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Abstract

Background: The integration of histology and microcirculation 
in real time through specific regions of the brain is a challenging 
concept that has not been reported before. This study describes for 
first time a brain-mapping model that superimposes regional micro-
vascular blood flow (RMBF) analysis with immunohistochemistry 
analysis in an experimental ovine model.

Methods: Five Merino sheep were instrumented, ventilated and 
cardiovascularly supported according to local guidelines. Two ul-
trasound catheter sheaths were inserted into the right internal jugu-
lar vein for the introduction of an intracardiac echocardiography 
probe and transeptal catheter, as previously described. For the anal-
ysis of RMBF, color-coded microspheres were injected into the left 
atrium while a reference blood sample was extracted from the fem-
oral artery. After euthanasia and fixation with formalin, the brain 
was used as proof of principle and the endpoint for determination of 

microcirculation and histology analysis at different time points. An 
antero-posterior slicing strategy of the sheep brain differentiated 
even-numbered from odd-numbered slices. For the histology anal-
ysis, immunohistochemistry applied to odd-numbered slices used 
amyloid precursor protein (APP) antibodies and hematoxylin-eosin 
staining. Simultaneously, even-numbered slices were dedicated for 
cytometric quantification of RMBF.

Results: Homogeneous allocation of microspheres to different re-
gions of the brain over time with no statistical difference between 
slices and RMBF count was found. In addition, immunohistochem-
istry showed baseline staining, confirming a state of normal cere-
bral perfusion.

Conclusions: This study has demonstrated the feasibility and re-
producibility of a brain-mapping model that superimposes RMBF 
data and immunohistochemistry data over time, establishing a new 
experimental model.
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Introduction

The study of regional microvascular blood flow (RMBF) us-
ing microspheres has been a focus of research from several 
decades [1]. Multiple developments within its methodology 
have led to the optimization in the assessment of microcircu-
lation [2, 3]. Recently, the description of a novel approach to 
the injection of microspheres [4] demonstrated the feasibil-
ity of a transeptal injection of microspheres, showing their 
homogeneous distribution to several areas of the brain and 
other systemic tissues over time. A fundamental interest of 
the study on cerebral microcirculation lies upon its dynamic 
nature and its influence on metabolic and tissue processes. 
This latter aspect offers information about the interaction 
between microvasculature and neuronal function, which is 
applicable in many fields of research. However, the study 
of such interaction has been limited by the absence of early 
markers of neuronal dysfunction in order to correlate more 
accurately changes in microcirculation with tissue changes.
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Over the past years, a growing emphasis in the descrip-
tion of early markers of cerebral damage has led to the use of 
amyloid precursor protein (APP) staining. APP is a neuronal 
ubiquitous protein with an essential role in the neuronal re-
sponse to trauma [5-7]. APP matures under glycosylation as 
it is transported through the neuronal axon [8]. In pathologi-
cal situations, axonal disruption can be histologically graded 
by quantification of APP with the use of immunohistochem-
istry [9-13]. Experimental studies have shown APP expres-
sion to be upregulated after traumatic brain injury around the 
site of damage, in neuronal perikarya and in damaged dys-
trophic neurites [14]. Antibodies designed to target specific 
regions of APP have detected the presence of APP in a num-
ber of difference disease processes including axonal injury 
[15] detecting regions where neuronal damage has occurred. 
Conversely, a low expression of APP reflects histological in-
tegrity [16] and the absence of tissue damage. In addition to 
APP quantification, more basic histology assessments such 
as hematoxylin-eosin (H&E) staining, offer general informa-
tion about the integrity of the cellular nuclei, their cytoplasm 
and other extracellular matrix features [17]. This is a fast and 
accurate staining that in combination with APP labeling and 
a real-time assessment of RMBF offers unique and novel in-
formation about the interaction between brain function and 
cerebral microcirculation.

The aim of this study is to combine the analysis of cere-
bral microcirculation in real time using color-coded micro-
spheres with histology findings assessed by APP antibodies 
and H&E staining by superimposing these markers using a 
novel brain-mapping model.

