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An estimated 1.7 million people in the United States alone sustain a traumatic 

brain injury (TBI) each year. TBI is a contributing factor to a third of all injury-

related deaths. TBI can occur anywhere along the cortical mantel.  While the 

cortical contusions may be random and disparate in their locations, the 

clinical outcomes such as depression and PTSD are often similar and difficult 

to explain. Thus a question that arises is, do concussions at different 

sites on the cortex affect similar subcortical brain regions?  To address 

this question we used a fluid percussion model to concuss the right caudal or 

rostral cortices in rats.  Five days later, diffusion tensor MRI data were 

acquired for indices of anisotropy (IA) for use in a novel method of analysis to 

detect changes in gray matter microarchitecture.  IA values from over 20,000 

voxels were registered into a 3D segmented, annotated rat atlas covering 

150 brain areas. Comparisons between left and right hemispheres revealed a 

small population of subcortical sites with altered IA values.   

Adult male Sprague Dawley rats (n=13) weighing ca.300-350 g each were 

obtained from Biotrofix  (Waltham, MA), a contract research organization that 

specializes in neurological models for preclinical research. Each animal was 

subjected to TBI using the fluid percussion model.  The fluid percussion model 

can be adjusted to deliver a force to the brain that reproducibly causes mild to 

moderate TBI with neuropathological, cognitive and behavioral consequences 

that reflect those seen in human head injury .  Following surgery, animals were 

housed at Biotrofix for five days, then moved to Northeastern University, Center 

for Translational NeuroImaging in the early morning, and imaged while alive the 

same day.   
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 This study presents three significant findings that advance 

our understanding and evaluation of TBI: 1) the introduction of a 

new in vivo  imaging method and analysis to identify highly 

localized disturbances in discrete subcortical brain nuclei, a 

finding corroborated by other preclinical studies using only 

traditional post-mortem histological techniques. 2) the use of this 

imaging method to demonstrate that moderate TBI to different 

areas of the cortex produce the same subcortical, disturbances, 

and 3) the central nucleus of the amygdala, critical in the 

regulation of emotion, is particularly vulnerable to concussion.  

Figure 1. Contusion Location and Volume 

 Rostral and caudal concussions were striking similarity in the 

impacted subcortical locations, particularly the central nucleus of the 

amygdala, laterodorsal thalamus, and hippocampal complex. 

Subsequent immunohistochemical analysis of these sites showed 

significant neuroinflammation.   

Shown in the two left columns are contiguous axial sections of representative rats that received fluid percussion injury in 

the rostral or caudal cortex. The sections cover the caudal/rostral boundaries of the contusion as indicated by the arrows. 

The location and volume of the lesion for each contusion site are shown in red in the 3D yellow reconstruction of the full 

brain on the right. The lesion volume can be calculated from seeding and thresholding the 2D lesion followed by 

segmentation and volume rendering over the entire lesion from which measures can be taken for statistical analysis. The 

table below reports the average brain volume, average lesion volume and the percentage of the lesion volume to whole 

brain volume for both the forebrain and hindbrain injuries 

Figure 2.  Diffusion Tensor Imaging with Lateral       

          Fluid Percussion Injury 

Shown is composite of images depicting representative examples of diffusivity maps following fluid 

percussion injury.  A list of indices of anisotropy (IA) and representative maps of these different values of 

diffusivity is provided in the lower panel.  Approximately 20,000 voxels, each measuring 312 µm3, are 

scanned, analyzed and assigned numerical measures of diffusion reflecting each of the IA. These measures 

for IA values are brought into the 3D segmented, annotated rat atlas and registered into 150 brain areas.  

Tables 1-3 were generated from this method of analysis.  

Table 2. Radial Diffusivity 
Measures of radial diffusivity  (RD)  following lateral fluid percussion injury to the rostral 

(n=5)  and caudal (n=8) cortex.  Statistical differences between 150 brain regions 

comparing RD values between the affected ipsilateral side (right) and the contralateral 

side (left) are rank ordered for significance. Values are presented as the mean and 

standard deviation (SD). Areas shown in blue are common to both sites of cortical 

injury. Arrows denote the direction of the difference between the affected and control 

sides. 

Table 1. Fractional Anisotropy  
 Measures of fractional anisotropy (FA) following lateral fluid percussion injury 

to the rostral (n=5)  and caudal (n=8) cortex.  Statistical differences between 150 brain 

regions comparing FA values between the affected ipsilateral side (right) and the 

contralateral side (left) are rank order for significance.  Values are presented as the 

mean and standard deviation (SD).  Areas shown in blue are common to both sites of 

cortical injury. Arrows denote the direction of the difference between the affected and 

control sides.  

Shown in the upper bar graphs are the comparisons in optical density (mean ± SE) of 

immunostaining for glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP) 

between ipsilateral and contralateral sides of the amygdala.  Photomicrographs of 

immunostaining are presented in the panels below for each molecular marker. Optical 

density for each was measured in the box sampling the area of the central nucleus (CE) 

depicted in photomicrographs A and B. Higher magnifications of the same areas are 

shown in photomicrographs C and D.  The scale bare =  100 µm.  * < 0.05;  

Abbreviations: Bla - basolateral amygdala; Me - medial amygdala; La - lateral 

amygdala.    

Figure 3. Injury to the Amygdala 

Shown in the upper bar graphs are the comparisons in optical density (mean ± SE) of immunostaining for glial 

fibrillary acidic protein (GFAP) and myelin basic protein (MBP) between ipsilateral and contralateral sides of 

the thalamus and hippocampus.  Photomicrographs of immunostaining are presented in the panels below for 

each molecular marker. Optical density for each was measured in the boxes sampling the areas of the 

laterodorsal thalamus (LD) and CA3 of the hippocampus depicted in photomicrographs A and B. Higher 

magnifications of the same areas are shown in photomicrographs C, D, E, and F.  The scale bare =  100 µm.  * 

< 0.05;  Abbreviations: DG - dentate gyrus; CA1 area of the hippocampus; MD - mediodorsal thalamus .    

Figure 4. Injury to Thalamus and Hippocampus  

 The brain areas in Table 1 with significant differences in FA values between the ipsilateral 

concussed side of the brain and the contralateral side are shown in colored 3D volumes for both the 

rostral and the caudal fluid percussion injuries. Top images are coronal displays while the bottom 

images show a sagittal view of the brain. The individual brain areas are coalesced into a single 

volume (yellow) on the right side of the brain. The red oval depicts the approximate location of the 

fluid percussion injury. The significantly different cortical areas reported in Table 1 are not shown 

because they would obscure the visualization of the underlying subcortical brain areas. The medial 

amygdala and posterior amygdala from the Table 1 caudal concussion are not shown because they 

are hidden amongst the other amygdaloid nuclei.  

Figure 5. 3D Reconstructions of Subcortical Brain Areas    

         Sensitive to Cortical Contusion  


