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Abstract

In the pathophysiology of traumatic brain injury (TBI), the amygdala remains understudied, despite involvement in

processing emotional and stressful stimuli associated with anxiety disorders, such as post-traumatic stress disorder

(PTSD). Because the basolateral amygdala (BLA) integrates inputs from sensory and other limbic structures coordinating

emotional learning and memory, injury-induced changes in circuitry may contribute to psychiatric sequelae of TBI. This

study quantified temporal changes in dendritic complexity of BLA neurons after experimental diffuse TBI, modeled by

midline fluid percussion injury. At post-injury days (PIDs) 1, 7, and 28, brain tissue from sham and brain-injured adult,

male rats was processed for Golgi, glial fibrillary acidic protein (GFAP), or silver stain and analyzed to quantify BLA

dendritic branch intersections, activated astrocytes, and regional neuropathology, respectively. Compared to sham, brain-

injured rats at all PIDs showed enhanced dendritic branch intersections in both pyramidal and stellate BLA neuronal types,

as evidenced by Sholl analysis. GFAP staining in the BLA was significantly increased at PID1 and 7 in comparison to

sham. However, the BLA was relatively spared from neuropathology, demonstrated by an absence of argyrophilic

accumulation over time, in contrast to other brain regions. These data suggest an early and persistent enhancement of

dendritic complexity within the BLA after a single diffuse TBI. Increased dendritic complexity would alter information

processing into and through the amygdala, contributing to emotional symptoms post-TBI, including PTSD.
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Introduction

Traumatic brain injury (TBI) is a silent epidemic, which

recently has been labeled the signature injury of current

combat operations.1 Long-term consequences of TBI include in-

creased risk for neurological and psychiatric disorders, with anxiety

disorders being particularly prevalent.2–4 Increasing numbers of

veterans exposed to both emotional and physical trauma have

promoted interest in the comorbidity between TBI and post-

traumatic stress disorder (PTSD), given that mild TBI is a signifi-

cant predictor of PTSD subsequent to deployment.5 Understanding

how TBI impacts the neurocircuitry of emotional processing will

help uncover mechanisms for future therapeutic targets.

The amygdala, a phylogenetically conserved limbic structure,6

is involved in processing emotional and stressful stimuli7,8 and is

implicated in anxiety and PTSD.9 Post-TBI, most cortical and

subcortical regions show acute increases in glucose metabo-

lism10,11 and prolonged global oxidative metabolic depression.12 In

contrast, the amygdala demonstrates increased and persistent oxi-

dative metabolic demands after experimental TBI using fluid per-

cussion injury (FPI).12 Pre-clinical models even show that FPI

enhances fear learning and basolateral amygdala (BLA) excitatory

processing with evidence of reduced GABAergic inhibition.13,14

These studies suggest that the amygdala may respond to TBI dif-

ferently than other brain regions.

TBI initiates pathomechanisms of structural plasticity throughout

the brain in rats and humans,15–17 where maladaptive outcomes can

emerge from unguided repair and contribute to enduring symptoms

and impairments in recovery of function.18 The BLA receives rich

inputs from sensory and limbic structures, demonstrates plasticity
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related to emotional learning,19 and is sensitive to stress-induced

structural changes that persist even after the stressors have ended.20

Whether the BLA exhibits structural reorganization post-TBI re-

mains unknown. Using the well-characterized FPI model, the aim of

this study was to quantify the time course of alterations in dendritic

arborization within the BLA after a single diffuse TBI, with respect

to overall tissue pathology.

