center of the chamber but during which no beam breaks were generated. Samples were 249 

recorded in 1 min bins and summed into 5 min intervals for presentation. 250 

 251 

2. Light/dark emergence  252 

A light/dark emergence task was run in Versamax activity cages with opaque black 253 

Plexiglas boxes enclosing the left half of the interiors so that only the right sides were 254 

illuminated. Animals began in the dark side and were allowed to freely explore for 10 min 255 

with access to the left (light) side through an open doorway located in the center of the 256 

monitor. Subject side preference and emergence latencies were tracked by centroid 257 

location with all movement automatically tracked and quantified. Light-side emergence 258 
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latency, time to reach the center of the lighted side (light side center latency) and percent 259 

total light-side duration were calculated from beam breaks. All equipment was wiped clean 260 

between tests.  261 

 262 

3. Elevated zero maze 263 

The apparatus consisted of a circular black Plexiglas runway 121.92 cm in diameter 264 

and raised 76 cm off the floor (San Diego Instruments, San Diego, CA, USA). The textured 265 

runway itself was 5.08 cm across and divided equally into alternating quadrants of open 266 

runway enclosed only by a 1.27 cm lip and closed runway with smooth 15.24 cm walls. All 267 

subjects received a 5-min trial beginning in a closed arc of the runway. During each trial, 268 

subjects were allowed to move freely around the runway, with all movement tracked 269 

automatically by a video camera placed on the ceiling directly above the maze. Data were 270 

analyzed by ANYMAZE (San Diego Instruments, San Diego CA, USA) yielding measures 271 

of total movement time and distance for the entire maze, as well as time spent and 272 

distance traveled in each of the individual quadrants. From the quadrant data, measures of 273 

total open and closed arc times, latency to enter an open arc, total open arm entries and 274 

latency to completely cross an open arc between two closed arcs were calculated. Subject 275 

position was determined by centroid location. 276 

 277 

4. Novel object recognition  278 

Rats were habituated to the arena (90 cm length x 60 cm width x 40 cm height) for 20 279 

min, 24hr before training. On the training day, two identical objects were placed on 280 

opposite ends of the empty arena, and the rat was allowed to freely explore the objects for 281 

7 min. After a 1-h delay, during which the rat was held in its home cage, one of the two 282 

familiar objects was replaced with a novel one, and the rat was allowed to freely explore 283 

the familiar and novel object for 5 min to assess short-term memory (STM). After a 24-h 284 
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delay, during which the rat was held in its home cage, one of the two familiar objects was 285 

replaced with a novel one different from the ones used during the short-term memory test. 286 

The rat was allowed to freely explore the familiar and novel object for 5 min to assess long-287 

term memory (LTM). After a 4-week delay (from training), during which the rat was held in 288 

its home cage, one of the two familiar objects used during the LTM testing was replaced 289 

with a novel one different from those used during either the STM or LTM tests. The rat was 290 

allowed to freely explore the familiar and novel object for 5 min to assess consolidation 291 

memory (CM). Raw exploration times for each object were expressed in seconds. Object 292 

exploration was defined as sniffing or touching the object with the vibrissae or when the 293 

animal’s head was oriented toward the object with the nose placed at a distance of less 294 

than 2 cm from the object. All sessions were recorded by video camera (Sentech, 295 

Carrollton TX, USA) and analyzed with ANYMAZE software (San Diego Instruments). In 296 

addition, offline analysis by an investigator blind to the blast-exposed status of the animals 297 

was performed. Objects to be discriminated were of different size, shape and color and 298 

were made of plastic or metal material. The objects consisted of a 330 ml soda can, a 299 

metal box, a cup and a plastic tube. All objects were cleaned with 70% ethanol between 300 

trials.   301 

 302 

5. Prepulse inhibition and acoustic startle  303 

Startle magnitude and sensory gating were examined in a 40-trial prepulse inhibition 304 

assay (San Diego Instruments). Animals were placed in isolation chambers inside closed 305 

Plexiglas tubes, each of which was mounted on a platform resting on an accelerometer.  306 

Following a 5 min habituation period with 74 dB background white noise, each animal 307 

received 40 randomized trials separated by 20-30 sec. Trials consisted of 10 each of 308 

background readings taken at 74 dB, startle trials with readings following 40 msec 125 dB 309 

tones, prepulse inhibition trials where the 125 dB tone was preceded 100 msec earlier by a 310 
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20 msec 79 dB tone and control trials consisting of only the 20 msec 79 dB prepulse. On 311 

all trials, maximum magnitude of the animal’s startle (or other motion) was automatically 312 

recorded in 500 msec windows by an accelerometer. The tubes were rinsed clean 313 

between animals. Percent prepulse inhibition was calculated with the formula 100 - (startle 314 

response on acoustic prepulse plus pulse stimulus trials/pulse stimulus response alone 315 

trials) X 100]. The first startle response was compared among groups. 316 

 317 

6.  Contextual and cued fear conditioning  318 

Sound-attenuated isolation cubicles (Coulbourn Instruments, Holliston, MA, USA) were 319 

utilized.  Each cubicle was equipped with a grid floor for delivery of the unconditioned 320 

stimulus (US) and overhead cameras. All aspects of the test were controlled and 321 

monitored by the Freeze Frame conditioning and video tracking system (Actimetrics, 322 

