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> Explosion: 100dB, 1sec duration, repeat 60 times.
I Air-blow: 40 PSI, 500ms duration, 500ms interval, repeat 60 times.



[image: image20.wmf][image: image21.jpg]}
A NATO
\4% OTAN



[image: image22.jpg]robabili

ISI (ms)




 TITLE   \* MERGEFORMAT 
Impact of Mild Blast Exposure on Memory Function and Brain Dynamics

 KEYWORDS   \* MERGEFORMAT 
 TITLE   \* MERGEFORMAT 
Impact of Mild Blast Exposure on Memory Function and Brain Dynamics

 KEYWORDS   \* MERGEFORMAT 

Impact of Mild Blast Exposure on Memory 
Function and Brain Dynamics 
Kun Xie, Hui Kuang, and Joe Z. Tsien*

Brain and Behavior Discovery Institute, Medical College of Georgia
Georgia Health Sciences University

Hamilton Wing Building, Room 3033

1120 15th Street

Augusta, GA 30912
USA

*To whom the correspondence may be addressed:
Telephone: 706-721-3760
Email: jtsien@georgiahealth.edu
Summary

Mild exposure to blast and shock has been reported to produce neurological complications loosely described as “shell shock”.  This constellation of symptoms may result from physical, behavioral, psychological, and cognitive sources.  These symptoms include retrograde amnesia, compromised executive function, confusion, amnesia, difficulty concentrating, mood disturbance, alterations in sleep patterns, and anxiety. Using mice as a model organism, we have developed a laboratory-version of mild blast exposure which is comprised of high decibel explosion sound and sudden air blow to the animals mimicking the emotionally charged content yet without causing any direct brain injury.  We have found that mice repeatedly exposed to this form of mild blast showed significant impairment in both short-term and long-term object recognition memory, a reduced tendency to stay away from the edge of the open field, and increased anxiety in the elevated zero-maze.  By employing large-scale in vivo ensemble recording techniques, we further investigated how the prefrontal cortex and hippocampus, regions crucial for attention and memory, respectively, would respond to mild blast events.  Our neural ensemble recording and analyses revealed significant gamma oscillation in the CA1 region of the hippocampus and the anterior cingulate cortex of the prefrontal cortex during the mild blast events.  Exposure to mild blast also triggered significant changes in the firings of substantial numbers of neurons in both regions.  Moreover, those units organized in a general-to-specific neural clique assembly to encode such blast exposure experience. Statistical pattern classification techniques further revealed that these neural ensemble encoding patterns underwent robust post-event reactivations in both the prefrontal cortex and the hippocampus.  We conclude that even mild exposure to blast events can readily alter short-term and long-term recognition memories, open filed exploratory behaviour, anxiety level, as well as the brain’s neural dynamics.  We postulate that robust changes in the prefrontal cortex and hippocampus, especially the aberrantly high levels of post-event neural pattern reactivations in these neural circuits, may constitute a crucial neural mechanism for producing some of cognitive and mental complications.  Successful identification of blast-induced neural network signatures may open up a new avenue in developing novel strategies for the treatment of post-traumatic stress disorder for the soldiers and veterans.

INTRODUCTION

Over the last decade, tens of thousands of soldiers and civilians have been exposed to blasts, largely attributed to improvised explosive devices used by terrorist and insurgent activities (1-5).  Explosive device detonation begins a complex event which includes the propagation of a blast wave in air, the interaction of the incident wave with any protective system and the body, and the transmission of strong stress waves into the tissues. Exposure to blasts creates a spectrum of injury severities ranging from relatively mild effects to fatal injuries. A substantial amount of knowledge has been accumulated for both humans and laboratory animals on blast exposures that caused direct brain injuries including edema, contusion, diffuse axonal injury, hematomas, and hemorrhage (5-10).  However, it is increasingly evident that many soldiers and civilians, who did not suffer direct brain injury, also experienced various mental problems during and after wars (11-14).  These mental disturbances, resulting from the low end of mild blast spectrum, include attention deficit, mood disturbance, alterations in sleep patterns, increased anxiety level, learning disabilities, memory malfunctions, hallucinations, and nightmares.  These symptoms closely resemble posttraumatic stress disorder syndrome (PTSD).  It is not clear whether and how multiple exposures to low-level blasts, which do not cause overt brain injury, can lead to memory and cognitive impairment (15-17).  Therefore, it is important to examine the effects of mild blast exposure, independent of its physical injury, on producing cognitive dysfunctions and alternations in neural network-level dynamics.  

