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It is difficult to understand the in vivo permeability of thymic blood vessels, but “in vivo
cryotechnique” (IVCT) is useful to capture dynamic blood flow conditions. We injected
various concentrations of horseradish peroxidase (HRP) with or without quantum dots into
anesthetized mice via left ventricles to examine architectures of thymic blood vessels and
their permeability at different time intervals. At 30 sec after HRP (100 mg/ml) injection,
enzyme reaction products were weakly detected in interstitium around some thick blood
vessels of corticomedullary boundary areas, but within capillaries of cortical areas. At 1 and
3 min, they were more widely detected in interstitium around all thick blood vessels of the
boundary areas. At 10 min, they were diffusely detected throughout interstitium of cortical
areas, and more densely seen in medullary areas. At 15 min, however, they were uniformly
detected throughout interstitium outside blood vessels. At 30 min, phagocytosis of HRP by
macrophages was scattered throughout the interstitium, which was accompanied by
decrease of HRP reaction intensity in interstitial matrices. Thus, time-dependent HRP
distributions in living mice indicate that molecular permeability and diffusion depend on
different areas of thymic tissues, resulting from topographic variations of local interstitial flow

starting from corticomedullary areas.
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I. Introduction

The living animal thymus is one of the lymphoid
organs, where lymphocyte precursors undergo complex
processes of cellular maturation, resulting in translocation
of mature thymocytes to peripheral lymphoid organs [18,
19, 28]; however, it is still unclear whether the selection of
thymocytes depends on the direct entrance of extrinsic
soluble molecules from blood vessels into the thymus. The
transport mechanism of such soluble molecules throughout
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the interstitial matrix of thymic tissues has been assumed to
be closely associated with blood circulation conditions in
vivo. Therefore, thymocyte behavior depends on the com-
plex interstitium and microenvironments, which influence
the transport of fluid and soluble molecules from blood
vessels. Previously, the flow system of such molecules into
the thymic interstitial matrices was examined by artificial
injection of horseradish peroxidase (HRP) into blood
vessels [29]. As the injected HRP was found to be mainly
localized in the interstitium of the corticomedullary
boundary and medulla, the concept of the “blood-thymus
barrier” was proposed, which had been postulated in the
previous decade [21]. Other researchers, however, doubted
the validity of its concept, because of the existence of some
injected bovine serum albumin (BSA) in the thymic cortex
[31], and also little ultrastructural evidence of completely
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sealing features of blood vessel walls [8, 11]. In those
reports, ultrastructural findings of the histological architec-
ture and immunolocalization of extrinsic soluble proteins
were obtained in thymic tissue specimens prepared by con-
ventional chemical fixation, which is well known to cause
technical artifacts, such as tissue shrinkage and the extrac-
tion or diffusion of soluble proteins [9, 10, 22]. This mor-
phofunctional discrepancy in thymic tissues should be re-
examined in vivo by injecting HRP into living mice. Thus,
it was difficult to conclude the precise immunolocalization
of soluble proteins in thymic tissues with conventional
immersion- or perfusion-fixation due to their diffusion arti-
facts. Therefore, the definite immunolocalization of soluble
HRP proteins with small molecular weight should be re-
confirmed in the whole interstitium of thymic tissues in
vivo of living mice.

In the previous study, our “in vivo cryotechnique”
(IVCT) was performed for the living mouse thymus to
reveal the immunolocalization of intrinsic mouse serum
proteins or extrinsic BSA injected via tail veins [3]. As
already discussed in detail [1, 2, 25, 26], any target organs
of living animals could be directly frozen without artificial
tissue resection or conventional perfusion-fixation by the
IVCT, which captured the molecular localization of cells
and tissues without technical artifacts [33]. In particular,
IVCT-prepared tissue specimens efficiently retained soluble
intrinsic or extrinsic proteins in situ, in combination with
the common freeze-substitution (FS) fixation [33]. There-
fore, the immunolocalization of such proteins in vivo could
be directly re-examined in paraffin-embedded tissue sec-
tions, as already reported [24, 32-35].

Early permeability studies of thymic blood vessels
suggested the existence of the blood-thymus barrier [21,
29], allowing the passage of low molecular weight tracers,
while mostly excluding high molecular weight particles. In
the past few years, we have demonstrated the immunolocal-
ization of mouse original albumin, immunoglobulin G1
(IgGl), IgA, and IgM in living mouse thymus, as well as
intravenously injected BSA [3]. In the previous report [3],
time-dependent penetration of circulating BSA into the liv-
ing mouse thymus and its distribution in the thymic paren-
chyma might be not only governed by the permeability
properties of vascular walls, but also by the spatial architec-
ture of blood vessels within thymic lobules. The outer cor-
tex of lobules is known to be mainly supplied by blood
capillaries with small diameters, whereas the inner cortical
areas near the medulla contain thick blood vessels of vary-
ing sizes, the largest being efferent limbs of the blood
vessel loops, as schematically summarized in Figure 2b. As
mentioned before [3], the IVCT revealed the definite
immunolocalization of mouse serum albumin and IgGl, in
addition to extrinsic BSA, in the local interstitium of living
mouse thymic tissues, indicating the different accessibility
of mouse serum proteins from corticomedullary boundary
areas.