Methods

Fluid percussion brain injury

Adult male Sprague-Dawley rats (300–350 g; Harlan Labora-
tories Inc., Indianapolis, IN) were allowed access to food and water
ad libitum, with all experiments and animal care conducted in ac-
cord with National Institutes of Health (NIH) and Institutional
Animal Care and Use Committee–approved protocol. Rats were
subjected to midline FPI, as previously described.21,22 Rats were
anesthetized (5% isoflurane), transferred to a stereotaxic frame
(David Kopf Instruments, Tujunga, CA), maintained at 2% iso-
flurane, and 37�C body temperature monitored and maintained
throughout the procedure. The skull was exposed and a 4.8-mm
circular craniectomy was performed (centered on the sagittal suture
midway between bregma and lambda) without disturbing the dura
or superior sagittal sinus. A skull screw was secured into the right
frontal bone. An injury hub was fabricated from the female portion
of a Leur-Loc needle hub and affixed over the craniectomy using
cyanoacrylate gel and methylmethacrylate (Hygenic Corp., Akron,
OH). The incision was sutured at the anterior and posterior edges,

and rats were then returned to a warmed holding cage until am-
bulation returned.

Approximately 60–90 min after the conclusion of the surgical
procedure, animals were reanesthetized (5% isoflurane). The female
end of the injury hub assembly was filled with physiological saline
and attached to the male end of the fluid percussion device (Custom
Design and Fabrication; Virginia Commonwealth University, Rich-
mond, VA). Upon the return of the pedal withdrawal reflex, an injury
of moderate severity (1.8–2.0 atmospheres) was administered by
releasing the pendulum onto the fluid-filled piston. Sham animals
were connected to the FPI device, but the pendulum was not released.
Afterward, the injury hub assembly was removed en bloc, the cra-
niotomy was inspected, and the incision was sutured. Animals were
monitored for the fencing response upon impact,21 changes in res-
piration, and the return of the righting reflex. A moderate-severity
brain injury was determined by recovery of a righting reflex in
5–10 min. Sham-injured animals recovered within 15 sec.

Golgi stain

At post-injury day (PID) 1, 7, and 28, sham and brain-injured rats
(n = 4/group) were overdosed with sodium pentabarbitol (200 mg/
kg, intraperitoneally), decapitated, and the brain rapidly removed.
At least 1 sham-operated animal was euthanized at each PID time
point. The brain was processed for Golgi staining according to the
manufacturer’s instructions for the FD Rapid GolgiStain� Kit (FD
NeuroTechnologies, Inc., Columbia, MD). Brains were sectioned
(200 lm) at -22�C on a cryostat and mounted on slides. Neurons
were selected using the following criteria: 1) cell body and

FIG. 1. Experimental methods. (A) Experimental timeline; brains were processed and bilateral BLA were analyzed for Golgi and
silver stains at post-injury day (PID) 1, 7, and 28. (B) Golgi stain coronal hemisection depicting BLA. (C and D) Representative
impregnated (C) pyramidal and (D) spiny stellate BLA neurons. Images are at 40 · ; Scale bar = 50 lm. (E) Example of reconstructed
neuron with overlaid Sholl rings. BLA, basolateral amygdala.
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dendrites were fully impregnated and untruncated; 2) cell was
relatively isolated; 3) within the BLA, and 4) identified as stellate or
pyramidal subtype. Because of the low number of fully stained
cells, all BLA and pyramidal and stellate neurons that matched
these criteria were included in the quantification and analysis.
Stellate neurons expressed round somas, with spiny dendrites ra-
diating outward in all directions (Fig. 1). Pyramidal neurons ex-
pressed triangular-like somas with a prominent apical dendrite that
arose from the superficial pole of the cell body and several thinner
basal dendrites on the opposite side (Fig. 1). Neurons were traced at
320 · using a camera lucida drawing tube attached to an Olympus
BX51 microscope (Olympus, Tokyo, Japan) and quantified by
Sholl analysis.25,26 Dendritic intersections were quantified at
equidistant concentric circles in 20-lm increments from the soma.
Number of cells/rat ranged from 4 to 9 for stellate neurons and 4 to
8 for pyramidal neurons. A Sholl analysis comparing sham animals
confirmed there was no significant difference between animals, and
the shams were combined into one sham cohort. Data were aver-
aged across same cell types within each animal and analyzed across
animals for each experimental group and cell type.

