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Abstract

The objective of this study was to investigate and quantify the morphological and molecular
changes in the thymus for common causes of human infant death. Thymic architecture and
molecular changes apparent in human infant head trauma victims were assessed by microscopy
and quantified by image analysis of digital whole slide images. Thymuses from victims of SIDS
and suffocated infants displaying normal thymus architecture were used for comparison.
Molecular expression of proliferation and serotonin receptor and transporter protein markers was
evaluated. Duplicate morphological and molecular studies of rodent thymuses were completed
with both mouse and rat models. Quantification of novel parameters of digital images of thymuses
from human infants suffering mortal head trauma revealed a disruption of the corticomedullary
organization of the thymus, particularly involving dissolution of the corticomedullary border. A
similar result was obtained for related mouse and rat models. The human thymuses from head
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trauma cases also displayed a higher percentage of Ki-67-positive thymocytes. Finally, we
determined that thymus expression of the human serotonin receptor, and the serotonin transporter,
occur almost exclusively in the thymic medulla. Head trauma leads to a disruption of the thymic,
corticomedullary border, and molecular expression patterns in a robust and quantifiable manner.
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BACKGROUND

The goal of this study was to determine differences in thymus from infants whose cause of
death was reported as sudden infant death syndrome (SIDS) compared to those dying from
events of suffocation or head trauma (10). The implications of a quantifiable metric for
determining infant death may provide medical examiners with important information that
can be used to support an infant’s autopsy report. Furthermore, these studies began to
unravel interesting questions of biological importance regarding changes in the thymus
following mortal injury events.

These quantifiable measures were made possible via the rapidly expanding field of
quantitative image analysis. This discipline enables subject matter experts to measure and
quantify commonly observed phenomena, such as thymic structure and molecular
expression (8,14). Historically, anatomic pathology has been analyzed qualitatively for
diagnosis. However, in the last decade, great strides have been made toward increased
quantification of anatomic pathology leading a paradigm shift toward precision pathology
using digital images and powerful computational algorithms. In this case, precision
pathology extends into the field of forensic pathology. For decades, forensic pathologists
have also used qualitative descriptions of their observations (13). A prime example can be
made of the thymic architecture including descriptors such as “starry sky,” given the
increase in interstitial space (12). Until recently, phenotypic quantification of features of
single cells has been largely ignored by clinicians and investigators due to technological
limitations. However, with the advent of high-content automated slide scanning coupled
with cognitive and scriptable algorithms, researchers are well poised to identify and quantify
single cell features to provide insight into disease as well as cause of death.

While a great deal of work has recently been directed toward the impact of brain function
and head trauma on the immune system, very little is known regarding the effect of head
trauma on the thymus, the site of maturation and negative selection of T-cells, or the source
of circulating T-cells (1,4,9). Here we examined the thymuses of human infants deceased
from brain trauma and observed that these thymuses had disrupted architecture and a
significant dissolution of the corticomedullary border (compared to infants deceased from
suffocation or SIDS) using digital pathology for acquisition and analysis of morphological
features (15). Furthermore, while proliferation is studied in other pathologies, information
regarding thymic activity and head trauma is underappreciated (5,16). We evaluated head
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trauma, which was found to correlate with an increase in Ki-67 staining of thymocytes,
indicating the induction of a proliferative response.

MATERIALS AND METHODS

Histology and Image Acquisition

Under the auspices of the University of South Florida Institutional Review Board, human
infant thymuses from autopsy cases were reviewed. In each of the six cases, the autopsies
were performed a maximum of 36 h postmortem. Paraffin-embedded, formalin-fixed tissues
were prepared for microscopy as described, sections were stained with hematoxylin and
eosin (H&E), and immunohistochemistry was performed with rabbit polyclonal anti-
serotonin receptor-1A and anti-serotonin reuptake transporter (SERT) (2). Slides were
scanned using the Aperio™ (Vista, CA) ScanScope XT with a 20 x /0.8 NA objective lens
at a rate of 2 min per slide via Basler trilinear array.

Morphological Image Analysis

Image analysis was performed using a Positive Pixel Count v9.1 algorithm with the
following customized thresholds [hue value = 0.2; hue width = 0.6; color saturation
threshold = 0.05; Iwp (high) = 210; Iwp (low) = Ip (high) = 160; Ip (low) = Isp (high) = 80;
Isp (low) = 0]. The algorithm was applied to the entire scanned slide image to detect regions
of increased interstitial space by detecting pixels that satisfy the color and intensity
specification defined above. Data were combined by condition, and the ratio of interstitial
space over total area was defined by pixels and plotted as bar graphs in Figures 1 and 2. Line
profile traces were objectively applied across cortical and medullar border regions at 0°, 45°,
and 90° to graphically represent border integrity retention across each sample type (Fig. 3A-
C) using gray scale image sets.