Coulbourn Instruments).  During training the chambers were scented with almond extract, 323 

lined with white paper towels, had background noise generated by a small fan and were 324 

cleaned before and between trials with 70% ethanol.  The tester wore latex gloves. Each 325 

subject was placed inside the conditioning chamber for 2 min before the onset of a 326 

conditioned stimulus (CS; an 80dB, 2 kHz tone), which lasted for 20 sec with a co-327 

terminating 2 sec footshock (0.7 mA; unconditioned stimulus [US]).  Each rat remained in 328 

the chamber for an additional 40 sec following the CS-US pairing before being returned to 329 

its home cage. Freezing was defined as a lack of movement (except for respiration) in 330 

each 10 sec interval. Minutes 0-2 during the training session were used to measure 331 

baseline freezing. Contextual fear memory testing was performed 24 h after the training 332 

session by measuring freezing behavior during a 3-min test in the conditioning chamber 333 

under conditions identical to those of the training session with the exception that no 334 

footshock or tone (CS or US) was presented. Animals were returned to their home cage for 335 

another 24 h at which time cued conditioning was tested. To create a new context with 336 
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different properties, the chambers were free of background noise (fan turned off), lined 337 

with blue paper towels, scented with lemon extract and cleaned before and during all trials 338 

with isopropanol. In addition, the tester wore nitrile gloves and habituated the rats pre-339 

testing in a different holding room. Each subject was placed in this novel context for 2 min 340 

and baseline freezing was measured, followed by exposure to the CS (20 sec tone) at 120 341 

and 290 seconds. 342 

 343 

Tissue processing and immunohistochemistry 344 

Animals were sacrificed at the conclusion of behavioral testing. After deep anesthesia 345 

with a solution of Ketamine 150 mg/kg and xylazine 30 mg/kg, rats were euthanized by 346 

transcardial perfusion with cold 4% paraformaldehyde in phosphate-buffered saline (PBS). 347 

After perfusion, brains were removed and postfixed in 4% paraformaldehyde for 48 h, 348 

transferred to PBS, and stored at 4°C until sectioning. Fifty μm-thick coronal sections were 349 

cut through the entire extend of the hippocampus using a Leica VT1000 S Vibratome 350 

(Leica, Wetzlar, Germany). The sections were stored at −20 °C in a cryoprotectant solution 351 

(25% ethylene glycol and 25% glycerine in 0.05M PBS) until processing for 352 

immunofluorescence.   353 

For stereologically based counting every 6th section in a series was processed for 354 

immunohistochemistry so that the interval between sections within a given series was 355 

300 μm.  For BrdU staining the sections from each brain were treated with 50% formamide 356 

and 2 × SSC (0.3 M NaCl, 0.03 M sodium citrate) for 2 h, followed by incubation with 0.1 M 357 

boric acid buffer at pH 8.5 for 10 min. After 4 × 5 min washes with PBS, they were 358 

incubated in blocking buffer (3% goat serum, 0.3% Triton X-100 in PBS) for 1 h and 359 

incubated overnight at 4 °C in a mixture of rat anti-BrdU (1:300, Abcam) plus rabbit anti-360 

neuron-specific nuclear protein (NeuN, 1:500; Millipore) antibodies. The next day, sections 361 

were washed 4 × 5 min with PBS and exposed for 2 h in the dark with Alexa Fluor568 362 
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conjugated donkey anti-rat IgG and with AlexaFluor488 conjugated goat anti-rabbit IgG 363 

(Life Technologies). Both secondary antibodies were used at a dilution of 1:300. To 364 

ascertain the effects of BCI-838 on cell proliferation and survival, a second series of 365 

sections from each animal was immunolabeled with doublecortin (DCX) and BrdU as 366 

described above using a goat monoclonal anti-DCX antibody (1:500 from Santa Cruz). All 367 

slices were mounted onto slides and covered under Fluoro-Gel (with Tris Buffer from 368 

Electron Microscopy Sciences). 369 

 370 

Image analysis and neurogenesis quantification 371 

Given the scarcity of BrdU- and DCX-immunostained cells, the number of new cells 372 

was estimated using a modified version of the optical fractionator method employing an 373 

exhaustive sampling scheme. All BrdU-or DCX-labeled cells were counted on both sides of 374 

every 6th bilateral section throughout the entire dentate gyrus (DG) between coordinates 375 

−2.52 mm and 5.40 mm relative to bregma. Immunostained cells were first visualized with 376 

a 40 × objective. To ensure accurate comparison between groups, we checked that section 377 

thicknesses were similar for all the groups with the aid of a microcator focused on immuno-378 

fluorescence labeled nuclei at the border of the hilus and DG. The number of BrdU- or 379 

DCX labeled cells per granule cell layer (GCL, including the SGZ) was estimated using the 380 

following formula: N = Q × (1/ssf), where Q is the total number of counted cells and 1/ssf is 381 

the reciprocal of the section sampling fraction (1/ssf = 12 in the present case). 382 

For quantification of double-labeled BrdU/NeuN cells, eleven bilateral slices per animal 383 

spanning the entire dentate gyrus were used to determine the frequency of BrdU-positive 384 

cells expressing NeuN. Eight to twelve optical sections (1 μm thick) were scanned from 385 

each area using the 40 × objective. BrdU-labeled cells were scored as neurons when the 386 

NeuN labeling was unambiguously associated with a BrdU-positive nucleus in the stack of 387 



 

 17 

sections. The percentages of BrdU-labeled cells that were also labeled with NeuN were 388 

calculated for each group. 389 

 390 

Statistical analysis  391 

Values are expressed as mean ± SEM. Figure 1-1 and 1-2 presented in the Extended 392 

Data contain the data structure, type of test used, observed power, and n for each figure. 393 

Each test included enough animals to reach a power close to or higher than 0.8. Statistical 394 

tests were performed using the program GraphPad Prism 7.0 (GraphPad Software, San 395 

Diego, CA, USA), IBM SPSS statistics 24, and G* Power (Heinrich-Heine-Universität 396 