In the present study, we set out to investigate the impact of mild blast exposures on memory and behaviors using combined behavioral and large-scale neural recording techniques.  In particular, we are interested in addressing the three major questions:  1) Can we develop a laboratory version of a mild blast which produced no physical injury and yet sufficient for study of cognitive alteration?  2) How do mild or repeated blast exposures affect memory and anxiety?  3) What are the effects of repeated mild blast exposures on the prefrontal cortex and hippocampus --the brain regions crucial for processing memory, attention and executive functions?  
RESULT

Laboratory Version of a Mild Blast
PTSD and traumatic brain injury (TBI) from blast exposure during war is common, and frequently complicated by mutual interactions (11, 12, 16, 17).  It is not clear as to whether mild blast can cause physical injury-independent forms of PTSD that is different from TBI-induced cognitive impairment.  To dissect such distinct mechanisms, we have created a laboratory-version of blasts with loud explosion acoustics (100 db) coupled with mild directional air blast (40 psi), mimicking shell shock experiences for mice without causing any physical brain injury (Figure 1).  We also controlled the direction of air blast to mice by delivering it from side wall near the floor so that the blast was consistent with the most locations for improvised explosive device (IED).  Our mild air blast is aimed at mimicking the reduced air shockwave over a respectable distant generated from roadside bombs, or other types of explosives.
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Figure 1: Laboratory version of repeated mild blast.  
A single session of mild blast is illustrated which consisted of 60 combined explosion sound at 100 db and air-blow at 40 psi.  The air-blow is also directionally controlled from the side of the wall near the floor to mimic the air shockwave from the distant explosion of IED.  This laboratory version of mild blast at this low pressure level allows the researchers to dissect the impact of repeated mild blast on mental and psychological states independent of brain injury.  

Mild Blast Experiences on the Acquisition and Consolidation of Novel Object Recognition Memory
The memory process can be divided into the four distinct temporal stages: learning, consolidation, storage, and retrieval (18-20). Overall, molecular and cellular analyses of synaptic plasticity and memory process in the mammalian brain have made much progress in recent decades (21-27). It is well documented in the literature that the hippocampus is critical in supporting a variety of memories that require the complex association of clues in all sensory modalities.  Studies from both human patients and animal models have shown the importance of the hippocampus in the formation of recognition memory (18, 28-31).  Recognition memory was evaluated by using a novel object recognition memory task in which the detection of novel visual stimuli is based on memory of old or familiar objects (21, 30, 31).  

We asked whether mild blast introduced after initial acquisition of novel recognition memory can impair memory retention tested at 1 hr- or 24 hr-time points.  A total of thirty mice were trained to acquire novel object recognition memory and then fifteen mice were exposed to a 1-min mild blast 45 minutes later (blast group) and other fifteen mice were not (control group).  The retention tests were conducted at 1 hr time point.  While the mice initially spent an equal amount of time in exploring both objects during the training session, the blast group showed a significantly lower amount of time in exploring the novel object in comparison to the higher amount of time in exploring the new object by the control group (Figure 2, 1-hr retention, student t-test, p < 0.0001).   
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Figure 2: Impairment in the formation of novel object recognition memory in mice receiving mild blasts.  

1-minute Mild blast exposure, introduced 45 min after initial learning session, disrupted both short-term novel object recognition memory and the consolidation of 24-hr long-term memory.  (A) Schematic illustration for the experimental regimen. (B) Representative exploration trajectories of two mice duration retention test control mouse is in the left panel, “blasted” mouse is on the right panel). As shown, the control mouse spent more time in exploring the novel object, indicating the remembrance of the old object, whereas the mouse that received mild blasts did not show any preference. (C) The group data shows the “blasted” mice did not exhibit any preference for the novel object whereas the control group formed significant novel object recognition memory at both 1-hr short-term memory test and 24-hr long-term memory test. N = 15 each group. P < 0.01.
Furthermore, the effects of blast also impaired the acquisition of second novel object recognition test.  As shown in the Figure 2, the 24-hr retention test, by comparing the time spent in exploring another novel object, the mice exposed to the blast still exhibited chance-level exploration of the new object vs. the old object.  The control group showed strong preference for the novel object (p < 0.0001).  These two measurements strongly suggest that mild blast exposure impaired the 1-hr short-term memory as well as the learning and consolidation of 24 hr long-term recognition memory. 

We then examined whether chronic exposure to mild blast events had detrimental effects on the formation of novel object recognition memories.  Another set of mice were used for this experiment in which the animals were exposed to 1 minute of mild blast each day for ten consecutive days.  On the day 11, the mice were trained to acquire novel object recognition memory.  Interestingly, we found that the blast group also had exhibited no preference between the old and new object, whereas the control group showed strong preference for the novel object.   This observation suggests that a chronic mild blast had detrimental effects on the formation of novel object recognition memories (Figure 3, p< 0.0001).
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Figure 3: Mice exposed to chronic mild blast were impaired at novel object recognition test.
(A) Schematic illustration of experiment regimen.  A group of 15 mice were exposed to chronic mild blast each day for ten days. Control group (15 mice) were housed at home cages without exposure to mild blast.  (B) Representative exploration trajectories of a control mouse (Left) and blast mouse (right).  The control mouse spent more time in exploring the new object during the retention test in comparison to the blasted mice.  (C) Blasted mice exhibited statistical difference in novel object recognition test, their performance is close to random level.