Common HRP with a smaller molecular weight of

about 40,000 is known to have constant high enzyme reac-
tivity with a small specific substrate, such as hydrogen per-
oxide, which was famously used for HRP localization of
kidney tissues, showing its reabsorption mechanism of epi-
thelial cells in convoluted proximal tubules [6], in addition
to thymic organs [29]. Therefore, we used the similar enzy-
mological protocol of cryosections for translocation of
HRP leaking through thymic blood vessel walls, and then
performed double-fluorescence immunostaining for other
proteins in paraffin sections. It would be interesting for us
to consider whether the distribution of HRP protein
throughout the interstitial matrices depends on the time
interval after its injection and its concentration. In the
present study, we also tried to identify the immunolocaliza-
tion of extrinsic HRP in living mouse thymic tissues, which
were directly injected via left ventricles, at short time inter-
vals of second or minute orders by the IVCT-FS, and to
reveal some morphofunctional features of the dynamically
changing barriers of the thymic tissues. Our final goal was
to clarify how thymic complex tissues affected the
time-dependent distribution of injected smaller antigenic
proteins of various concentrations, probably resulting in
immunological reactions.

II. Materials and Methods

Injection of horseradish peroxidase (HRP) or quantum dots
(ODs)

The present study was performed in accordance with
the guidelines governing animal experiments at the Univer-
sity of Yamanashi. Male C57BL/6J mice, aged 6—8 weeks,
were anesthetized with sodium pentobarbital (50 mg/kg
body weight), and surgically treated to expose their trachea,
which was immediately connected to an artificial respira-
tory ventilator, as reported before [3]. Their thoracic cavi-
ties were carefully opened to expose thymic tissues (Fig.
la). Then, 50 ul HRP (Type II; Sigma-Aldrich, St. Louis,
MO, USA/MW; 40,000, size; 25-30 A) at concentrations of
10, 25, 50, 100 mg/ml (Fig. 1b, ¢, d) was continuously
injected into the left ventricles of beating hearts through
30-gauge needles at a constant flow speed of 10 ul/s, as
reported previously [36], because the blood volume in the
left ventricle of a normal mouse heart is reported to be
350-400 pl/s (70-80 pl/beat x 5 beats/s) [14]. At 30 sec, 1,
3, 10, 15 and 30 min (Fig. 1g, h) after starting the continu-
ous HRP injection, liquid isopentane-propane mixture
(—193°C) pre-cooled in liquid nitrogen was directly poured
over the thymic tissues, as reported previously [3].

For some mice, 50 ul of 45 pM glutathione (GSH)-
quantum dots (QDs) was similarly injected into their left
ventricles (Fig. 1e) [36], and then the IVCT was performed
in a similar way on their thymus at 3, 10, 15 and 30 sec
(Fig. 1j, h) after the QDs injection, as described above. The
final concentration of the injected QDs was calculated to be
about 3540 times diluted, resulting in about 1.2 uM in
blood concentration, as reported previously [36]. Then, lig-
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Fig. 1.

A flow chart of five different treatments (b—f) of the living mouse thymus (a). Various concentrations of HRP (b, ¢, d, f) or QDs (e, f) were

injected through left ventricles of living mice, which were prepared various time intervals (g, i, j) after their injections by IVCT (h). (k—p) A series of

preparation steps for observation of thymic tissues by microscopy.

uid nitrogen was additionally used to maintain the frozen
thymic organs at a low temperature of —196°C. They were
trimmed with a pair of nippers and also a dental electric
drill in liquid nitrogen, and then processed for the common
freeze-substitution step, as described below. The QDs used
in this study, referred to as GSH-QD650, were made of a
CdSe/CdZnS core with glutathione (GSH) coating, and
were about 8§ nm in total diameter, emitting red (around 650
nm in wavelength) fluorescent signals with ultraviolet (UV)
light, as already described in detail [12, 37].

For other mice, 50 pl of both 22.5 uM QDs and HRP
at a concentration of 100 mg/ml was continuously injected
at a constant speed of 10 pl/sec into left ventricles of beat-
ing hearts, as described above. Then the IVCT was per-
formed on their thymus in a similar way at 3, 10, 15 and 30
sec after the QD and HRP injection (Fig. 1f, j, h).

Freeze-substitution (FS) fixation and subsequent tissue
preparations

The routine FS solution consisted of absolute acetone
containing 2% paraformaldehyde (PFA) alone or a mixture
of 2% PFA and 0.1% glutaraldehyde (GA) (Fig. 1k), which
was prepared using a molecular sieve (Type 3A; Nacalai
Tesque Inc., Kyoto, Japan), as reported previously [32].
The frozen thymic tissues were kept at about —80°C in FS
solution for 24 hr. They were then put into a deep freezer at
—20°C for 2 hr, and finally into a refrigerator at 4°C for 2
hr. Subsequently, some tissue specimens were washed in
pure acetone, infiltrated with xylene at room temperature,
and routinely embedded in paraffin wax (Fig. 11). The
paraffin-embedded specimens were cut into 4 um slices and
mounted on glass slides.