Düsseldorf). To systematically test for normality the D’Agostino–Pearson and Shapiro Wilk 397 

tests were utilized. Depending on the behavioral test, multiple comparisons were 398 

performed using one-way ANOVA for normally distributed datasets followed by Tukey’s 399 

post hoc tests for multiple comparisons when appropriate. The datasets used for two-way 400 

repeated measures ANOVA were normally distributed and were followed by post hoc 401 

Sidak’s test.  402 

  403 
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Results 404 

Treatment of blast-exposed rats with BCI-838. 405 

We studied a model of blast exposure utilizing rats. Because multiple blast exposures 406 

have been common among former Warfighters returning from Iraq and Afghanistan (Hoge 407 

et al., 2008; Tanielian and Jaycox, 2008; Elder et al., 2010), we used a design in which 408 

rats received three 74.5-kPa exposures delivered once per day on 3 consecutive days. 409 

Studies using this model have established that exposures up to 74.5 kPa (equivalent to 410 

10.8 psi), while representing a level of blast that is transmitted to brain, produce no gross 411 

neuropathological effects, and histological examination of the lungs show no hemorrhage 412 

or other pathology (Ahlers et al., 2012; Elder et al., 2012). Based on our experience with 413 

this model, we believe that these blast pressures mimic a low-level blast exposure 414 

equivalent to a human mTBI or subclinical blast exposure. 415 

Since BCI-838 has a variety of potentially relevant neuropsychiatric activities in other 416 

rodent models (Kim et al., 2014), we assessed its efficacy in modifying the behavioral traits 417 

that follow blast injury. The time course of the experiments is shown in Fig. 1. BCI-838 was 418 

administered at two different doses (4 mg/kg/day and 10 mg/kg/day) by oral gavage 419 

starting two weeks after the last blast exposure and was continued for 8 weeks. During the 420 

third week of drug treatment, BrdU was administered daily for 8 consecutive days. Gavage 421 

was stopped after week 10 post blast and behavioral testing was performed between 11 422 

and 17 weeks after blast exposure. Rats were sacrificed at the end of behavioral testing 423 

when the animals were 25 weeks old. The experiments were conducted on two cohorts of 424 

animals. Results from cohort 2 are primarily described below and presented in figures 2-6. 425 

The effect of BCI-838 treatment in cohort 1 is discussed below and presented in Extended 426 

Data figures 2-1 and 5-1. Figures 1-1 and 1-2 in Extended Data summarize effects in both 427 

cohorts.   428 
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 429 

BCI-838 reverses chronic anxiety in blast-exposed rats.  430 

Starting at week 11 post blast, rats were tested in an open field, an elevated zero 431 

maze, and a light/dark emergence task. No differences in the open field were found among 432 

the groups during the 60 min of testing (data not shown). In the light/dark emergence task 433 

(Fig. 2), blast-exposed rats treated with vehicle exhibited an increased latency to reach the 434 

light center (Fig. 2B) (one-way ANOVA, F3,41= 6.486, p= 0.0011), made fewer light center 435 

entries (Fig. 2C) (F3,41 = 8.585, p= 0.0002) and traveled less distance on the light side (Fig. 436 

2E) (F3,42 = 8.547, p= 0.0002) compared to vehicle-treated controls. Treatment with high 437 

dose BCI-838 (10 mg/kg/day) reversed deficits in the light center latency, light center 438 

entries and total distance traveled on the light side. 439 

When assessed 24 h after the light/dark emergence task, rats were tested for 5 min in 440 

an elevated zero maze. Compared to vehicle-treated controls, blast-exposed rats treated 441 

with vehicle tended to moved less (Fig. 3B) (F3,40 = 2.527, p= 0.071), showed an increased 442 

latency to reach an open arm (Fig. 3C) (F3,40 = 5.080, p= 0.0045), made fewer open arm 443 

entries (Fig. 3D) (F3,40 = 5.08, p<0.0001), and spent less time in the open arms (Fig. 3E) 444 

(F3,40 = 3.39, p= 0.0189).  They also exhibited an increased latency to cross between two 445 

open arms (cross latency; Fig. 3F) (F3, 40 = 5.080, p= 0.0045). Treatment with 4 mg/kg and 446 

10 mg/kg of BCI-838 reversed many of these effects. Results of treatment in cohort 1 447 

revealed similar effects with BCI-838 reversing blast-associated anxiety in both light/dark 448 

emergence and the elevated zero maze (Extended data Fig. 2-1A and 2-1B). Thus, blast-449 

exposed rats exhibit signs of chronic anxiety in multiple tests that are reversed by 450 

treatment with BCI-838. 451 

 452 

Enhanced prepulse inhibition in blast-exposed rats is unaltered with BCI-838 453 

treatment. 454 
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Enhanced acoustic startle is an important characteristic of the hyperarousal found in 455 

PTSD. Startle magnitude and sensory gating were examined in a prepulse inhibition 456 

assay. Results of the first startle reactions are shown in Figs. 4A, B and C. No differences 457 

were found between the groups whether vehicle or drug treated in background readings 458 

(Pre) (Fig. 4A; F3,39 = 2.398, p= 0.0826), acoustic startle response (Pulse) (Fig. 4B; F3,38 459 

=0.6367, p= 0.5960), or startle following the prepulse (Fig. 4C; F3,39 = 0.2161, p= 0.8846). 460 

An increased response was found between blast-exposed rats treated with vehicle and 461 

vehicle-treated controls when the first prepulse was subtracted from the first acoustic 462 

startle (pulse-prepulse; Fig. 4D). Blast-exposed rats treated with vehicle also exhibited an 463 

increased percentage of PPI vs. vehicle-treated controls (Fig. 4E). Neither dose of BCI-838 464 

affected startle magnitude or PPI among groups. Results were similar in the first cohort 465 