Silver stain

Argyrophilic reaction product was analyzed in the BLA of a
separate cohort of sham (n = 3, one at each time point) or FPI rats at
PID1, 7, and 28 (n = 3/time point). As described by Lifshitz and
Lisembee,27 rats were prepared using NeuroScience Associates
Inc. (Knoxville, TN) instructions. Brains were shipped to Neu-
roScience Associates to be embedded into a single gelatin block
(Multiblock� Technology; NeuroScience Associates), cryosec-
tioned, mounted, and stained with the de Olmos aminocupric silver
staining technique, and counterstained with Neutral Red, in accord
to proprietary protocols.

Stained sections were analyzed in our laboratory.27 Photo-
micrographs of silver stained BLA from both hemispheres were
taken using a Zeiss microscope (Imager A2; Carl Zeiss, Jena, Ger-
many) in bright-field mode with a digital camera. Densitometric
quantitative analysis was performed at 20 · using ImageJ software
(1.48v; NIH, Bethesda, MD). Grayscale digital images were digi-
tally thresholded to separate positive stained pixels from unstained
pixels, then segmented into black and white pixels, indicative of
positive and negative staining, respectively. The percentage of ar-
gyrophilic (black) stained pixels was calculated for each image using
the following formula: [count/total area measured] · 100 = per-
centage area stained black; where count is the total number of black
pixels. Eight images were analyzed per animal, with the percentage
of black pixels averaged to a single value (per animal) and used in
data analysis.

Glial fibrillary acidic protein

At PID1, 7, and 28, sham and brain-injured rats were overdosed
with sodium pentabarbitol and transcardially perfused with
phosphate-buffered saline (PBS) and 4% paraformaldehyde (n = 4–6/
time point; at least 1 sham at each time point). Brains were immersed
in serial sucrose dilutions (15%, 30%) and cryosectioned (20 lm).
Sections were washed 3 · with 1XPBS, blocked with 4% (v/v) nor-
mal horse serum in PBS for 1 h, incubated in the primary antibody
(rabbit anti-GFAP, 1:1000; catalog no.: Z0334; Dako, Carpinteria,
CA) overnight at room temperature, rinsed in 1XPBS, incubated for
1 h at room temperature with the secondary antibody (biotinylated
horse anti-rabbit, 1:250; catalog no.: BA-1100; Vector Laboratories,
Burlingame, CA), washed, blocked with 0.3% hydrogen peroxide,
incubated with avadin/biotin complex (4�C, 20 min), washed, and
incubated with 3,3¢-diaminobenzidine (10 min). Sections were de-
hydrated with ethanol, cleared in CitriSolv, and cover-slipped using
distyrene plasticizer xylene. Densitometric quantitative analysis was
performed identical to silver stain.

Statistical analysis

Statistical analyses were conducted using SPSS software (v.22;
IBM Corp., Armonk, NY) using a Macintosh computer (OSX
10.9.5). Dendritic complexity was analyzed by a mixed-factor
analysis of variance (ANOVA) for treatment condition (sham,
PID1, PID7, and PID28) across the distances from the soma. GFAP
and silver stain was analyzed by one-way ANOVA for time post-
injury. When statistical significance was reached at p < 0.05, least
significant differences (LSD) post-hoc analyses were performed
and described where indicated.

Results

Diffuse traumatic brain injury increased basolateral
amygdala dendritic branch intersections

FPI resulted in a significant change in dendritic branch intersec-

tions in BLA pyramidal neurons (Fig. 2). A mixed-factors ANOVA

between time post-injury and across distance from the soma (20-lm

increments from 20 to 400 lm) revealed a significant PID · distance

interaction (F(57,209) = 2.565; p < 0.001) for the number of dendritic

branch intersections. Specifically, LSD post-hoc analyses revealed

an increased number of branch intersections in BLA pyramidal

neurons proximal to the soma within 1 day post-injury (PID1 com-

pared to sham, p < 0.05; 40 and 80 lm from soma), which persisted

at PID7 (compared to sham, p < 0.05; 40 and 80 lm from soma), and

PID28 (compared to sham, p < 0.05; 40 lm from soma). Further,

BLA pyramidal neurons showed increased numbers of intersec-

tions in distal dendrites at PID28 (compared to sham, p < 0.05;