Enzyme-histochemistry of injected HRP in thymic tissues

For observation of other HRP-injected thymic tissues,
the IVCT-frozen specimens were first processed to the FS
step for fixation, as described above. In the case of enzyme-
histochemistry, the FS solution consisted of absolute
acetone containing a mixture of 2% PFA and 0.1% GA.
The temperature of the frozen specimens was gradually
increased, as described in the previous paragraph. Sub-
sequently, they were infiltrated with 30% sucrose and 5%
glycerol in phosphate-buffered saline (PBS), pH 7.4, and
frozen with isopentane solution precooled in dry ice. The
frozen tissues were cut into 8 pm slices and mounted on
MAS-coated glass slides (Matsunami Glass Co. Ltd, Osaka,
Japan) (Fig. 1m). After washing in PBS, they were treated
with metal-enhanced diaminobenzidine (DAB) solution
(Thermo Fisher Scientific Inc., Rockford, IL, USA) for 1
min (Fig. 10), were later treated with 0.05% osmium tetrox-
ide, as reported previously [32, 34], and observed under a
bright-field light microscope (Fig. 1p). The HRP perme-
ability grades of vascular walls were semi-quantitatively
assessed by calculating the number of vessels with HRP-
positive interstitial parts per outer cortical or corticomedul-
lary area of tissue sections at various time intervals after the
HRP injection. Serial sections were routinely stained with
methyl green for visualizing nuclei to discriminate between
thymic compact cortex and loose medulla areas.

Fluorescent QD observation in thymic tissues

The QD-injected thymic tissues were de-paraffinized
and directly mounted on glass slides with Multi Mount 220
(Matsunami Glass Co. Ltd) to visualize QDs without any
staining by fluorescence microscopy, as reported previously

(Fig. 1p) [36].
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Immunohistochemical analyses for HRP and Ibal

Paraffin-embedded tissue sections of 4 pm thickness
were mounted on MAS-coated glass slides, and some were
routinely deparaffinized for hematoxylin and eosin (HE)
staining (Fig. 1n). The other deparaffinized sections were
rehydrated in PBS and immunostained with goat affinity-
purified anti-HRP antibody (Jackson Immunoresearch,
Baltimore, PA, USA) or rabbit anti-Ibal antibody (Wako,
Richmond, VA, USA) (Fig. 1n). Briefly, serial tissue sec-
tions for immunoperoxidase staining were first blocked
with 1% hydrogen peroxide in PBS and incubated in PBS
containing 5% fish gelatin (Sigma, St. Louis, MO, USA)
for 1 hr. They were then treated with each antibody in PBS
containing 5% fish gelatin at 4°C overnight. The immuno-
stained sections were additionally incubated with biotin-
conjugated rabbit polyclonal anti-goat IgG antibody or
biotin-conjugated goat polyclonal anti-rabbit IgG antibody
(Vector, Burlingame, CA, USA) at room temperature for 1
hr. The immunoreaction products were visualized with the
avidin—biotin—HRP complex (ABC) method (Vector) and a
DAB substrate kit (Pierce, Rockford, IL, USA), and addi-
tionally fixed with 0.05% osmium tetroxide solution, as
reported previously [32, 34]. All immunostained sections
were counterstained with methyl green, and finally ob-
served with a light microscope (BX-61; Olympus, Tokyo,
Japan) (Fig. 1p).

Double-immunofluorescence staining for HRP and collagen
type IV

Some deparaftinized tissue sections were blocked with
5% fish gelatin in PBS for | hr and treated with rabbit anti-
HRP and goat anti-collagen type IV polyclonal antibodies
at 4°C overnight (Fig. 1n). Then, they were incubated with
Alexa Fluor 488-conjugated donkey anti-rabbit IgG anti-
body and Alexa Fluor 594-conjugated donkey anti-goat
IgG antibody (Life Technologies, Eugene, OR, USA) at
room temperature for 1 hr. Finally, intracellular nuclei were
counterstained with 4,6-diamidino-2-phenylidole (DAPI),
and the immunostained sections were mounted on glass
slides with Vectashield (Vector) and observed under a con-
focal laser scanning microscope (FV-1000; Olympus) (Fig.

1p).