(Extended data Fig. 2-1C). Thus, responses to auditory stimuli are altered following blast 466 

exposure but BCI-838 did not reverse these effects. 467 

 468 

Altered fear responses in blast-exposed rats are reversed with high dose BCI-838. 469 

Models of conditioned fear are regarded as relevant to the study of the 470 

pathophysiological mechanisms of PTSD, where disordered fear regulation is observed 471 

(Mahan and Ressler, 2012b). We examined blast-exposed rats in a cued/contextual fear 472 

paradigm (Fig. 5). Freezing behavior was measured during minutes 0–2 of the training 473 

session (baseline), after the presentation of the tone and after the footshock, Following the 474 

footshock, all groups show increased freezing but no differences were found among 475 

groups (Fig. 5A) (repeated-measures ANOVA, F2,42 =401.01, p=0.001 baseline vs. post-476 

shock and F2,42 = 0.211 p<0.888 for freezing among group condition). On day 2 in the 477 

contextual phase, freezing was similar in all groups in min 1 and 2 (Fig. 5B). However in 478 

min 3, blast-exposed rats treated with low and high dose BCI-838 showed less freezing 479 

compared to non-blast exposed controls (one-way ANOVA, F3,43=2.857, p=0.048  among 480 
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groups min 3). On day 3, in the cued phase, blast-exposed rats treated with vehicle 481 

showed increased freezing in response to the second tone compared to vehicle-treated 482 

controls (Fig. 5C). Blast-exposed rats treated with low dose BCI-838 showed less freezing 483 

compared with blast-exposed rats treated with vehicle in the second tone period (one-way 484 

ANOVA, F3,43=2.863, p=0.0011 for freezing by condition tone 2). Moreover, blast-exposed 485 

rats treated with high dose BCI-838 displayed less freezing compared with blast-exposed 486 

rats treated with vehicle in the intertone and tone 2 periods (one-way ANOVA, 487 

F3,43=103.84, p=0.0001 among groups for intertone and F2,43=15.65, p=0.0001 for tone 2). 488 

In cohort 1, blast-exposed rats treated with vehicle showed a tendency to increased 489 

freezing in the cued phase of testing compared to vehicle-treated controls (Extended Data 490 

Fig. 5-1A). Enhanced freezing during the cued phase of fear conditioning training has been 491 

observed in multiple other cohorts of rats studied in the past following a similar blast 492 

exposure protocol (data not shown). Blast-exposed rats treated with high dose BCI-838 493 

displayed a tendency to less freezing compared with blast-exposed rats treated with 494 

vehicle in the intertone and tone 2 (Extended Data Fig. 5-1A). Thus, fear responses were 495 

chronically altered following blast exposure and reversed by BCI-838 4 and 10 mg/kg/day 496 

treatments in both of the cohorts. 497 

 498 

Altered novel object recognition in blast-exposed rats is reversed with BCI-838. 499 

Cognitive impairment is a significant component of TBI and PTSD. As a measure of 500 

cognitive functioning in blast-exposed rats and the effects of BCI-838, we performed a 501 

novel object recognition task. During the training phase, blast-exposed rats treated with 502 

vehicle explored the objects equally in each location but spent less total time in exploration 503 

(Fig. 6E) than all other groups (between-object discrimination comparisons were made 504 

using unpaired t-tests (Student’s), p=0.855 for discrimination Ob1 vs. Ob2 controls; 505 

p=0.7675 for blast exposed; p=0.954 for blast exposed with BCI + LD and p=0.724 for 506 
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blast exposed with BCI + HD) (Fig. 6A). When presented a novel object, the vehicle-507 

treated control and blast-exposed rats spent more time investigating the unfamiliar object, 508 

and the blast exposed again spent less total time in exploration (Fig. 6E) whether tested 1 509 

h (short-term memory; STM, Fig 6B) (p<0.0004 for discrimination FO vs. NO controls; 510 

p<0.0001 for discrimination FO vs. NO blast exposed; p=0.0002 for discrimination FO vs. 511 

NO blast exposed with BCI +LD; and p<0.0001 for discrimination FO vs. NO blast exposed 512 

BCI HD) or 24 h (long-term memory; LTM, Fig. 6C) after training (p<0.0001 for 513 

discrimination FO vs. NO controls; p<0.0001 for discrimination FO vs. NO blast exposed; 514 

p=0.0017 for discrimination FO vs. NO blast exposed BCI LD and p<0.0001 for 515 

discrimination FO vs. NO blast exposed BCI HD). Moreover, when an additional novel 516 

object was presented 4 weeks after training (consolidation memory; CM, Fig 6D), blast-517 

exposed rats treated with vehicle not only spent less time exploring both objects (familiar 518 

and novel) compared with non-blast exposed controls (Fig. 6E), they also failed to explore 519 

the novel object more than the familiar (p<0.0083 for discrimination FO vs. NO in controls; 520 

p=0.5246 for discrimination FO vs. NO blast exposed; p=0.0003 for discrimination FO vs. 521 

NO blast exposed BCI LD and p=0.0002 for discrimination FO vs. NO blast exposed BCI 522 

HD). Effects on reduced exploration time (Fig. 6E) as well as the late effects on 523 

consolidation memory (Fig. 6D) were reversed by low dose (4 mg/Kg/day) and high dose 524 

(10 mg/Kg/day) BCI-838. Results in cohort 1 were similar in STM and LTM testing 525 