380–400 lm from soma). These data indicate an injury-induced

FIG. 2. Dendritic arborization in basolateral amygdala (BLA)
pyramidal after fluid percussion injury (FPI). (A) FPI increased
BLA pyramidal neuron dendritic complexity proximal to the soma
by post-injury day (PID) 1, and dendritic hypertrophy persisted on
PID7 and 28. At PID28, BLA distal dendrites showed additional
hypertrophy. Data are represented as mean – standard error of the
mean; p < 0.05 for all comparisons. *PID1 versus SHAM; +PID7
versus SHAM; ^PID28 versus SHAM. (B) Representative recon-
structions of BLA pyramidal neurons for each post-injury time
point. Note: pyramidal neuron orientation adjusted to depict apical
dendrites pointing upward.
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enhancement in dendritic complexity of pyramidal neurons near the

soma that occurs acutely and endures through PID28, at which time

additional restructuring of distal dendrites occurs.

Similar patterns were found for BLA stellate neurons. A mixed-

factors ANOVA between time post-injury and across distance from

soma (every 20 lm from 20 to 300 lm) revealed a significant main

effect of PID (F(3,11) = 5.581; p = 0.014) and a significant

PID · distance interaction (F(42,154) = 3.287; p < 0.001). Specifi-

cally, LSD post-hoc analyses revealed that FPI increased the

number of intersections proximal to the soma (20–80 lm) by PID1

compared to sham ( p < 0.05), and the increased number of inter-

sections persisted at PID7 (compared to sham, p < 0.05; 40–80 lm)

and PID28 (compared to sham, p < 0.05; 40–60 lm). At later time

points, injured BLA distal dendrites had increased levels of den-

dritic branching (PID7 compared to sham, p < 0.05; 160 and 220–

240 lm; PID28 compared to sham, p < 0.05; 220–240 lm from

soma; Fig. 3). Further, complexity between PIDs in BLA stellate

neurons was robust, with the greatest amount of intersections

proximal to the soma at 1 day post-injury relative to the subsequent

time points (PID1 compared to PID7 at 20 and 60, p < 0.05; and

PID1 compared to PID28 at 20, 40, and 60 lm, p < 0.05). These data

indicate an injury-induced enhancement in dendritic complexity in

both pyramidal and stellate neurons in the BLA near the soma that

occurs acutely and endures chronically, when additional re-

structuring of distal dendrites occurs.

FIG. 3. Dendritic arborization in basolateral amygdala (BLA)
stellate neurons after fluid percussion injury (FPI). (A) FPI in-
creased BLA stellate neuron dendritic complexity proximal to the
soma by post-injury day (PID) 1, and dendritic hypertrophy per-
sisted on PID7 and 28. At PID7 and 28, BLA distal dendrites
showed additional hypertrophy. p < 0.05 for all comparisons.
*PID1 versus SHAM; +PID7 versus SHAM; ^PID28 versus
SHAM. (B) Representative reconstructions of BLA stellate neu-
rons for each post-injury time point.

FIG. 4. Diffuse traumatic brain injury transiently increases activated astrocytes in the BLA. (A) GFAP staining increases and
astrocyte morphology changes indicate activated astrocytes. Representative images are presented at 40 · (scale bar = 40 lm) and
63 · (scale bar = 20 lm). (B) Quantification of GFAP staining shows a significant difference between PID1 and PID7 compared to sham
(sham = 4; PID1 = 6; PID7 = 4, and PID28 = 4; data are represented as mean – standard error of the mean). BLA, basolateral amygdala;
GFAP, glial fibrillary acidic protein; PID, post-injury day.
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Activated astrocytes in the absence of overt
neuropathology in the basolateral amygdala
after diffuse traumatic brain injury

Astrocyte morphology at PID1 and 7 showed intense GFAP

staining and cellular hypertrophy, indicative of activated astrocytes.

GFAP immunoreactivity significantly increased as a function of time

post-injury in the BLA (F(3,14) = 5.142; p = 0.013; Fig. 4). Post-hoc

analysis revealed that the percent area of BLA stained for GFAP was

increased by 89% at PID1 and 78% at PID7 in comparison to sham

( p < 0.05). At PID28, there was no detectable difference.