Experimental Injury

The mouse head trauma model uses a dropping weight that delivers a noninvasive, closed-
skull injury to the brains of the 19 mice. At the time of injury, mice were lightly anesthetized
with isoflurane and placed on a sponge underneath a metal tube (13 mm diameter x 80 cm
long) so that the impact to the skull would be immediately anterior to the right ear. The
metal weight was dropped down the tube and struck the temporal region of the skull.

After the trauma was delivered to the mouse brains by the fluid percussion injury device, the
mice were allowed to recover in their home cage and allowed to survive for 24 or 48 h. After
the survival period, they were deeply anesthetized and transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde. Sham animals were also perfused in the same way
and at the same time points. Brains were removed after perfusion fixation. Thymuses were
removed before perfusion, washed in 0.9% saline, and post-fixed in 4% paraformaldehyde
for histological preparation. Some preliminary experiments were done with an alternative
mouse head trauma model (17).

Permanent rat middle cerebral artery occlusion (MCAOQ) procedures were done as described
by Leonardo et al. (6). Briefly, eight male rats of 200 to 250 g (between 6.5 and 7.5 weeks
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of age) were anesthetized in an induction chamber with 3% to 4% isoflurane in oxygen.
Anesthesia was maintained with 2.5% to 3% isoflurane in oxygen delivered at 1 L per
minute. The carotid bifurcation was exposed by incising the skin and fascia ventral to the
right sternocleidomastoid muscle. The vagus nerve was dissected free of the right common
carotid artery before the common carotid artery was clamped. Two 5-0 ligatures, one distal
and one proximal, were used to cinch the external carotid artery closed, following which the
artery was transected between the ligatures. Branches of the external carotid artery were
cauterized, as needed, to control bleeding. The proximal ligated stump of the external
carotid artery was then used as a portal to pass an occluder (fishing line) into the lumen of
the internal carotid artery as follows. The proximal stump of the external carotid artery was
perforated with a 40-mm length of 6-pound test monofilament, which was then introduced
into the lumen of the carotid bifurcation and thence into the internal carotid artery. This
occluder was fed rostrally through the middle cerebral artery (MCA) until resistance was
met (typically at about 25 mm), signaling complete occlusion of the MCA.. At this time, the
occluder was permanently secured, the clamp on the common carotid was removed, and
Gelfoam® was placed over the carotid fascia. A laser Doppler monitor was used to
determine reductions in blood flow. Animals that did not show at least 60% reduction in
blood flow following introduction of the occluder were excluded from the study. The mouse
and rat model experiments were approved by the University of South Florida Institutional
Animal Care and Use Committee (IACUC).

Immunohistochemical Image Analysis

To accurately and efficiently assess Ki-67 expression in immunostained thymus tissue, we
used the VirtualFlow™ technique (IHCFLOW, Inc., Tampa, FL). This software generates a
two-parameter dot-plot display, similar to those generated in flow cytometry. The
microscopic images were captured using a 20x, 0.4 NA objective (Leica, Wetzlar, Germany)
and a color brightfield CCD high-resolution camera (Diagnostic Instruments). Each image is
512 x 474 pixels, with 1.5 pixels per micron. No manual or interactive labeling or shading or
color correction was performed. The light intensity rheostat was set to 7.0 of 12.0. The light
source was a 30-W 12-V incandescent bulb with a condenser blue filter, 80a Tiffen, with the
condenser aperture set a 0.5 ph. This method automatically converts digital images of
immunostained tissue to percentage positive, using a multithresholding, iterative bit slice
identification of stained nuclei and unstained nuclei. The single cell count results correlate
with both manual Ki-67 scoring and standardized tissue flow cytometry results (3). Briefly,
thymic sections, previously immunostained as described, using Ki-67 AP-DAB (Mib-1,
Ventana) by automated Ventana XT (Tucson, AZ, USA) are put on the stage (2). The nuclei
(brown stained) and hematoxylin (blue counterstained) image plane is manually focused,
captured, and saved as a JPEG file. Segmentation and display of histogram and statistical
results table take 3 to 4 s. An average of 40 frames (with 329 to 811 cells per frame) was
captured per slide on all thymic cortex and medulla regions. Results were tabulated and
analyzed per region and per subject thymus using ANOVA (GraphPad software).
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RESULTS