Effects of Mild Blast on Open Field Activity

The open-field test is a behavioural test for assessing locomotor activity, hyperactivity, and exploratory behaviors.  Open field is also used as a measure of anxiety.  Rats and mice tend to avoid brightly illuminated, novel, open spaces, so the open field environment acts as an anxiogenic stimulus and allows for measurement of anxiety-induced locomotor activity and exploratory behaviors.  Like the elevated plus maze, open field testing is a one trial test with little or no impact on the animal’s subsequent behavior.  We designed two sets of experiments to assess the open field activity in mice.  First, we asked how the acute mild blast may affect open field behaviour in mice.  A total of 15 mice were subjected to 1-min mild blast and then returned to home to rest for 5 min (Figure 4A).  We found that control group exhibited typical exploratory behaviour in the open field with a higher percentage of time around the edge than in the center.  However, mild blast exposed group did not show such preference (Figure 4B and 4C).  They tend to shy away from the edge.  This suggests that mild blast may prompt the animals to stay away from the edge, which may reflect the generalization of the danger associated with the previous blast events that occurred at the edge of the blast box.
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Figure 4: Mice experienced mild blast tend to stay away from the edge of the Open field.
(A) Schematic illustration of the open field protocol.  A single session of mild blast (1-min in duration) was introduced to the mice 5 minutes before the open field test.  (B) Representative trajectories of a control and blasted mouse on the open field.  A total of 5 min was used for the measurement.  (C) A single last session is capable of altering open field activity.  n = 15 mice each group. Student t-test, p < 0.001.

We also examined the effects of chronic exposures to mild blast on open field activity.  By exposing the 15 mice mice to repeated mild blast over the ten days, we then followed the open field test (Figure 5A). Once again, while the control group tended to spend more time around the edge, the “blasted” mice spent an equal amount of time in the center area and the edge (Figure 5B and C, p = 0.0008).  It is important to note that there was no difference in the total amount of distances travelled by both groups (717.6 ± 96.9 cm for control, and 913.6 ± 78.9 cm for the blasted group), suggesting that their exploratory tendency is the same.  
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Figure 5: Chronic mild blast also altered the open field activity in mice.
(A) Schematic illustration of the chronic mild blast and open field activity protocol.  Repeated 10 sessions of mild blast (1-min in duration each day) over ten consecutive days was used.  On day 11, open field activity tests were conducted.  (B) Representative trajectories of a control and blasted mouse on the open field.  A total of 5 min was used for each measurement.  (C) A single last session is capable of altering open field activity.  n = 15 mice each group. Student t-test, p < 0.01.

Effects of Mild Blast on the Elevated Zero Maze
To better assess the effects of mild blasts on the animals’ anxiety, we used the elevated zero maze.   The elevated zero maze is very similar to the elevated plus maze, but lacks a center square (Figure 6A).  This removes any ambiguity in the interpretation of the time spent in there, but also takes away the availability of an often used starting point in the test.  Again, the differences in time spent in the open and closed sections are measured.  We found that a single blast session significantly increased the time that mice spent in the closed section of the zero maze in comparison to that in the open section (Figure 6B and 6C, n= 10 mice per group, student t-test, p = 0.0159), indicating that mild blast experiences can raise the anxiety level in the mice exposed to such emotionally traumatic events.
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Figure 6: Effects of mild blast on the elevated zero-maze. 

(A) Schematic illustration of mild blast and the elevated zero maze test.  A single 1-min mild blast was introduced to the mice five minutes prior to the elevated zero maze test.  (B) Representative trajectories of a control and blasted mouse on the elevated zero maze.  A total of 5 min was used for the measurement.  
(C) Reduced time spent in the open area after mild blast.  n = 10 mice each group. Student t-test, p < 0.01.

Large-Scale Recording of Prefrontal and Hippocampal Neurons in Freely Behaving Mice

To understand how mild blast experiences produced changes in cognitive behaviour, we employed our recently developed large-scale in vivo neural recording techniques that allow us to monitor large numbers of neurons simultaneously (100~300 individual units) in freely behaving mice (32-34).   We have constructed a miniaturized light-weight headstage which can hold either 96 or 128-channels on a mouse’s head (Figure 7A and 7B).  


[image: image7]
Figure 7: Large-scale in vivo neural ensemble recording in freely behaving mice.
(A) A fully assembled, adjustable 128-electrode microdrive.  The electrodes can be formatted as stereotrode (in a subpanel) or tetrode (in b subpanel). (B) An example of a freely behaving mouse implanted with a completed 128-channel microdrive targetting in bilateral hippocampi.  This ultra-light microdrive, even after connected to 128-channel headstages and cables, allows the mouse to move freely in various situations, such as running, exploring, eating, grooming, sleep and performing learning tasks, etc.  (C) Classification of putative pyramidal cells and putative interneurons.  Putative excitatory and inhibitory neurons recorded from the prefrontal cortex (the anterior cingulate cortex, ACC) and hippocampal CA1 region (HP).  The Putative pyramidal cell has wider and more asymmetrical wideband waveform. The putative interneuron shown has narrower waveform.  Pyramidal cells have complex-spike bursts with 3-10 ms inter-spike intervals.  Consequently, the inter-spike interval histogram of pyramidal cells typically shows a characteristic peak at 
3-5 ms, followed by a rapid exponential decay, whereas putative interneurons exhibited a much slower decay.

The recorded spike activities from those neurons can be sorted and classified into distinct clusters of spike waveforms.  Overall, based on the waveforms and inter-spike-intervals, these recorded units can be separated into two major catergories: namely, putative excitatory neurons and interneurons (Figure 7C).  The monitoring of neural activity can then be used to couple with sophisticated behavioral analyses to seek out underlying real-time memory encoding patterns (27, 35-37).  