Whereas silver accumulation after diffuse TBI has indicated

neuropathology in specific brain areas over time, for example, pri-

mary somatosensory barrel cortex,27 a relative absence of staining

was observed in the BLA of the same animals. On average, the

percent of argyrophilic staining in sham animals was 3.6 – 1.5%, with

no change over time post-injury (F(3,8) = 3.03; p = 0.09; Fig. 5), in-

dicating that a single TBI did not cause prominent neuropathology in

the BLA.

Discussion

We present evidence for structural plasticity within the BLA

after diffuse TBI, which has not previously been described. Data

show early (within a day) and persistent enhancement in dendritic

branch complexity in two predominate cell types within the BLA

after a single diffuse TBI. The Sholl analysis indicates that BLA

neurons exhibit increased dendritic intersections proximal to the

soma at PID1, 7, and 28. At later time points, BLA neurons have

more dendritic intersections at distal dendrites (PID28 for pyra-

midal and PID7 and PID28 for stellate cells). GFAP immunore-

activity increased at PID1 and 7, supporting a role for activated

astrocytes in the post-traumatic sequelae in the BLA. Silver stain

further revealed that the BLA is spared of overt neuropathology, in

contrast to other diffuse-injured brain regions.27 Together, these

data indicate that diffuse TBI causes early and persistent dendritic

hypertrophy in the BLA in the absence of neuropathology, possibly

supported by activated astrocytes.

Few studies have investigated alterations in dendritic structural

plasticity after models of TBI in vulnerable brain regions. In the

cortex, lateral FPI-induced enhanced dendritic branching in regions

remote from the injury site in immature rats.28 At 1 month, focal TBI

by controlled cortical impact (CCI) decreased dendritic length and

branch points in pyramidal neurons in the hippocampal CA1 of rats

injured at PID17, but not rats injured at PID7.29 In contrast, moderate

severity CCI led to dendritic atrophy in hippocampal dentate gyrus

neurons in adult rats that may correspond with impaired recovery of

function post-injury.18 Further, our lab has shown that 1 week after

midline FPI, thalamic neurons show dendritic retraction that recover

to sham levels by PID28.30 Importantly, these reductions observed in

thalamic circuitry were discovered using the same tissue as our

current BLA data, demonstrating region-specific effects of TBI.

Together, these findings implicate widespread and dynamic region-

specific alterations in structural plasticity as measured by changes in

dendritic branching after brain injury that may influence onset of

neurological sequelae post-TBI.

TBI could be classified as an inherent physical stressor, leading

to activation of the sympathetic nervous system and hypothalamic-

pituitary-adrenal (HPA) axis.31,32 Stress and glucocorticoids

involve amygdala engagement,31 which may be a mechanism un-

derlying the observed FPI-induced BLA structural enhancement.

Repeated immobilization stress affects structural plasticity within

the limbic system, including dendritic hypertrophy in the BLA that

FIG. 5. Lack of overt neuropathology in the BLA after diffuse traumatic brain injury. (A) Images of the BLA in de Olmos silver
stained sections in sham, PID1, PID7, and PID28 animals (20 · magnification; scale bar = 50 lm). (B) Quantification of silver staining
indicates no detectable differences in neuropathology between sham and injured animals over time post-injury (n = 4/PID; all bar graphs
represent the mean – standard error of the mean). (C) Montages of silver stained coronal sections from a representative sham and PID7
animal. Bilateral neuropathology in the cortex, hippocampus, thalamus, corpus callosum, and internal capsule by PID7 can be visually
detected in comparison to the same region in the sham control. At 7 days post-injury, staining in the BLA (triangles) is similar to sham.
BLA, basolateral amygdala; PID, post-injury day.
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persists for at least 21 days after chronic stressor termination, that