We obtained a series of thymus samples from human infants deceased from head trauma,
SIDS, or suffocation. Upon analysis of the sample set, two observations were made. First,
the expression of both the serotonin receptor-1A and SERT were highly concentrated in the
medulla of all samples. Second, thymuses from head trauma were highly disorganized,
particularly having extensive interstitial space among the thymocytes and a disrupted
corticomedullary border (Fig. 4A-C), the region of entry of pre-T-cells into the thymus (11).
This appearance has been referred to as a “starry sky” or marbled appearance for thymuses
representing other pathological situations. To statistically assess the distinctions between the
head trauma thymuses and the suffocation/SIDS thymuses, the interstitial space was
quantified as indicated in the Materials and Methods section, revealing a statistically
significant difference (Fig. 1). Furthermore, disruption of the border could be represented by
a line trace, providing an alternative quantitative comparison of the border integrity for
different samples (Fig. 3A-C).

To support the conclusion that thymus disruption correlated with head trauma and to
establish an animal model for future studies, we employed a mouse head trauma model as
described in the Materials and Methods section. Analysis of H&E-stained thymus sections
showed that thymuses from mice receiving head trauma had a significantly increased level
of interstitial space compared to sham-treated mice (Fig. 2). A qualitative assessment of a rat
stroke model (Materials and Methods) gave a similar result (Fig. 5).

To begin to assess the molecular and cellular changes underlying the disorganization of the
thymus associated with head trauma, we stained thymuses with anti-Ki-67. We found a
29.5% increase in Ki-67-positive thymocytes in the thymuses from head trauma victims
(Fig. 6A, B and Fig. 7).

CONCLUSIONS

These results indicate that serotonin receptor-1A expression and SERT expression on
thymocytes is concentrated in the medulla, where mature T-cells reside. The role of
serotonin in T-cell function remains to be elucidated, but in general, reports indicate that
serotonin exposure leads to or facilitates T-cell activation (7).

The results described above also indicate that head trauma leads to a disruption of thymus
architecture, which can be quantified as increased interstitial space between the thymocytes
and a disruption of the corticomedullary border. The authors do not have direct empirical
evidence to explain why there is an increase in interstitial space between thymocytes;
however, we do offer one hypothesis. Head trauma may result in massive exit of the cells
from the thymus. It is known that the corticomedullary border is the site of exit, and this
would explain its disruption. Future work will test this hypothesis.

Head trauma was also associated with an increase in Ki-67-positive thymocytes,
representing a significant 30% increase in thymocytes undergoing DNA replication. Future
studies will be oriented toward understanding the mechanism of the effect of head trauma on
the thymus and the implications for the effect of head trauma on the immune system. For
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example, does nonfatal head trauma reduce apoptosis of self-reactive thymocytes or affect
the number of self-reactive thymocytes entering the periphery?

Furthermore, it becomes possible to describe how these quantified metrics of change in the
thymus may be able to infer important information with health implications of this study.
Metrics of thymic integrity may be used to confirm the cause of death in infant autopsies,
measure chronic head trauma impacts, or a number of other biomedical applications.
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Figure 1.
Quantification of the percent interstitial space between thymocytes in human head trauma,

suffocation, and SIDS thymuses.
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Quantification of the percent interstitial space in mouse thymuses with head trauma and

sham-treated animals.
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Figure 3.
These figures show intensity as a function of distance (pixel) for (A) head trauma, (B)

suffocation, and (C) SIDS. This plot indicates the extent of corticomedullary border integrity
in individual lobules of human thymuses.
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Suffocation SIDS

Figure4.
(A) H&E stain of human thymuses from infants suffering fatal suffocation (left) or head

trauma (right). Arrows indicate intact corticomedullary architecture and disrupted
corticomedullary architecture in suffocation and head trauma, respectively. (B) SERT
staining of thymuses from infants suffering fatal suffocation (left) or head trauma (right).
Arrows indicate largely medullary-specific staining or diffuse staining, in suffocation and
head trauma, respectively. (C) SERT staining of thymuses from infants suffering fatal
suffocation (left) or SIDS (right). Arrows indicate largely medullary-specific staining in
both images.
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Figurebs.
Representative micrographs of the thymus medulla and cortex from a sham-treated and rat

stroke model. Arrows indicate sharp or diffuse corticomedullary border in sham and stroke
rats, respectively.
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Figure6.
(A) Example Ki-67 staining of a human thymus. (B) Virtual flow results from (A).
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Quantification of percent Ki-67-positive cells in staining in thymuses from human head

trauma and suffocation.
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