Altered Neural Activity Patterns by Mild Blast Events

We used 96 or 128-channel neural ensemble recording techniques to monitor the effects of several fearful episodic events on the anterior cingulate cortex (ACC) of the prefrontal cortex, a region crucial for attention and executive function, as well as in the CA1 region of the hippocampus, a region known to be central for learning and memory.  The fearful stimuli include sudden explosion sound at 85 db (Tone), a sudden earthquake-like shake, and mild blast (100 db explosion sound played for 500-msec duration paired with 500-msec 40 psi air blast).  Our neural recordings suggest that these startling stimuli can evoke firing changes in the recorded population (Figure 8A-C).  Moreover, a single mild blast produced robust changes of neural activity firing in many more ACC and hippocampal CA1 neurons (Figure 8D). 
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Figure 8: Ensemble pattern of single units and local field potentials simultaneously recorded 
in ACC and hippocampus CA1 during rest and three different fearful events.

(A) Ensemble pattern of simultaneously recorded units and LFPs during rest.  (B-D) Ensemble patterns of single units and LFPs from ACC and hippocampus CA1 in response to earthquake-like shake (B), low decibel explosion sound (C), and mild blast (D). The spike rasters of selected 20 ACC units, 20 CA1 units and one channel of LFP recorded from one mouse are shown.  Time zero is the time point when the stimuli were presented.  x axis, time scale (seconds); y axis, forty simultaneously recorded single units chosen from over two hundred fifty six units.  Each short vertical blue tick indicates a single spike, and each line indicates a single unit recorded. Raw LFPs are shown in black, filtered theta oscillations (4-12 Hz) are shown in green, and filtered gamma oscillations are shown in orange.  As evident from the spike rasters, the 85 db sound stimulation only induced weak changes in the ACC and CA1, shake produced significant changes in both ACC and CA1, whereas mild blast caused robust changes in many more ACC and CA1 units.

Mild Blast Induced Significant Gamma Oscillation

To obtain better understanding of the overall network changes, we conducted power spectrum analysis on the local field potential simultaneously recorded from the ACC and CA1 region.  Our analysis suggests that mild blast produced transient but highly significant changes in gamma oscillation (Figure 9, as indicated by arrows at the bottom of the power spectrum panel). The transient gamma oscillations were clearly evident in both the ACC and CA1 regions, suggesting that even mild blast exposure can produce brain-wide synchronization, especially at the gamma range.  This increased gamma band is also reflected by its large amplitude in the filtered local potential (Figure 8D).
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Figure 9: Peri-event spectrogram of recorded local field potentials (LFPs) in ACC and hippocampus CA1 at the resting state and before, during and after shake, tone, and mild blast.

The spectrograms give representations of the averaged frequency content of recorded local field potential (0.7-300Hz) in the time window (-2 to 4 sec) around varies events. For the rest period, randomly selected 7 time points when the animal was awake in home cage are used as references. Shake, Tone and Blast spectrums were averaged from the time period in which the animal was exposed to such stimuli over 7 repetition.  Note the overall power of CA1 LFP is greater than ACC LFP. After the occurrence of startling events, the spectrograms of both ACC LFP and CA1 LFP show increased power in theta band (4-12 Hz).  The gamma oscillations (30-80Hz) show significant increase in power after blast introduced to the animal (indicated by black arrows). The ACC LFP show higher power in gamma band during rest than the other states, while the CA1 LFP does show significant difference. The Power Spectral Densities were normalized to decibel (dB). The color bar for each image shows the spectral power range. The highlights in 60 are the noise.

General-to-Specific Responses of the Prefrontal and Hippocampus Neurons

While various fearful stimuli can produce changes in firing activity of ACC and CA1 neurons, we asked whether there is any underlying principle in governing the encoding of these episodic events.  Thus, we used agglomerative hierarchical clustering (33), a pattern classification method that can aggregate units by iteratively grouping together neurons with minimally-distant responses.  The clustering results reveal the existence of various neural groups, or neural cliques.  A group of neurons, termed the general neural clique, exhibited an increase in firing rate to all three types of fearful events.  Many neurons showed significant responses to a subset of fearful events (sub-general neural clique).  Furthermore, some neurons exhibited more specific responses to only one type of fearful stimuli (i.e. “blast neural clique” and “Shake clique”).  This general-to-specific response selectivity has been observed for both the ACC cells (Figure 10A) and HP cells (Figure 10B). Overall, mild blasts triggered the strongest responses in ACC and CA1 as well as recruit a larger cell population in comparison to that induced by the tone or shake event.  Such drastic responses triggered by mild blast exposure may be related to the transient gamma oscillation that is uniquely observed in the blast exposure.
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Figure 10: Hierarchical clustering structures of neural responses by ACC neurons and HP neurons.
Hierarchical clustering analysis of simultaneously recorded neurons from ACC and hippocampus CA1 suggest a wide range of response selectivity to startling stimuli, ranging from general (top of the plot, responsive to all three type of events), to sub-general (responses to a subset of two types of events), highly specific or non-responsive units (bottom of the figure, in blue).  ACC units are plotted on the left and hippocampus CA1 units are plotted on the right.
Real-Time Neural Ensemble Encoding Patterns of Mild Blast Experiences

The existence of a variety of responsive individual neurons suggests that mild blast events may be represented through distinct activity patterns at the network level by an ensemble of individual neurons. What are those real-time ensemble encoding patterns? How can these encoding patterns be mathematically described and even visualized?  To provide an intuitive solution that would facilitate a search for the relevant network-encoding patterns that might be hidden among the activity of the hundreds of simultaneous recorded neurons we employed multiple discriminant analysis (MDA) to compute a highly informative low-dimensional subspace among the firing patterns of responsive neurons. MDA is a supervised dimensionality-reduction method that is well-suited for identifying and integrating the classification-significant statistical features of neural population responses to distinct types of known stimuli.  