(Extended Data Fig. 5-1B). Effects on consolidation memory at four weeks after training 526 

were not assessed in cohort 1.  527 

 528 

Enhanced neurogenesis in blast-exposed rats treated with BCI-838.  529 

mGluR2/3 receptor antagonists are known for their proneurogenic effects stimulating 530 

hippocampal neurogenesis in adult brain (Yoshimizu and Chaki, 2004). To determine the 531 

effects of blast and BCI-838 treatment on hippocampal neurogenesis, we first evaluated 532 
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BrdU labeling of newly generated hippocampal cells at 10 weeks after the final BrdU 533 

injection (Fig. 7). We found no difference between numbers of BrdU-labeled cells in 534 

vehicle-treated blast-exposed and control rats suggesting that there is no inherent effect of 535 

blast on neural progenitor proliferation. However, we found a statistically significant 536 

increase in the number of BrdU-positive cells in blast-exposed rats treated with high dose 537 

BCI-838 compared with blasted-exposed treated with vehicle suggesting that drug 538 

treatment induced neurogenesis in the hippocampus (Fig. 9A; one-way ANOVA, F 539 

3,11=3.446, p=0.0401 blast exposed vs. blast exposed treated with high dose BCI and 540 

p=0.0793 for treatment with low dose). 541 

However, given that BrdU labeling was examined 10 weeks after the last injection and 542 

not acutely, the analysis provided an estimation of cell survival, and the question remained 543 

as to whether BCI-838 treatment also stimulated cell proliferation. To assess this, a 544 

different set of slices from each experimental group was immunolabeled with antibodies 545 

against doublecortin (DCX) and BrdU. In contrast to BrdU, which is a marker of cell 546 

proliferation since it is incorporated into DNA during the S-phase of the cell cycle, DCX is a 547 

microtubule-associated protein that in the adult brain labels immature neurons in the 548 

neurogenic niche (Brown et al., 2003) and is expressed specifically in virtually all migrating 549 

neuronal precursors of the developing CNS. In the adult hippocampus, DCX visualization 550 

gives a picture of the number of immature neurons. In agreement with the results of BrdU 551 

staining, blast-exposed rats treated with high dose BCI-838 exhibited an increased number 552 

of DCX-labeled cells compared with blast-exposed treated with vehicle (Fig. 8 and Fig. 553 

9B). Thus, chronic treatment with BCI-838 does indeed increase hippocampal 554 

neurogenesis following blast injury.  555 

  556 
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Discussion 557 

TBI involves damage to the brain from an external force that can lead to direct tissue 558 

injury and hemorrhage as well as to the activation of secondary injury cascades that 559 

include inflammation and oxidative stress (Gennarelli and Grahm, 2005). TBI may also 560 

predispose to delayed neurodegeneration (DeKosky et al., 2010; Gandy et al., 2014; 561 

Elder, 2015). Postconcussion symptoms are often complicated by mental health problems 562 

including depression, anxiety and PTSD (Jorge et al., 2014). In particular, depression and 563 

PTSD have been common in former Warfighters returning from the recent conflicts in Iraq 564 

and Afghanistan (Hoge et al., 2008; Tanielian and Jaycox, 2008; Elder et al., 2010). 565 

Animal models of blast-related TBI have studied the effects of differing blast pressures 566 

in the context of single or multiple exposures to determine how blast affects the nervous 567 

system and possible associations with mental health disorders including PTSD (Elder et 568 

al., 2010; Kobeissy et al., 2013; Elder et al., 2014). Here we studied a model of blast 569 

exposure utilizing rats that mimics a low-level blast exposure equivalent to a human mTBI 570 

or subclinical blast exposure (Ahlers et al., 2012; Elder et al., 2012). In rodents, studies 571 

have often documented transient behavioral changes following blast exposure but typically 572 

did not assess behavior beyond short-term acute effects (Kobeissy et al., 2013; Elder et 573 

al., 2014). Rats exposed to the protocol used here developed PTSD-related traits 574 

(including stress and generalized anxiety), that are still present many months after blast 575 

exposure suggesting that blast induces a chronic behavioral syndrome which may persist 576 

for the lifetime of the animal (Elder et al., 2012; Perez-Garcia et al., 2016, 2018). These 577 

traits include enhanced acoustic startle and anxiety in an elevated zero maze (EZM) and 578 

light/dark emergence task.  Rats also exhibit an enhanced cued fear conditioning 579 

response.  580 
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One striking feature of former Warfighters returning from the most recent conflicts has 581 

been the overlap of mTBI with PTSD (Elder et al., 2014). The presence of both disorders 582 

has complicated diagnosis, since clinically distinguishing a postconcussion syndrome from 583 

PTSD is often difficult. Indeed, some have suggested that blast-induced mTBI has been 584 

overdiagnosed (Hoge et al., 2009; Elder et al., 2014), with many of the symptoms being 585 

attributed to blast-related postconcussion syndrome better explained by PTSD (Hoge et 586 

al., 2009; Elder et al., 2014). However, it is intriguing that several case studies have noted 587 

that PTSD can develop following TBI in veterans who did not recall the traumatic 588 

experiences (Bryant, 2011). From the studies presented here as well as previous studies 589 

(Elder et al., 2012; Perez-Garcia et al., 2016, 2018), it appears that blast exposure per se 590 

can induce PTSD-like traits in blast-exposed rats without an added psychological stressor 591 

because blast exposures occurred under anesthesia. This is consistent with a series of 592 

former Warfighters in whom a novel occult astroglial scar at the junction of the cortical gray 593 

and white matter was recently identified as the structural basis for post-mTBI PTSD in a 594 

series of individuals (Shively et al., 2016).  595 

The mechanism(s) underlying the development of PTSD-related behavioral traits after 596 

blast exposure remains unclear. In patients, neurobiological (neurochemical) and 597 

functional (neuroanatomical) abnormalities are commonly observed. Among the 598 

neurotransmitters in brain, amino acids like GABA and glutamate have a clear relationship 599 

to psychiatric disorders. Glutamate induces an excitatory synaptic signal and utilizes 600 

multiple receptors interacting and modulating co-transmitters in distinct regional brain 601 

areas associated with PTSD including the hippocampus, amygdala and cortex (Sherin and 602 