corresponds with increased anxiety-like behavior.20,33 In clinical

TBI cases, HPA axis activation may be augmented above the stress

response from physical stress independent of brain injury (i.e.,

peripheral orthopedic injury).34,35 In experimental TBI, FPI and

sham surgery both caused a peak HPA response; however, only FPI

enhanced corticotrophin releasing hormone (CRH) messenger

RNA (mRNA) expression in the hypothalamus,36 which was also

demonstrated by CRH mRNA in the amygdala.37 Combined with

the current results, the amygdala proves to be an exquisitely sen-

sitive structure to glucocorticoids from robust and even mild

stressors (exogenous or endogenous), and demonstrates resistance

to recovery, providing a potential mechanism that could influence

long-term functional outcome post-TBI and warrants future re-

search to test causality.

Dendritic hypertrophy of pyramidal and stellate neurons may be

indicative of increased communication between extra-amygdala

structures and within the amygdala, respectively. Pyramidal neu-

rons within the BLA are excitatory projection neurons that com-

municate with other amygdala subregions and long-range

projection sites distributed throughout the brain, including cortical

and other limbic structures.38,39 Nonpyramidal stellate neurons are

thought to be local circuit neurons,38 with the stellate neurons in-

cluded in the current study being spine-dense and of similar soma

size, representing excitatory glutamatergic neurons.40,41 Given that

we observed extended dendritic branching in both cell types at

distal portions of the cell at late time points, this suggests that long-

term changes at distal dendrites reflects extended dendritic

branching late post-injury that may influence long-term enhanced

excitability in the BLA, perhaps by increased local dendritic sig-

naling by greater degrees of action potential back-propagation at

these sites.42 Further, the observed effects were consistent across

groups with relatively small sample sizes (n = 4/group), with rela-

tive changes across the cell that emphasize the power of the effect

within the BLA suggesting amygdala sensitivity to TBI.

The observed structural changes after a single diffuse TBI occur

in the absence of overt neuropathology. Previous experiments

demonstrated no loss of neurons in the BLA at PID7 or 30 after

lateral FPI in the mouse.43 Another study failed to detect degen-

erating neurons in the amygdala by Fluoro-Jade staining in the

subacute phase (PID1, 2, and 7) post-FPI or weight drop experi-

mental TBI.44 However, the increase of GFAP immunoreactivity in

the absence of a destructive lesion or neuropathology can indicate

astrocytic support of neuritic extension and axon regeneration

through expression of a subset of surface molecules and neuro-

trophic factors.45 It remains to be shown whether growth-promoting

molecules, such as growth-associated protein 43 and brain-derived

neurotrophic factor, contribute to dendritic hypertrophy within the

BLA. These data support injury-induced circuit reorganization

within the amygdala, below detection level of advanced clinical

imaging, which can contribute to persisting emotional deficits.

The amygdala is a key anatomical locus implicated in comorbid

mood and anxiety disorders, such as PTSD. Although we did not

directly investigate functional outcome, the current results for ex-

citatory neuronal subtypes provide a framework for future studies

to investigate the early and long-term involvement of the amygdala

in neurological consequences of TBI. Our data may implicate en-

hanced excitatory processing within, and perhaps beyond, the

amygdala post-TBI,14 and one may also speculate reduced inhibi-

tion.13 Moreover, our results on amygdala structural changes after

diffuse TBI through midline FPI add to the growing literature on the

effects of TBI on anxiety-like and fear behavior in models of blast

TBI46–48 and weight drop.49 Important to note, the BLA consists of

multiple subpopulations of pyramidal neurons, which may play

differential functional roles in fear expression and inhibition.50,51

However, whether TBI would affect dendritic branching differently

across these distinct functional subtypes of glutamatergic neurons

remains unknown and is an objective for future research. Regard-

less, amygdala emotional circuits are reforming acutely and

chronically after diffuse TBI, which can elicit, or at least contribute

to, the spectrum of neurological symptoms associated with clinical

TBI. TBI-induced hyperconnectivity in glutamateric neurons of the

amygdala could impact emotional learning and anxiety that is ob-

served with the increasing incidences of comorbid TBI and PTSD,

an interaction that warrants continued investigation.
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