 
Materials and Methods

   
Animal care and preparation

After study approval by the Animal Ethics Committee of 
the Queensland University of Technology, five male sheep 
of the Merino breed, weighing 65 ± 6.01 kg, were instru-
mented inserting one triple lumen central line (Cook Medical 
Inc., QLD, Australia) and two 16-Fr introducer sheaths in 
the right internal jugular vein, under local anesthesia. Via 
the central line, general anesthesia was given using ketamine 
at a maintenance dose of 0.5 - 1 mg/kg, midazolam infu-
sion at a rate of 0.5 mL/kg and buprenorphine at 0.01 mg/kg. 
Administration of a Hartmann’s solution to ensure hydration 
was then commenced at a rate of 2 mL/kg/h, titrated to a cen-
tral venous pressure of 6 - 10 mmHg. Orotracheal intubation 
followed using a size 10 mm endotracheal tube (SIMS Por-
tex, UK). Under anesthesia, sheep were ventilated delivering 
8 mL/kg tidal volumes, rate of 12 breaths per minute, PEEP 
5 cmH2O and initial FiO2 of 1.0. Inspired partial pressure 
of oxygen was titrated to maintain partial pressure of oxy-
gen (PaO2) of > 95 mmHg. A femoral arterial catheter was 

inserted using a Seldinger technique, to ensure continuous 
blood pressure monitoring. Two burr holes were performed 
following described guidelines [18] and two 16-Fr intrave-
nous cannulas were inserted through the burr holes to simu-
late intracranial pressure and oximetry monitoring probes. 
These probes penetrated to a 35 mm depth corresponding 
to an area of white matter. The intention of this simulation 
was to reproduce future interventions during the pilot phase 
in order to recreate histological changes that may occur as a 
result of the instrumentation and not the injury itself.

Finally, an insertion of a transeptal catheter inside the 
left atrium was placed by two interventional cardiologists, 
under intracardiac echocardiography surveillance, as previ-
ously described [4].

Protocol for microspheres injection

After insertion of the transeptal catheter and confirmation 
of its correct positioning, hourly injection of color-coded 
microspheres (E-Z TRAC; Interactive Medical Technology, 
Los Angeles, CA) used the following protocol. After a thor-
ough mixing of the spheres, 0.8 mL was drawn containing 4 
million spheres. The transeptal catheter line was then flushed 
over a 10 s injection approximately 20 s after the commence-
ment of the withdrawal pump which was removing blood 
during a total period of 2 min [19].

Aspects of the injection of color-coded microspheres

Approximately 4 million color-coded spheres of 15 μm di-
ameter each were injected at each hour, using a 1 mL syringe 
and a saline flush after injection. Randomly assigned colors 
were attributed to each injection time in order to minimize 
selection biases, as previously described [20, 21]. For each 
hour at five time points, five different colors were chosen. 
Microspheres had been preserved at room temperature and 
not exposed to sunlight, heating or vibration in line with 
manufacturer instructions. The microspheres were mixed us-
ing a manual technique in order to minimize foaming and 
avoid unequal concentration of spheres in each injection.

Euthanasia and post-mortem tissue manipulation

After 5 h of continuous monitoring and microsphere injec-
tion, the sheep were euthanized under non-recovered anes-
thesia, with the injection of 0.5 mL/kg of Lethabarb (sodium 
pentobarbitone). After confirmation of death, a craniotomy 
was performed for brain harvesting. The brain was weighed 
followed by fixation in 10% formalin for 3 weeks. Samples 
from skin, gut and heart were taken from the last sheep to 
confirm systemic distribution of microspheres. After fixa-
tion, the brains were sectioned in 5 mm slices and numeri-
cally labeled in an antero-posterior direction. Such strategy 
aimed to incorporate RMBF data with adjacent histological 
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data and it was designed after consensus from all clinical 
investigators. This design is based on the designation of all 
even-numbered slices processed for cytometric count while 
odd-numbered slices were assigned for histopathology anal-
ysis (Fig. 1). This design has not been reproduced before and 
aimed to integrate real-time microcirculation data with adja-
cent histology data in targeted areas of the brain.

Paraffin embedding for sheep brains

For the odd-numbered brain blocks dedicated for histologi-
cal analysis, tissue was processed using a Leica Peloris tis-
sue processor. The total processing time was 120 h. Each 

stage, excluding the wax stages, was performed at 35 °C. 
Brain slices were blocked in paraffin wax and cooled on an 
ice plate. Blocked paraffin brains were sectioned at 8 μm on 
a Leica RM2235 manual rotary microtome (Leica Microsys-
tems Pty Ltd, North Ryde, Australia). Sections were floated 
on a water bath at 35 °C, collected on silanized activated 
slides and dried overnight. Sections were then used for im-
munohistochemistry.

Immunohistochemistry processing

Immunohistochemistry used a Leica Novolink polymer 
detection systems kit (Leica Microsystems Pty Ltd, North 

Figure 1. (a) Brain slicing model with axial cutting. (b) Antero-posterior slicing of 5 mm sections throughout the brain 
in a sagital view.