MDA provides a sensitive and mathematical means of measuring and visualizing the ensemble neural activity patterns in a highly informative encoding subspace (33, 35, 38). This dimensionality-reduction method can further be used to dynamically monitor the population firing patterns using a sliding-window technique (1 sec width).  Using the fixed matrix coefficients produced by the MDA method, we computed the instantaneous projection of neural responses during the entire experiments. As such, the temporal evolution of the ensemble activity patterns can be directly visualized as dynamic trajectories in the encoding subspace (Figure 11).  For example, during the baseline resting state prior to fearful stimulation, the instantaneous projection was confined to the Rest ellipsoid, however, upon the actual startling stimulation we observed a planar trajectory that begins in the Rest cluster, quickly visits the corresponding the corresponding startle cluster and then returns to Rest (Figure 11).  The real-time blast-induced neural ensemble trajectories can be visualized and mathematically described in both the ACC (Figure 11A) and CA1 region (Figure 11B).  
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Figure 11: Classification, visualization, and dynamic decoding of neuron 
ensemble representations of startle episodes by MDA methods.
Firing patterns during rest (dots, black ellipsoid), shake (squares, red ellipsoid), 85 dB tone along (circles, green ellipsoid), and blast (plus, blue ellipsoid) epochs are shown after being projected to a three-dimensional space obtained by using MDA. MDA1–3 denote the discriminant axes. Both training (dark symbols) and test (orange symbols) data are shown. The colored trajectories in this three-dimensional space indicate dynamical monitoring of ensemble activity from 1sec before to 2 sec after the actual startling events respectively. The black arrows indicate the direction of the trajectories. Note the trajectories start in the rest bubble 1 sec before the startling events occurred, and move toward the respective event bubble, then returned to the rest.

Post-Event Neural Ensemble Reactivation

One of the hallmark features of emotionally charged experiences is that such memories tend to be long-lasting.  How do such experiences turn into long-term memories?  Does the brain automatically replay such memory traces in the neural circuits?  Using MDA-based sliding window technique, we examined this important question and indeed observed spontaneous excursions from the Rest ellipsoid during the post-blast event period (Figure 12).  These intrinsic excursions occurred in both the prefrontal cortex (Figure 12 A) and the hippocampus (Figure 12B) of our recorded animals, and had the directional specificity as well as the characteristic geometric shape of the original blast-triggered neural trajectories.  Moreover, their spontaneous trajectories took place on a similar time-scale and were also confined in the same plane (Figure 12A and 12B).  We also measured the time of these spontaneous excursions, which were observed to occur causally several seconds to minutes, with apparently random intervals, after the actual blast events.  There is no difference in the time distribution of these reactivated memory traces over the post-blast three minute period in either the ACC (Figure 12C) or the CA1 (Figure 12D).  However, there is a gradual reduction in the averaged numbers of trace reactivations per trial as blast trials were repeated (Figure 12E and 12F).   Therefore, our data analyses have allowed us, for the first time, to detect not only post-event robust spontaneous reactivations of blast exposure experiences in the brain, but also to reveal a potentially key neural mechanism that would explain how and why a single traumatic event may turn into a life-long post-traumatic memory, fear generalization, impaired attention and executive cognition, etc.
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Figure 12: Dynamic monitoring of prefrontal and hippocampal ensemble 
activity and the spontaneous reactivation of blast representations.
(A) Three-dimensional subspace trajectories of the ACC neuron population activity during one blast (black) and the spontaneous reactivation (red) are shown. The reactivation trajectory is characterized by coplanar, geometrically similar lower amplitude trajectories (directionality indicated by arrows). (B) Trajectories of HP neuron population activity of the same blast and reactivation are shown. (C, D) Averaged the reactivation occurrence after blast events were delivered to the animal over seven trials. (E, F)  The reactivation occurrence number per trial during trial #1-2, trial #3-5 and trial # 6-7. 

DISCUSSION

In the present study, we modelled the mild blast which represent the lower end of the blast spectrum that did not cause direct brain injury.  We report that this form of mild blast is fully capable of both short-term (1 hr) and long-term (24 hr) novel object recognition memory deficits.  Interestingly, it seems that a single mild blast session is as effective as the chronic exposure in terms of impairing novel object recognition memory.  It is noteworthy to point out that our long-term memory experiments used is only limited to 24 hrs, this is because the wild-type mice typically can only remember for 1 day.  There are other forms of memory tests can be used to assess long-term memory that spans over weeks and months.  However, those tasks often rely on emotionally charged events such as fear conditioning.  Therefore, it is possible that there might be an interaction between mild blast exposure memory and the classical fear conditioning that can influence each other through fear generalization.  It is highly useful to assess the impact of mild blast on such emotional memories which are often reported in war veterans suffering from PTSD.  