III. Results

Morphological findings of living mouse thymic tissues

By HE staining, two common zones were seen in the
thymic tissues, namely both the peripheral cortex (Fig. 2a—
d, f, g) and central medulla (Fig. 2a—c, ¢). Extracellular
spaces of the thymic interstitum with open blood vessels
were well maintained in the specimens prepared by the
IVCT method (Fig. 2c—g) because the interstitial tissues
shrank much less during the preparation steps in com-
parison with the conventional preparation methods, as
described previously [3]. An increase or decrease in the
cortex/medulla ratio was variously seen, depending on the

cutting plane of tissue sections within each lobule, which
were carefully checked in these HE-stained sections. A nor-
mal cortex/medulla ratio of thymic tissues would be close
to 2:1 in a typical adult rodent, as already reported [5].
When considering vascular patterns of the thymus in rela-
tion to its functional role, as schematically summarized in
Figure 2b, attension should be paid to blood capillaries in
the cortex and also to large venules in the medulla. Inter-
lobular arteries usually reached the medullary parenchyma
at the end of septa and immediately branched into smaller
arteries or arterioles (Fig. 2b, c). Briefly, the thymic cortex
consisted of compact thymocytes along with a fine network
of open blood capillaries in vivo (Fig. 2c, g), and cor-
ticomedullary boundary areas were also characterized by
blood vessels containing many flowing erythrocytes (Fig.
2c¢, f). Most blood vessels in the cortex were blood capil-
laries (Fig. 2c, d, g), and thicker arterioles with diameters
of 15-30 um were found in the corticomedullary boundary
areas (Fig. 2c, ). Those arterioles ran outwards into blood
capillary branches in the deep cortex (Fig. 2b, c, g). The
cortical blood capillaries were directed almost radially (Fig.
2a—), and made a coarse and anastomosing network.
Smaller capillaries lay beneath the capsule (Fig. 2d). Large
and medium lymphocytes, which were actively proliferat-
ing, were most numerous in the cortex (Fig. 2d, g). In con-
trast, the thymic medulla showed much paler HE staining
intensity with large reticulum cells (Fig. 2c, e, f), because
of the much lower cellularity of thymocytes (Fig. 2¢). Post-
capillary venule diameters were seen to widely range from
15 to 50 um in the medulla and in the corticomedullary
boundary areas (Fig. 2c, e, f). Large epithelial reticulum
cells were observed in all areas of the cortex, corticomedul-
lary boundary, and medulla (Fig. 2c—g).

Enzyme-histochemistry of injected HRP in cryosections of
thymic tissues

Enzyme-reactive intensities of HRP with methyl green
(MG) staining were detected at various time intervals in
cryosections of mouse thymic tissues (Fig. 3), which were
injected with HRP (100 mg/ml) via left ventricles. The
DAB reactivity of HRP with high sensitivity was not found
in the interstitium of the cortex without HRP injection (Fig.
3a, b). However, flowing erythrocytes in blood vessels
were usually positive for the DAB reaction in cryosections,
because of their usual endogenous peroxidase activity.
Enzyme reaction products of injected HRP protein were
serially localized not only in blood vessels, but also in the
interstitial matrices of the thymic cortex of living mice. At
30 sec after the HRP injection, enzyme reaction products
were slightly detected in the interstitium around some thick
blood vessels (Fig. 3c), probably arterioles in cortico-
medullary boundary areas in addition to venules in the
medulla and also within blood capillaries of the cortex (Fig.
3d). Fine cortical vessels have diameters of 4-8 pum in larg-
est dimension, as already shown in Figure 2g. Larger blood
vessels were near the medulla (Fig. 3c, d). The intense
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Fig. 2. Light micrographs of hematoxylin-eosin staining of paraffin sections of living mouse thymic tissues prepared by IVCT (a, c—g) and schematic
representation of blood vessel routes (b) as already described. (a) A low-magnification view of the thymic tissues shows widely panoramic tissue areas,
extending from the superficial cortex (Co) under the capsule (Cp) to the deep medulla (M). (b) As previously reported, the blood vessel route schemati-
cally shows an anastomosing network in the cortex, and the cortical capillaries merge into venules in the medulla, which return to the septum and cap-
sule. (c—g) Each micrograph is a highly magnified view of the area enclosed with each rectangle in a and ¢. (¢) Many small thymocytes, large epithelial
reticulum cells, and open blood vessels (asterisks) with flowing erythrocytes are detected in the areas of the cortex (Co) and medulla (M). (d) Cortical
blood capillaries with erythrocytes (asterisks) are seen in the subcapsular region in addition to capsular blood capillaries (asterisks). (e) Medulla (M) is
composed of fewer thymocytes (arrows) and epithelial reticulum cells (arrowheads), and a Hassall’s corpuscle (HC) is also seen. (f) Corticomedullary
boundary areas contain thick blood vessels (asterisks), extending into both cortical (Co) and medullary (M) areas. Their opening lumen is well
delineated endothelial cells and the basal lamina. (g) Note flowing erythrocytes in anastomosing blood capillaries of cortical tissues prepared with IVCT
(asterisks). Arrows: thymocytes. Arrowheads: epithelial reticulum cells. Bars=100 pum (a); 50, 20 pm (b—f).