Figure 2. Confidence interval of RMBF over time points.
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Ryde, Australia) as per manufacturer’s instructions. Sections 
had paraffin removed through a series of xylene immersions 
and then re-hydrated through graded alcohols and washed in 

di-H2O. Antigen retrieval was carried out using Leica BOND 
ER1 solution for 20 min at 100 °C. Slides were washed for 
5 min in di-H2O. Endogenous peroxidise was neutralized us-

Figure 3. Confidence interval of RMBF over brain slices.

Figure 4. Confidence interval of RMBF among subjects.
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ing peroxidase block for 5 min. Following incubation, the 
sections were washed in phosphate buffered saline (PBS) (2 
× 5 min washes). Sections were incubated with protein block 
for 5 min and washed again in PBS (2 × 5 min washes). 
The primary antiserum made up in Leica BOND antibody 
diluent (1:40,000) was applied to the sections for 30 min. 
Following incubation, the sections were washed in PBS (2 
× 5 min washes) and incubated with post-primary for 30 
min. After incubation, slides were washed in PBS (2 × 5 min 
washes) and incubated with Novolink polymer for 30 min 
and then washed in PBS (2 × 5 min with gentle rocking on 
an orbital shaker). 3-3’-diaminobenzidine working solution 
was applied to the slides for 1 min. Slides were washed in 
di-H2O, counterstained with Mayers hematoxylin for 1 min 

and washed in di-H2O for 5 min before dehydration, clearing 
and mounting.

Immunohistochemistry and H&E scoring and interpre-
tation

Immunohistochemistry analysis was applied to the five sheep 
brains for the baseline presence and location of APP antibod-
ies. A grading system measuring the presence of APP was 
developed and structured into three qualitative categories 
dependent upon the severity of injury seen: 1) mild: injury 
pattern characterized by a focal contusion with APP labeling 
limited to the site of injury or focal APP labeling; 2) moder-
ate: injury pattern characterized by a pattern of APP staining 
greater than one hemisphere, greater than half a hemisphere 
or less than half a hemisphere; 3) severe: injury pattern char-
acterized for the presence of diffuse staining; and sub-classi-
fied as either of the following: diffuse vascular injury, diffuse 
axonal injury with macroscopic hemorrhage, diffuse axonal 
injury with microscopic hemorrhage/tissue tears or diffuse 
axonal injury only.

Quantification of cerebral blood flow

Even-numbered blocks were reserved for cytometric analy-
sis of RMBF. Cytometric count of spheres allows calcula-
tion of RMBF through a process that includes: the known 
microspheres concentration injected into the arterial supply 
of an organ and a “reference sample of blood” - this refers to 
an arterial blood sample withdrawn at a known rate during a 
known length of time [22]. This way, RMBF will be propor-
tional to the number of microspheres trapped in the targeted 
tissue in relation to the total quantity of spheres per mL of 
blood per minute and corresponds to the equation:

RMBF (mL/min/g) = (total tissue spheres)/[(tissue 

Figure 5. (a) Representation of H&E staining of a normal 
brain slice. Slice corresponding to frontal lobes at the deep 
gray matter including “pencil” white matter tracts. (b) Same 
slice after APP staining with negative APP immunohisto-
chemical staining indicating no axonal injury.

Figure 6. (a) H&E of brain slice at the fronto-parietal region showing a needle track cavity with fragments of necrotic brain and 
surrounding penumbra of pale edematous brain. (b) Same slice after APP staining highlighting axonal injury around the necrotic 
needle track.
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weight, g) × (reference spheres/mL/min)] [23].

Brain-mapping model

A novel design of sheep brains sectioned in blocks and num-
bered in an alternate order was created with the intention of 
simultaneously interpreting RMBF and histological findings 
(Fig. 1). Fine subsections had been performed after fixation, 
with the aim of superimposing RMBF results with histologi-
cal data, as adjacent slices were only separated by 5 μm of 
distance, corresponding to the same macroscopic anatomical 
area within the brain.

Statistical analysis

RMBF analysis

Cytometric counts for each time and slice were averaged. 
Means for each time and for the difference between each 
time point from baseline were also calculated. To test for 
any statistically significant differences, the differences from 
baseline were regressed against time (as a categorical vari-
able) using linear regression with time as the independent 
variable. These regressions were performed for each sheep. 
All analysis was performed using the R software (www.r-
project.org).