We have also used two behavioural paradigms to assess locomotor activity and exploratory behaviour.  In the open field activity test, we found that the total amount of exploration distance is the same between control and blasted group, indicating that both groups of mice showed an equal amount of exploratory behaviour in the new environment.   Interestingly, the open field activity distribution suggests that the mice exposed to mild blasts tend to spend more time in the center area and stay away from the edge of the open box.  One interpretation is that those mice had a reduced level of anxiety.  However, because the blast used in our experiments was directionally controlled and air blast came from the edge and side wall in the blast box, we believe that this reduced amount of time around the edge of the open field box may actually reflect the generalization and adaptive behaviours in avoiding the potential air blast from the wall or the edge.  Therefore, we used another behavioural test, namely the elevated zero-maze, to better assess the anxiety level in the animals.   Indeed, our behavioural experiments revealed that repeated exposure to mild blast seems to increase the anxiety level as judged from the increased amount of time spent in the closed section of the elevated zero-maze.  

Extensive studies suggested that memory and attention functions are vulnerable to traumatic experiences.  Although attention and memory function can be assessed using behavioral tests (39-41), very little is known about how the brain’s networks actually generate attention, learning, and memory.  An emerging view believes that the brain may achieve its real-time encoding and processing of mnemonic information through the coordinated activity of large numbers of individual neurons in the brain (27, 34).  Therefore, in order to pursue the network-level analysis of brain function, it is essential for researchers to develop and employ the technology that is capable of monitoring the temporal dynamics of large numbers of neurons in the brain during various cognitive tasks.  Researchers can then develop and apply the mathematical algorithms to analyze those large data-sets to seek out the network activity patterns in the brain.

To better understand the effects of mild blast at the brain’s neural network levels, we take advantage of our recently developed large-scale in vivo neural ensemble recording technique to monitor activities of large numbers of neurons simultaneously in the prefrontal cortex and hippocampus.  The ACC is known to be involved in processing attention and emotional memories, whereas the CA1 is crucial for forming long-term episodic and semantic memories.  Our in vivo recording revealed that even a mild blast exposure can readily trigger significant gamma oscillation in both the ACC and CA1.  A gamma wave is a pattern of neural oscillation in humans and laboratory animals with a frequency between 25 to 100 Hz, though 40 Hz is prototypical.  It has been postulated that gamma waves may be involved in processing conscious perception and the information binding problem across many sensory modalities.  One important feature of our observation is that the robust gamma oscillation is only seen in the blast event, not in 85 db sound stimulation or earthquake-like shake events (Figure 9).  This is particularly interesting since it may reflect the unique and strong impact of an even mild blast exposure on overall brain dynamics across multiple regions known to be crucial for processing attention, executive function, learning and memory functions.  Aberrant synchronization across many brain regions may lead to unregulated information binding and overt generalized responses that are often the core of cognitive impairment reported in war veterans.

Our hierarchical clustering method revealed the general-to-specific neural cliques in both ACC and CA1.  All responsive units can be grouped into distinct neural cliques whose response selectivity can be arranged from general neural clique (responding to many fearful events) to subgeneral neural cliques (responding to a subset of fearful events), and to specific neural cliques (responding to only one type of stimulus).  This hierarchical and categorical organization of memory coding units suggests that the memory of being exposed to blast events is encoded by a combinatorial assembly of a series of neural cliques, invariantly consisting of the general startle clique, sub-general startle clique, startle identity-specific clique, or even context-specific startle clique (Figure 13).  In this feature pyramid of the encoding clique assembly, the neural clique representing the most general, abstract features (to all categories) is at the bottom and it forms a common building block for all types of fearful event encoding and may represent the mnemonic information such as “these types of events are very fearful and dangerous”.  The next layer of the pyramid is made by neural cliques responding to less general features (covering multiple, but not all, categories), those sub-general cliques are present in a subset of the neural clique assemblies and may encode neural information that both tone and blast involved loud explosion sound.  Moving up along this encoding feature pyramid, neural cliques become more and more specific.  The neural clique at the top of the pyramid encodes the most specific and highly discriminate features, thereby defining a particular blast event or experience (Figure 13).  Importantly, this general-to-specific encoding structure has been observed from our recording in both the prefrontal cortex and the hippocampus.
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Figure 13.
Various memory coding units are organized in a hierarchical and categorical manner.  Any given fearful episode is encoded by a combinatorial assembly of a series of neural cliques, invariantly consisting of the general clique, sub-general clique, event identity-specific clique, and even context-specific clique.  In this feature pyramid of the encoding clique assembly, the neural clique representing the most general, abstract features (to all categories) is at the bottom and it forms a common building block for all types of startle event encoding.  The next layer of the pyramid is made by neural cliques responding to less general features (covering multiple, but not all, categories), those sub-general cliques are present in a subset of the neural clique assemblies.  As moving up along this encoding feature pyramid, neural cliques become more and more specific.  The neural clique at the top of the pyramid encodes the most specific and highly discriminate features, thereby defining a particular event or experience.   Please note that the number of neurons for each clique does not necessarily corresponding to its position in the feature pyramid.  In another word, the neural clique encoding the general features does not necessarily have more neurons than the neural cliques encoding more specific features. 