DAB reaction of the luminal plasma faintly continued into
the interstitium among thymocytes and reticulum cells (Fig.
3c, inset). The concentration of DAB reaction products
gradually fell at a variable distance from the blood vessel
(Fig. 3c). The different intensities of enzyme reactivity in a
single section usually depended on the relative amount of

actual enzymatic reaction. At 1 and 3 min, such enzyme
reaction products were more widely found in the similar
interstitium around thick blood vessels in the corticomedul-
lary boundary areas (Fig. 3e-h). They appeared to be
limitted at variable distances in the interstitium from the
permeable blood vessels. At 10 min, they were more dif-
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fusely detected mostly in the interstitium of cortical areas
(Fig. 31, j), and also detected in the intertitium of medullary
areas (Fig. 31, j). At 15 min, they were finally found to be
distributed throughout all the interstitium of thymic tissues
including both the cortex and medulla (Fig. 3k, I). It
became obvious that the injected HRP diffused out from
the blood vessels of corticomedullary areas, but not from
blood capillaries in the outer cortex at a few minutes of
time, as summarized in Table 1. In addition, at 30 min,
HRP phagocytosis by many macrophages was seen
throughout all the interstitium of the thymic tissues (Fig.
3m, n), which was accompanied by the rapid decrease of
DAB reaction products in the interstitium of the cortex
(Fig. 3m, n). However, they were still detected in the inter-
stitium of the medulla, as shown in Figure 3n. Such differ-
ent DAB reactivities in the medulla were probably related
to both the flow rate of HRP from other areas and the rate
of its removal from the medullary parenchyma. These DAB
reaction products were not derived from endogenous perox-
idase of the macrophages, because thymic macrophages
were not heavily stained, like cells without HRP injection
(Fig. 3a, b), which were later immunohistochemically con-
firmed by anti-HRP antibody (Fig. 51, m).

It was previously unknown that leakage of HRP pro-
tein through blood vessels depends on not only molecular
sizes or charges, but also on molecular concentrations in
the blood vessels. At 3 min after their injection via left ven-
tricles with lower concentrations of HRP, such as 10 and 25
mg/ml (Fig. 4c—f), a slight gradient of transudation into the
interstitium through thick blood vessels was slightly seen in
the thymus of living mice, depending on the HRP concen-
tration. HRP enzyme reactivity was similarly detected in
the interstitium around thick blood vessels in corticomedul-
lary boundary areas and within some blood capillaries in
the cortex (Fig. 4c—f). As schematically shown in Figure
2b, the cortical blood capillaries finally merged into post-
capillary venules at the corticomedullary boundary and in
the medulla. However, HRP enzyme reaction products were
more heavily detected in the interstitium of inner cortical
and medullary areas at higher concentrations of HRP, such
as 50 and 100 mg/ml (Fig. 4g—j). A series of HRP injec-
tions with different concentrations revealed that the distri-
bution of exogenous HRP was also dependent on the
concentration of injected HRP, as summarized in Table 2.
Therefore, no HRP was detected in the interstitium around
blood capillaries in outer cortical areas at any concentration
of injected HRP.

Immunolocalizations of HRP in paraffin sections of thymic
tissues

To re-examine thymic tissues at higher resolution,
both HE staining and HRP immunostaining were per-
formed in serial paraffin sections of living mouse thymic
tissues after short time intervals in the order of seconds to
minutes, and were injected with a lower concentration of
HRP (25 mg/ml) via the left ventricle. At 30 sec and 1 min

(Fig. 5a—d), HRP immunoreactivity was detected only
within blood vessels. At 3 and 10 min, however, it was
weakly detected in the interstitium around blood vessels in
corticomedullary boundary areas and within some blood
capillaries in cortical areas (Fig. Se—h). A striking feature
was that immunostaining changes involved the inner cortex
and especially the corticomedullary boundary of thymic tis-
sues (Fig. 5f, h), as summarized in Table 3. Perivascular
spaces of thick blood vessels were also immunopositive for
HRP (Fig. 51, h, insets). At 15 min, HRP immunoreactivity
was more widely seen in the interstitium of the thymic cor-
tex (Fig. 51, j, arrows), but less than in blood vessels (Fig.
51, j, arrowheads). At 30 min, it was a little more heavily
detected in the interstitium of the medulla (Fig. 51, m) as
compared with the cortex, probably because there was a
little more extravasation of HRP through venular walls, as
summarized in Table 3. The permeability of HRP across the
blood capillary walls was hardly seen in the outer cortical
areas, as shown in Figures 5f and Sh. In addition, HRP
phagocytosis by macrophages was clearly seen at 30 min
after the HRP injection (Fig. 5m, double arrowheads),
which was similar to that revealed by enzyme-
histochemistry of HRP (Fig. 3m, n).