Nemeroff, 2011). mGluR2/3 receptors are distributed pre- and post-synaptically in neurons 603 

and are found on astrocytes as well. They modify the activities of other neurotransmitter 604 

systems such as dopamine and serotonin as well as affect glutamate signaling itself. 605 

Recently, selective mGluR2/3 receptors antagonists have been developed that increase 606 
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synaptogenesis while at the same time modifying serotonergic and dopaminergic signaling 607 

(Chaki, 2017). Additionally, they exert antidepressant, anxiolytic, and pro-cognitive effects 608 

in animal models.  609 

Here we show that BCI-838 can reverse multiple PTSD-related traits improving 610 

anxiety-related behaviors, fear responses, and long-term recognition memory. A major 611 

strength of the study is the replication of the effects of BCI-838 in two independent cohorts. 612 

A limitation of the study is the lack of inclusion of a sham exposed control treated with drug 613 

although studies in mice have found that BCI-838 administration to wild type mice does not 614 

affect behavior (Kim et al., 2014). The fact that a mGluR2/3 antagonist, BCI-838, can 615 

reverse multiple PTSD-related traits in rats exposed to a blast overpressure injury while 616 

concomitantly enhancing neurogenesis in the dentate gyrus (DG) indicates the 617 

involvement of glutamatergic components such as those in the hippocampus and cortex in 618 

the anxiety-related effects.  619 

We evaluated primary anxiety in the light/dark emergence task (or light/dark box task), 620 

a test, which measures aversion to light and open spaces. In addition to aversion to light, 621 

blast-exposed rats made fewer entries and traveled less distance on the light side 622 

suggesting anxiety to novel and open spaces. The elevated zero maze is a measure of 623 

anxiety, which combines preference for closed vs. open spaces with the added anxiety 624 

associated with elevation of the maze. It can also be interpreted as a cognitive assessment 625 

of risk test (Cryan and Sweeney, 2011). Blast-exposed rats moved less, made fewer open 626 

arm entries and spent less time in the open arms as well as exhibited an increased latency 627 

to cross between two open arms (cross latency). Both light/dark emergence and elevated 628 

zero maze are based on the approach-avoidance conflict between stress (light, open 629 

space and/or elevation), and the natural exploratory tendency of rodents. In both, 630 

treatment with high dose BCI-838 reversed (prevented) anxiety-related effects.  631 
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The acoustic startle reflex is a basic response to strong exteroceptive stimuli, and 632 

humans with PTSD show an enhanced response to acoustic startle (Orr et al., 1995; 633 

Morgan et al., 1996). While blast-exposed rats showed impaired prepulse inhibition 634 

compared to non-blast exposed controls neither dose of BCI-838 affected the abnormal 635 

responses to the pulse and pre-pulse. The inferior colliculus and intralaminar nucleus that 636 

are critical parts of the auditory pathway mediating prepulse inhibition of acoustic startle 637 

(Winer et al., 2002). Interestingly, neither structure has been reported to express 638 

mGluR2/3 receptors (Lu, 2014) suggesting a pharmacological explanation for the lack of 639 

BCI-838 effect. Pharmacological manipulation of mGluR2/3 on the other hand produced 640 

better memory consolidation in blast-exposed rats preventing deficits in delayed testing. 641 

This is important since cognitive problems including deficits in attention, learning, and 642 

memory are common in former Warfighters following blast injury (Elder et al., 2010).   643 

In contrast, metabotropic glutamate receptor distribution in hippocampus and 644 

amygdala is dense and essential for consolidation and extinction of fear conditioning in 645 

rodents. Individuals with PTSD typically show increased sensitization to stress, 646 

overgeneralization of fear to irrelevant stimuli, and impaired extinction of fear memories 647 

(Mahan and Ressler, 2012a). Fear responses were attenuated by both the 4 and 10 mg/kg 648 

treatment doses of BCI-838 suggesting participation of glutamatergic components in the 649 

hippocampus and cortex (Higgins et al., 2004; Li et al., 2011; Popoli et al., 2011) and in 650 

the hippocampus and amygdala which are essential for consolidation and extinction of fear 651 

conditioning in rodents. Indeed as shown in figure 5, all groups in cohort 2 responded with 652 

similar freezing during the first min of the contextual phase indicating that they 653 

remembered and initially responded to the previously encountered context with a similar 654 

response. However, in min 3, both drug treated groups froze less arguing that the main 655 

drug effect was not on fear memory but on how the fear response was sustained. A similar 656 

conclusion can be drawn from the cued phase testing (Fig. 5C) in which group differences 657 
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were not seen in freezing to the initial tone but rather in the intertone and second tone 658 

periods where rats treated with high dose BCI-838 froze less. Similar trends were seen in 659 

cohort 1 (Extended Data Fig. 5-1) reflected in less freezing in drug-treated rats in the third 660 

min of the contextual phase and in the intertone and tone 2 intervals in the cued phase. 661 

Collectively these results suggest that BCI-838 does not directly affect fear memory but 662 

rather produces an habituation effect on the fear response.   663 

Cognitive problems including deficits in attention, learning, and memory are common in 664 

former Warfighters following blast injury (Elder et al., 2010).  Novel object recognition is a 665 

task dependent on extra hippocampal regions that have a dense population of 666 

glutamatergic receptors. When blast-exposed rats were tested in a novel object recognition 667 

task, they spent less total time exploring whatever objects were presented during training, 668 