This invariant feature-encoding pyramid of neural clique assemblies reveals four basic principles for the organization of memory encoding in the brain:  First, the brain employs a categorical and hierarchical architecture in organizing memory coding units to represent a given fearful and dangerous event.  Second, the internal representations of external events in the brain through such a feature-encoding pyramid is achieved not by recording exact details of the external event, but rather by re-creating its own selective pictures based on the importance for survival and adaptation.  Third, the “Feature-Encoding Pyramid” structure provides a network mechanism, through a combinatorial and self-organizing process, for creating seemingly unlimited numbers of unique internal patterns, capable of dealing with a potentially infinite number of behavioral episodes that an animal or human may encounter during its life.  Fourth, in addition to its vast memory storage capacity, this neural clique-based hierarchical extraction and parallel binding processes also enable the brain to achieve abstraction and generalization. Such generalization and abstract representation of behavioral experiences have enabled humans and other animals to avoid the burden of remembering and storing each mnemonic detail.  More importantly, by extracting the essential elements and abstract knowledge, humans and animals can apply past dangerous experiences to future encounters that share the same essential features but may vary greatly in physical detail.  These higher cognitive functions are obviously crucial for survival and adaptation.
Finally, by scanning through the recorded ACC and CA1 neural activities in the post blast event period, we observed that these transient encoding patterns triggered by mild blast reactivated spontaneously as indicated by dynamic trajectories with similar geometric shapes (Figure 12).  These reappearances of transient trajectories usually occurred within several seconds to minutes after the actual events.  We note here that each one of the episodic events may be followed by these spontaneously-emerging patterns and that no discernible pattern can be observed regarding the timing of these putative reactivations.  By taking advantage of the ability of using the MDA encoding subspace to monitor the neural ensembles dynamics during the whole duration of the experiments, we applied a sliding window technique to compute the projection of neural activities to identify the exact time point at which reactivations took place over the 3-min time period.  We found that the numbers of pattern reactivations seem to be distributed equally over this period of time.  Such strong reactivations may be highly relevant to the formation of robust long-term memories.  This observation of post-event pattern reactivations is consistent with our previous studies in using other types of fearful events.  Our recent analyses of hippocampal pattern reactivations suggest that the general and subgeneral cells tend to undergo preferential reactivations and may play a key role in the consolidation of the traumatic fearful memories and fear generalization.  Thus, it will be of great interest to investigate the relationship between post-blast event-pattern reactivations, stronger traumatic memory, and generalized anxiety and fear as well as emotional numbing and social withdraw.  However, it is also noted from our data analyses that with the repetition of many trials, there is a tendency in term of reduction in the number of reactivations.  This may suggest that the brain can nonetheless adapt and habituate to such events.  

In summary, we have developed a laboratory version of a mild blast that can be used to dissect the roles of such emotionally charged events, independent of brain injury, on the brain’s neural network dynamics and cognitive behaviours.  We demonstrated that such mild blast protocols can cause both short-term and long-term novel object recognition memory deficits as well as elevated anxiety level.  Moreover, mild blasts produced drastic changes in many neurons’ firing patterns both in the prefrontal cortex and hippocampus as well as significant transient gamma oscillation in these two neuronal populations.  Our analysis further reveals that the internal presentation of mild blast experiences in the brain is achieved by coherent activation of general-to-specific neural clique assemblies.  These robust activation patterns reverberate frequently in these encoding neural circuits during the post-blast period, which may provide a potential neural network mechanism for producing strong traumatic memories about such events as well as gradually leading to changes in the other brain circuits important for processing fear generalization and emotional numbing over time.  These fundamental new insights may be useful for the development of novel strategies for the diagnosis and treatment of post-traumatic syndrome disorders. 

METHODS AND PROCEDURES

Novel Object Recognition

The experiments are carried out as follows: the mice will be placed in a habituated environment that contained two novel objects and are allowed to explore the objects for 5 minutes.  During the testing phase, following different retention intervals (1 hr or 1 day), the mice are then placed back in the environment, but one of the two familiar objects is replaced with a third novel object.  Animals with normal object recognition memory typically show an increase in exploration of the novel object, indicating that information regarding the familiar object is stored during training and further exploration of this object is no longer needed (21, 31).  

Large-Scale in vivo Neural Recording and Spike Sorting 

We employed 96 and 128-channel recording arrays to record from the hippocampal region of freely behaving mice (32, 33).  The multi-channel electrodes consist of two-independently movable bundles of stereotrodes or tetrodes, which were constructed by twisting a folded piece of 2 or 4 wires, respectively (STABLOHM 675, H-FORMVAR, 25 µm for stereotrode, California Fine Wire).  After surgery, the mice were kept in their home cages for recovery for three to five days. The electrodes were then advanced slowly toward the hippocampal CA1 region, in daily increments of about 0.07 mm, until the tips of the electrodes had reached the CA1 region, as deduced from an assessment of field potential and neuronal activity patterns.