To more precisely examine HRP immunolocalization,
double-immunofluoresconce staining of HRP and collagen
type IV was perfomed for IVCT-prepared thymic tissues,
which were prepared 3 min after HRP (25 mg/ml) injection.
In corticomedullary boundary areas (Fig. 6a—f), HRP
immunoreactivity was detected in the interstitium and peri-
vascular spaces around thick blood vessels and also within
blood vessels (Fig. 6a—f). In the cortical areas at 3 min after
HRP injection, however, it was not detected in the intersti-
tium around thick blood vessels, including blood capillaries

(Fig. 6g-1).

Time-dependent detection of QDs in blood vessels of thymic
tissues

The purposes to use QDs were to examine the trans-
duction of larger molecular probes, QDs, through the blood
vessel walls and also to visualize the blood flow condition
rapidly changing in the order of seconds.

Mouse thymic tissues were prepared at 3, 10 and 30
sec after injection of QDs via left ventricles with IVCT.
HE-staining micrographs (Fig. 7a, c, e) and fluorescence
images (Fig. 7b, d, f) excited by UV wavelength definitely
showed QD localization in blood capillaries and thick
blood vessels, depending on the short-time intervals after
QD injection, as summarized in Table 4. At 3 sec, QDs
were partially detected in a few thick blood vessels in cor-
ticomedullary boundary areas (Fig. 7b, arrowheads), but
not in others (Fig. 7b, arrows). At 10 sec, they were more
clearly detected in thick blood vessels in boundary areas
(Fig. 7d, arrowheads), but still not in thin blood capillaries
(Fig. 7d, arrows). At 30 sec, they were most clearly found
in all blood vessels, including thick blood vessels (Fig. 7f,
arrowheads) and blood capillaries of thymic tissues (Fig.
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Fig. 3. Enzyme-histochemical images of DAB reaction of HRP in cryosections of mouse thymic tissues, which were injected with HRP (100 mg/ml) via
left ventricles, and prepared after various time intervals by IVCT. (a, b) Control mice (Con) without HRP injection. Arrowheads: blood vessels. MG,
methyl green staining. (¢, d) At 30 sec, HRP reaction products are slightly detected in the interstitium around some thick blood vessels in corticomedul-
lary boundary areas (arrows) and also within other blood vessels (arrowheads). (e-h) At 1 min and 3 min, they are more widely detected in the intersti-
tium around thick blood vessels in corticomedullary boundary areas (arrows) and within some thick blood vessels in both cortical and medullary areas
(arrowheads). (i, j) At 10 min, they are diffusely detected in all the interstitium of cortical and medullary areas (arrows). (k, I) At 15 min, they are
uniformly distributed throughout all the interstitium of thymic tissues (arrows) in addition to perivascular spaces of blood vessels (arrowheads). (m, n)
At 30 min, HRP phagocytosis by macrophages (double arrowheads) is seen to be scattered, which is accompanied by the decrease of DAB reaction
intensity in all the interstitial matrix. Arrowhead: blood vessel. Long arrow: nucleus. Short arrow: process. Co, cortex. M, medulla. Bars=20 um.
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Fig. 4. Enzyme-histochemical images of DAB reaction of HRP in cryosections of mouse thymic tissues, which were injected with various concentrations
of HRP [10 (¢, d), 25 (e, f), 50 (g, h) and 100 mg/ml (i, j)] via left ventricles, and prepared at 3 min after HRP injection by IVCT. (a, b) Control mice
(Con) without HRP injection. MG, methyl green staining. (c—j) HRP-enzyme reactivities are variously detected in the interstitium (arrows) around some
blood vessels in corticomedullary boundary areas and other thick blood vessels of the medulla, depending on the HRP concentration, but they are also

Wu et al.

Y, 2D
10mg/ml

'25mg/ml
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found within blood vessels (arrowheads) in addition to tiny blood capillaries. Co, cortex. M, medulla. Bars=20 pm.
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Fig. 5. Light microscopic images of hematoxylin-eosin (HE) staining (a, ¢, e, g, i, 1) and HRP immunostaining (b, d, f, h, j, m) in serial paraffin sections
of mouse thymic tissues, which were injected with a lower concentration of HRP (25 mg/ml) via left ventricles, and prepared after various time intervals
by IVCT. (a—d) At 30 sec and 1 min, HRP immunoreactivity is detected only within blood vessels (arrowheads), not in the interstitium around them. (e,
f) However, at 3 min, it is weakly detected in the interstitium (arrows) around blood vessels in corticomedullary boundary areas and within some thick
blood vessels (arrowheads). (g, h) At 10 min, HRP immunoreactivity is also detected in the interstitium (arrows) around blood vessels in corticomedul-
lary boundary areas and within thick blood vessels (arrowhead). (i, j) At 15 min, it is more widely seen in the interstitium (arrows), as compared with
blood vessels (arrowheads). (k) Immunocontrol. (I, m) In addition, HRP phagocytosis by macrophages (double arrowheads) is seen at 30 min after HRP
injection. Arrowheads: blood vessels. Long arrows: nuclei. Short arrows: processes. Cp, capsule. Co, cortex. M, medulla. Bars=50 pm; insets, 20 pm.
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Table 1. Semi-quantitative comparison of relative HRP enzyme reactivity, as shown in Figure 3, in thymic tissues of cryosections at