To assess the significance of the apparent RMBF vari-
ability at different time points with respect to the baseline, 
estimates from a mixed model showed that the confidence 
interval of the mean baseline difference in RMBF over time 
(Fig. 2) does include zero, which means that despite the vi-
sual variability, this was not statistically significant. A mixed 
model showed confidence interval crossed zero for RMBF 
throughout the slices (Fig. 3) and among individual sheep 
(Fig. 4), indicating absence of a statistically significant dif-
ference.

Results
  

Immunohistology data

Odd-numbered brain slices were stained with H&E and dem-
onstrated a normal range of nuclear, cytoplasmic and extra-
cellular matrix features (Fig. 5a, b). Additional APP positive 
staining was seen around sites of injury (Fig. 6a, b), these 
sites corresponding to areas of injury caused from the brain 
instrumentation only. In non-injured brain regions, there was 
no APP labeling. All slices and subjects demonstrated a mild 
H&E scoring. No significant histological differences were 
found among slices and among subjects. H&E staining also 
demonstrated in some slices, the presence of intravascular 
microspheres (Fig. 7). There was no evidence of micro-
spheres in brain parenchyma or occluding the vessel lumens.

RMBF data

Even-numbered brain slices showed the following RMBF 
range: slice 02: 0.57 - 1.02 mL/min/g; slice 04: 0.45 - 1.42 
mL/min/g; slice 06: 0.35 - 1.87 mL/min/g; slice 08: 0.46 - 
1.77 mL/min/g; slice 10: 0.34 - 1.28 mL/min/g; slice 12: 
0.35 - 1.58 mL/min/g; slice 14: 0.29 - 1.15 mL/min/g. RMBF 
measurements within the midbrain showed a range of 0.45 - 
0.76 mL/min/g. RMBF in the pons showed a range of 0.64 
- 2.28 mL/min/g. RMBF at the medulla showed a range of 
0.66 - 4.8 mL/min/g (Table 1). No significant RMBF differ-
ences were found among slices and between sheep.

Discussion
  
This study demonstrates for first time the feasibility of 
combining RMBF mapping with histological mapping in 
baseline conditions, in an experimental ovine model. The 
investigators have shown that a model of antero-posteriorly 
oriented 5 mm slices of Merino brains is reproducible and 
consistently reproduces comparable anatomical regions. In 
addition, this study shows that the comparison of adjacent 
odd- and even-numbered brain blocks represents the same 
anatomical region. This facilitates simultaneously superim-
position of anatomical and RMBF information in real time. 
RMBF data in a specific region of the brain are quantified 
and tracked over time with the adjacent histological findings 
reflecting early markers of neuronal, glial and axonal dam-
age. The correlation between RMBF and histological data 
integrates the relationship between cerebral blood flow and 
tissue integrity. This is a very relevant concept as direct as-
sessment of histopathological changes related to flow dis-
turbances in specific brain regions becomes independent of 
other insults. In addition, it identifies the time point when 
flow changes may have occurred allowing calculation of the 
timing of a perfusion-related injury.

Figure 7. Brain slice at the parietal region showing two clear 
refractile microspheres trapped in a small cerebral vessel 
that runs diagonally across the image. The surrounding gray 
matter appears normal (H&E stain × 400 magnification).
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The results of this study also show that immersion fixa-
tion using formalin does not alter the integrity of color-coded 
microspheres, APP labeling or H&E staining. However, as 
the microspheres diameter is 15 μm, RMBF must be sepa-
rately quantified from the immunohistochemistry analysis. 
The use of thinner slices would result in repeated counting 
of microspheres once as they are trapped and embedded 
throughout different consecutive slices. The immersion fixa-
tion does not affect our immunohistochemical assessment of 
injury.

This study also demonstrates that RMBF was found to 
be both temporally and spatially homogeneous throughout 
different areas of the brain (Table 1). Similarly, immunohis-
tochemistry analysis also found homogeneous staining with-
out histology indicators of damage (Fig. 5). A single area of 
damage identified in the site of an intra-cerebral monitoring 
probe insertion (Fig. 6) was shown as an APP labeled foci 
not related to any blood flow disturbance when simultane-
ous RMBF data were superimposed. This finding supports 
the utility of the model in comparing RMBF with histology.

In summary, this study has designed a novel brain-map-
ping model that superimposes histology data and microcir-
culation data in real time. This study demonstrates that com-
mon tissue processing techniques do not compromise further 
immunohistochemistry analysis or microspheres count, in an 
experimental ovine model.
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