The recorded spike activities from those neurons were processed in the manner as previously described (32, 33).  Briefly, the spike waveforms and their associated time stamps for each of 128-channels were stored in data files using Plexon system format (*.plx). The artifact waveforms were removed and the spike waveform minima were aligned using the Offline Sorter 2.0 software (Dallas, TX), which resulted in more tightly clustered waveforms in principal component space.  The Plexon system data files (*.plx) were then converted to Neuralynx system format (*.nst) and spike-sorted with the MClust3.3 program. This program permits classification of multidimensional continuous data.  Its cluster splitting feature yields superior accuracy in comparison to the other available spike-sorting software and is therefore particularly suitable for spike sorting of hippocampal signals.

Principal component analysis was used to extract defining features from the spike wave shapes that were then used as part of the input for the MClust3.3 spike sorting program.  The first two principal components, as well as the peak height, valley value, FFT and total energy of spike waveform parameters were calculated for each channel, and units were identified and isolated in high-dimensional space through the use of an autoclustering method (KlustaKwik 1.5). After autoclustering, the clusters containing non-spike waveforms were deleted using ‘KlustaKwik Selection’ function, and then the units were further isolated using a manual cluster cutting method in MClust.  Only units with clear boundaries and less than 0.5% of spike intervals within a 1 ms refractory period were included in the present analysis. At the end of experiments, the mouse was anesthetized and a small amount of current was applied to four channels in the microdrive to mark the positioning of the electrode bundle.  Histological Nissl staining (NeuroTrace® blue fluorescent Nissl stain) was used to confirm the electrode positions.

Hierarchical Clustering

Similar to our previous research (32, 33), we employed hierarchical clustering methods to investigate the structure of our neural data.  We start by defining N clusters, one for each initial vector containing the responses to all types of startle stimuli.  At each step, we proceed by uniting the two closest response vectors, or after a few steps, two closest groups.  The two vectors or groups are merged into a new cluster and its mean is re-computed.  These steps are then repeated and the nearest-neighboring groups are successively merged until they eventually form a single group.  At each intermediate step of this procedure, the two clusters to be merged are aligned and linked at their best matching endpoints, forming a larger group.  

Projection Analysis Methods

Multiple Discriminant Analysis (MDA) projection methods were used to classify the neural responses corresponding to different episodes into different classes (32, 35, 38).  Projection analysis methods are powerful tools that are well-adapted to deal with the complexity of large neural data sets data sets.  These methods generate an encoding subspace of low dimension (on the order of number of classes).  To account for transient changes that may occur immediately after the startle events, we computed firing frequencies (f) in two 500 ms time bins immediately after the delivery of the stimuli.  Baseline activities were characterized by computing the average firing rates during time intervals preceding the startle stimuli.  We set aside randomly chosen population activities from one of each type of startle stimuli; this constitutes our test data set.  The rest of the sampled population activities were then used to train our MDA statistical model.  The matrix of mean responses during each category (rest and startle states) were then computed and used to compute the between-class scatter matrix 
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:  Here ni is the number of elements in each class, N is the number of classes, mi is the mean vector for each class, m is the global mean vector and the symbol t indicate the transpose operator.  To take into account the variations occurring for each class we also computed the within-class scatter matrix SW, which is defined as: 
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.  Here Di represents the set of population responses triggered by the ith startle type.  Using these two matrices, it follows that a set of at most N-1 discriminant projection vectors can be determined by computing the eigenvalue decomposition of the matrix
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For our data sets, the class covariance matrices SW were non-invertible, which is a direct consequence of data under-sampling, since the number of recorded neurons is much higher than the number of repeated trials.  In practice, the matrix SW can be rendered invertible using a regularization technique which changes each class covariance matrices based on the following formula: Ωi’ = (1 ‑ λ) Ωi + λ I, where Ωi is the covariance matrix for the ith class, λ is a regularization parameter between 0 and 1, and I is the identity matrix.  We determine the parameter λ automatically for each data set based on the optimization procedure we developed previously; each particular choice is determined by the particular distributions within each data set (38).  

After computation of the N – 1 discriminant dimensions is computed, we projected the neural patterns during startle episodes in this low-dimensional encoding subspaces.  We then used the multivariate Gaussian distribution probability functions (
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) to fit the projections for each class.  We subsequently enhanced our intuition about the relationships among classes by visualizing the 2σ boundary ellipsoids for each class.  We tested the robustness of our MDA statistical model by employing different partitions of the training and test data points.  In general we find that the performances for our model do not depend strongly on the particular choice of the training and test data selection.

Method of Identify Reactivations
We also used a sliding window method to monitor the evolution of the population state throughout the duration of the experiment and to identify the occurrences of patterns similar to the ones experienced during the episodic events (37).  Using the fixed matrix coefficients produced by the MDA method, we computed the instantaneous projection of neural responses during the entire experiments (using two 500-msec width-bins, sliding at 10-msec time resolution). A putative reactivation is deemed to have occurred whenever there are trajectories of significant amplitudes from the rest cluster towards the corresponding startle cluster.  The distance of the trajectory from rest bubble center was calculated. Then the maxima points were identified. Those maxima points with the distance from respective bubble center smaller than the half distance from rest bubble center were classified as reactivations. The minima points of the distance curve from rest bubble before and after the reactivation point were defined as the start and end points of the reactivation trajectories. After plot the reactivation trajectories to the three-dimensional subspace, visual measurement and adjustment was applied. As such, post-event reactivations of the ensemble activity patterns can be directly visualized as dynamical trajectories in the encoding subspace. 
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