various time intervals after HRP (100 mg/ml) injection

HRP injection (100 mg/ml) times via left ventricles

Normal
30s 1 min 3min  10min  [5Smin 30 min
Blood vessels (15-30 pum) Inside of vessels T a e o ++ *
in corticomedullary boundary Interstitium around
+ ++ ++ +++ ++ +

areas vessels

Inside of capillaries +++ +H+ +H++ ++ ++ +
Blood capillaries (~10 pum) —
in outer cortical areas Interstitium around _ _ 4 + . 4

capillaries
Phagocytosis of Cortical areas - - - - + +++
macrophages Medullary areas - - - - + +++

(+++) Strong enzyme reaction, (++) Moderately positive, (+) Slightly positive, (+) Unclear, (—) Negative.

Table 2. Semi-quantitative comparison of relative HRP enzyme reactivity, as shown in Figure 4, in thymic tissues of cryosections,

depending on different concentrations (10 mg/ml, 25 mg/ml, 50 mg/ml, 100 mg/ml) at 3 min after HRP injection

Injected HRP concentrations

Normal
10 mg/ml  25mg/ml 50 mg/ml 100 mg/ml
Blood vessels (15-30 um) in Inside of vessels - + + A 'H'
corticomedullary boundary areas  [nterstitium around vessels - + + ++ ++
Blood capillaries (~10 pm) in Inside of capillaries - + + ++ ++
outer cortical areas Interstitium around capillaries - - - - +

(++) Moderately positive, (+) Slightly positive, (+) Unclear, (—) Negative.

Table 3.  Semi-quantitative comparison of relative HRP immunoreactivity, as shown in Figure 5, in different areas of living mouse thymic

tissues after HRP (25 mg/ml) injection on paraffin-embedded sections

HRP injection (25 mg/ml) times via left ventricles

Normal
30s 1 min 3 min 10min  15min 30 min
Blood vessels (15-30 pm) Inside of vessels + + + + + +
in corticomedullary Interstitium around
- - + ++ ++ +

boundary areas vessels

Inside of capillaries + + + + + +
Blood capillaries (~10 pum)
in outer cortical areas Interstitium around _ _ _ _ + +

capillaries
Phagocytosis of Cortical areas - - - - + o
macrophages Medullary areas - - - - + ++

(++) Moderately immunopositive, (+) Slightly immunopositive, (+) Unclear, (-) Negative.

7f, arrows), similarly showing that QDs did not enter the
thymic interstitium, which was compatible with other
organs, such as the kidneys [36].

To reconfirm the blood circulation routes of blood
vessels and also the HRP permeability of various vessel
sizes at corticomedullary boundary areas at the same time,
we checked the colocalization of both QDs and HRP in
some serial sections by fluorescence or light microscopy

(Fig. 8). At 10 sec after the mixed QD and HRP injection
(Fig. 8a—c), both were exclusively localized within blood
vessels of the cortex and medulla. However, at 15-30 sec
after a similar injection (Fig. 8d-i), only HRP had leaked
out into the interstitium around some thick blood vessels in
corticomedullary boundary areas, not in the cortex. In con-
trast, other QDs were still localized within blood vessels.
When we carefully examined the tissue specimens at 15 or
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Fig. 6. Double-immunofluorescence micrographs of HRP (a, d, g, j) and collagen type IV (b, e, h, k), including merged images (¢, f, i, 1), are shown in
cryosections of IVCT-prepared thymic tissues 3 min after HRP (25 mg/ml) injection, indicating the corticomedullary boundary (a—f) and cortical areas
(g-1). HRP immunoreactivity is detected in the interstitium around some thick blood vessels (V) of corticomedullary boundary areas (arrows in a—f) and
within blood vessels (arrowheads in a—f), but it is not seen in the interstitiumin around blood vessels in cortical areas (arrows in g-1). Some perivascular
spaces are clearly seen as double lines with immunostaining for collagen type IV (b, e, h, k) and HRP is immunolocalized only in blood vessels of the
cortex (arrowheads in g-1). V: blood vessels. Co, cortex. M, medulla. Bars=10 pm.

30 sec after the injection, we sometimes found much
heavier leakage of HRP through thick blood vessels than
smaller vessels in corticomedullary boundary areas (Fig.
8e, h). In summary, QDs flowing in thymic blood vessels
did not leak out into the interstitium of thymic tissues in the
order of seconds, as reported before [36].