STM (1 h) and LTM (24 h) testing. However as did controls, blast-exposed rats 669 

discriminated the novel from the familiar object and spent more time exploring the novel 670 

object during the STM and LTM testing. Treatment with low and high doses of BCI-838 671 

reversed lowered exploration time, particularly the 10 mg/kg dose, which restored 672 

exploration time to the same magnitude as controls. When we conducted delayed testing 4 673 

weeks after initial training (and 5 months post-blast exposure), blast-exposed rats explored 674 

the novel object no more than the familiar object, while controls retained the memory of the 675 

previously familiar object and explored the novel object more. Treatment with low and high 676 

doses of BCI-838 prevented this amnesic effect.  677 

How BCI-838 exerts it beneficial effects on the behavioral changes that follow blast 678 

injury in rats remains incompletely understood. mGluR2/3 receptor antagonists are known 679 

for their proneurogenic effects, stimulating hippocampal neurogenesis in adult brain 680 

(Yoshimizu and Chaki, 2004).  Our studies herein provide the first quantitative 681 

demonstration of increased neurogenesis in the DG following chronic BCI-838 682 

administration in an animal model of blast-related TBI. We observed a significant increase 683 
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of proliferating cells (BrdU positive) and an increase of immature neurons (DCX-positive) in 684 

BCI-838 treated animals. Other work has shown that the number of DCX-expressing cells 685 

correlates with the level of cellular proliferation in the DG (Brown et al., 2003; Rao and 686 

Shetty, 2004). These results demonstrate that chronic BCI-838 administration to blast-687 

exposed rats is associated with increased DG-cell proliferation, robustly increasing 688 

numbers of immature neurons, which appear to remain in a less differentiated state. Thus, 689 

increased neurogenesis could be one mechanism whereby BCI-838 rescues the chronic 690 

PTSD-related behavioral phenotype despite the fact that blast-exposed rats exhibited no 691 

deficit per se in neurogenesis.  However, the roles of mGluR 2/3 receptors in neurons and 692 

glial cells are not fully known and receptor blockade by BCI-838 may also exert 693 

neuroprotective actions through other mechanisms that aid in reversal of the phenotype.  694 

Regardless of whatever the mechanism of action, we show that BCI-838 is a promising 695 

drug to reverse PTSD-related traits in a rat model of mTBI improving anxiety-related 696 

behaviors, fear responses, and long-term recognition memory in blast-exposed rats.  697 

Although BCI-838 increased hippocampal neurogenesis in blast-exposed rats, this drug 698 

could affect the glutamatergic system in other ways that contribute to its efficacy in treating 699 

PTSD-related traits.  As with refractory major depression and suicidality, current therapies 700 

are only partially effective for treatment of PTSD-related symptoms following blast injury. 701 

The present study highlights BCI-838, hippocampal neurogenesis, and the mGluR2/3 702 

pathway as potential leads in the development of novel pharmacological therapies for 703 

former Warfighters suffering from PTSD symptoms. The blast protocol described here also 704 

provides a model to study the chronic and persistent behavioral effects of blast including 705 

the relationship between PTSD and mTBI in dual diagnosis former Warfighters and a 706 

model to test new therapeutic strategies to relieve the PTSD symptoms in this population. 707 

  708 
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Figure legends 848 

Figure 1. Experimental design and timing. Further description of both cohorts is contained 849 

in Extended Data Fig. 1-1 and 1-2. 850 

 851 

Figure 2. High dose BCI-838 reverses anxiety in the light/dark emergence task. Light 852 

center latency (B) was increased in blast-exposed rats, which also made fewer entries (C), 853 

and traveled less distance on the light side (E). Treatment with high dose BCI-838 (10 854 

mg/kg) reversed these effects. Values significantly different from controls are indicated by 855 

asterisks (*p<0.05, **p<0.01, ***p< 0.001, and ****p< 0.0001, Tukey's or Sidak's multiple 856 

comparisons tests). Values are expressed as mean ± SEM. Results from cohort one can 857 

be found in Extended Data Fig. 2-1. 858 

 859 

Figure 3. Blast-induced anxiety is reversed in an elevated zero maze by BCI-838. Blast-860 

exposed rats moved less (B), exhibited a longer latency to enter an open arm (C), made 861 

fewer open arm entries (D) as well as spent less time in the open arms (E) and exhibited 862 

an increased latency to cross between two open arms (cross latency; F). Treatment with 863 

both low and high dose BCI-838 reversed nearly all of these effects. Values significantly 864 

different between controls and blast-exposed rats are indicated by asterisks (*p<0.05, 865 

**p<0.01, ***p< 0.001, Tukey's or Sidak's multiple comparisons tests). Values are 866 

expressed as mean ± SEM. 867 

 868 

Figure 4. BCI-838 treatment does not rescue enhanced prepulse inhibition (PPI) found in 869 

blast-exposed rats. Startle magnitude and sensory gating were examined in a PPI assay. 870 

We analyzed acoustic startle and PPI of the first startle response. No differences were 871 

found in background readings (Pre) (A), acoustic startle response (Pulse)(B), or startle 872 
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following the prepulse (prepulse) (C), but we found an increased response when the 873 

prepulse was subtracted from the pulse (pulse-prepulse) (D) and in the percent PPI in 874 

blast-exposed rats vs. the control group (E). Treatment with BCI-838 did not normalize 875 

either of these responses. Values significantly different between controls and blast-876 

exposed rats are indicated by asterisks (*p<0.05, Tukey's multiple comparisons test). 877 

Values are expressed as mean ± SEM in all panels. 878 

 879 

Figure 5. High dose BCI-838 reverses altered cued fear responses in blast-exposed rats. 880 

(A) During the training phase, freezing behavior was measured during minutes 0–2 of the 881 

training session (baseline), after the presentation of the tone and after the footshock. All 882 

groups showed freezing and no differences were found among groups. (B) The test for 883 

contextual fear memory was performed at 24h in the same conditioning chamber. No 884 

differences were found between blast-exposed rats and non-blast exposed controls.  Blast-885 

exposed rats treated with drug showed less freezing compared to non-blast exposed 886 

controls. (C) Cued fear memory was tested another 24 h later. Blast-exposed rats showed 887 

increased freezing compared with non-blast exposed controls after the second tone. Blast-888 

exposed rats treated with high drug doses showed less freezing compared with blast-889 

exposed treated with vehicle and comparable freezing to non-blast exposed controls. 890 

Asterisks indicate statistically significant differences (*p < 0.05, **0.01 and ***0.001 one-891 

way ANOVA, Tukey's and Sidak’s multiple comparisons test). Values are expressed as 892 

percentage ± SEM. Results from cohort one can be found in Extended Data Fig. 5-1. 893 

 894 

Figure 6. Reduced exploration time as well as late effects on recognition memory in a 895 

NOR test were reversed by BCI-838. All groups showed a preference for the novel object 896 

(NO) compared with the familiar object (FO) when tested one hour (B) or 24 hours (C) later 897 

suggesting that blast does not affect short-term (STM) or long-term (LTM) memory in rats 898 
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at 5 months of age. At 4 weeks after training (D), blast-exposed rats showed impaired 899 

consolidation memory (CM) when exploring a FO and NO. This effect was reversed by low 900 

dose and high dose of BCI-838. The other groups showed a preference for the NO 901 

compared with the FO. Blast-exposed rats generally spent less time exploring the objects 902 

than non-blast exposed controls, an effect that was reversed by both doses of BCI-838 (E). 903 

Values significantly different from controls and blast-exposed are indicated by asterisks 904 

(**p <0.01, ***p < 0.001, ****p<0.0001, unpaired t-tests, Student’s in panels A-D; Tukey's 905 

multiple comparison's test panel E). Values are expressed as mean ± SEM. 906 

 907 

Figure 7. Neurogenesis is increased in blast-exposed rats stained for BrdU and the 908 

mature neuronal marker NeuN (BrdU-labeled cells are indicated with arrows). 909 

Representative confocal images (A, B, C and D) of the dentate gyrus stained for BrdU 910 

(red) and the mature neuronal marker NeuN (green) in vehicle-treated controls, vehicle 911 

treated blast-exposed and blast-exposed treated with low dose or high dose BCI-838. 912 

Scale bar: 50 m. 913 

 914 

Figure 8. BCI-838 treatment increases the number of DCX-labeled cells in blast-exposed 915 

rats. Representative confocal images (A, B, C and D) of the dentate gyrus stained for 916 

BrdU (green) and the young neuronal marker DCX (red) in vehicle-treated controls, vehicle 917 

treated blast-exposed and blast exposed treated with low dose or high dose BCI-838 918 

(examples of DCX-labeled cells are indicated with arrows). Insets show examples of 919 

labeled cells viewed at higher power. We did not detect double-labeled cells stained with 920 

BrdU and DCX. Scale bar: 50 m for panels and 10 m for insets. 921 

 922 

Figure 9. Quantification of neurogenesis in blast-exposed rats treated without or with BCI-923 

838 treatment. Data in panel (A) corresponds to the mean ± SEM of the total number of 924 
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BrdU-labeled cells. Values significantly different from blast-exposed with vehicle and blast-925 

exposed with drug are indicated by asterisks. Data in panel (B) corresponds to the 926 

mean ± SEM of the total number of DCX-labeled cells. Values significantly different from 927 

blast-exposed treated with vehicle and blast-exposed treated with drug are indicated by 928 

asterisks. (*p < 0.05, ANOVA; Sidak’s multiple comparisons test). 929 

  930 
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Extended Data Figure Legends 931 

Figure 1-1. Details of statistical analysis cohort one.  932 

 933 

Figure 1-2. Details of statistical analysis cohort two. 934 

 935 

Figure 2-1. Summary of results of the first cohort. High dose BCI-838 reverses anxiety. In 936 

the light/dark emergence task (A) the blast-exposed rats exhibited an increased latency to 937 

reach the light center, made fewer light center entries, traveled less distance and spent 938 

less time on the light side compared to vehicle treated controls, effects that were mostly 939 

reversed by high dose BCI-838. In the Zero Maze (B), blast-exposed rats showed an 940 

increased open arm cross latency, tended to make fewer open entries and spent less time 941 

in the open arms. These parameters were reversed by BCI-838 (10 mg/kg).  In the 942 

Acoustic startle and % PPI (C), no differences were found. Values significantly different 943 

from controls are indicated by asterisks (*p<0.05, **p<0.01 and ***p< 0.001, Tukey's or 944 

Sidak's multiple comparisons tests). Values are expressed as mean ± SEM (for more 945 

details see Extended Data Fig. 1-1). 946 

 947 

Figure 5-1. Summary of results of the first cohort. In fear conditioning (A) BCI-838 caused 948 

reduced freezing in min 2 of the contextual phase as well as the intertone and tone 2 949 

periods of the cued phase. In the Novel Object Recognition (B), reduced exploration time 950 

was reversed by BCI-838. Values significantly different from controls are indicated by 951 

asterisks (*p<0.05, **p<0.01 and ***p< 0.001, Tukey's or Sidak's multiple comparisons 952 

tests). Values are expressed as mean ± SEM (for more details see Extended Data Fig. 1-953 

1).  954 
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