Demonstration of HRP phagocytosis by macrophages
Cryosections of mouse thymic cortical areas, which
were injected with HRP (100 mg/ml) via left ventricles and
prepared at 30 min by IVCT, were examined to show
double-immunofluorescence staining for HRP (Fig. 9a, c)
and Ibal, a macrophage marker (Fig. 9b, c), together with
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Fig. 7. Light micrographs of paraffin sections of mouse thymic tissues at 3 (a, b), 10 (¢, d) and 30 sec (e, f) after QD injections via left ventricles,
prepared with IVCT. Both hematoxylin-eosin staining (HE; a, ¢, e) and red fluorescence signals (UV; b, d, f) emitted by ultraviolet wavelength were
checked in serial tissue sections. (a, b) At 3 sec, QDs are slightly detected in small numbers of thick blood vessels (arrowheads) in corticomedullary
boundary areas, but not in other blood vessels (arrows), including blood capillaries. (¢, d) At 10 sec, they are more widely detected in the blood vessels
in corticomedullary boundary areas (arrowheads), but are not yet seen in blood capillaries (arrows). (e, f) At 30 sec, they are seen in all the thick blood
vessels (arrowheads), including blood capillaries (arrows), of the thymic tissues. Co, cortex. M, medulla. Bars=50 pum; inset, 100 pm.

Table 4. Semi-quantitative comparison of relative QD localizations, as shown in Figure 7, in blood vessels of different areas
of thymic tissues after QD injection on paraffin-embedded sections

Time intervals after QD injection via left ventricles

3s 10s 30s
Blood vessels (15-30 um) in Inside of vessels + o T
corticomedullary boundary areas Interstitium around vessels _ _ _
Blood capillaries (~10 pum) in outer  Inside of capillaries - + o

cortical areas Interstitium around capillaries -

(+++) Strongly positive, (++) Moderately positive, (+) Slightly positive, (—) Negative.
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Fig. 8. Light micrographs of colocalization of QDs and HRP in serial paraffin sections by fluorescence or light microscopy. At 10 sec after the mixed QD
and HRP injection, both are seen in blood vessels (arrowheads in b, ¢). At 15-30 sec, HRP has definitely leaked out into the interstitium around some
thick blood vessels in the corticomedullary boundary areas (arrows in e, h), not in the cortex, but the QDs are still localized in blood vessels (arrow-
heads in f, i). Co, cortex. M, medulla. a, d, g: HE staining. b, e, h: immunostaining for HRP. ¢, f, i: fluorescent QDs. Bars=20 pm.

DAPI staining (Fig. 9c). The red fluorescence signals of
Ibal were mainly detected in the cytoplasm of macro-
phages, and HRP immunostaining was also seen in
macrophages (Fig. 9c, double arrowheads). HRP immuno-
fluorescence was still detected in blood vessels 30 min after
HRP injection (Fig. 9a, c, arrowheads), in addition to some
local interstitial areas (Fig. 9a, c, arrows).

IV. Discussion

Merits of IVCT for demonstration of HRP

The main feature of IVCT presented in this study was
to obtain tissue specimens of living animal organs, which
can strictly capture their dynamic circulation states includ-
ing cells and tissues, as already discussed in detail [27]. It

is well known that conventional immunohistochemical
techniques have some problems with molecular diffusion
artifacts and antigen masking for the detection of soluble
components in living animal organs. In contrast, the IVCT
has various technical merits, including the prevention of
tissue shrinkage or diffusion artifacts, a natural antigen-
retrieval effect, and time-dependent analyses in the order of
seconds. Therefore, it has been often used to analyze the
immunolocalization of soluble proteins in cells and tissues
of living aminal organs under various hemodynamic condi-
tions [27]. As compared with previons studies of molecular
movement in the thymic interstitium for immunology, such
as antigen presentation in functional thymic tissues [17],
the present study showed small molecular HRP with dose-
and time-dependent leakage through different thymic blood
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Fig. 9.
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Immunofluorescence micrographs of cryosections of thymic cortical areas at 30 min after HRP (100 mg/ml) injection via left ventricles of living

mice, prepared by I[IVCT. Double-immunofluorescence staining for HRP (a, ¢, green) and ionized calcium-binding adapter molecule 1 (Ibal) (b, ¢, red)
with nuclear DAPI staining (blue) show their colocalization in almost all macrophages. Ibal immunofluorescence shows the macrophages of thymic
tissues (b, ¢, double arrowheads), which contain HRP in their cytoplasm (a, ¢, double arrowheads). HRP immunostaining is still detected within the
blood vessels (a, ¢, arrowheads) and some areas of the cortical interstitium among compact thymocytes (a, ¢, arrows). Co, cortex. Bars=10 um.

vessels, because of the high time-resolution of IVCT for
dynamic functional structures [36]. Although the IVCT is a
cryofixation method, which is not designed for time-lapse
imaging, the present study also indicates that it is useful to
examine the dynamically changing flux of extrinsic soluble
HRP proteins in the thymic tissues. The IVCT was also
found to be used for both enzyme-histochemical or immu-
nohistochemical studies of soluble HRP circulation, as
shown in Figures 3-5, and would be helpful for other
enzyme-histochemical analyses due to the remaining high
sensitivity of cryofixed enzyme reactions.

Permeability of HRP or BSA through different blood vessels
It is well known that the animal thymus has a special
vascular complex, conventionally termed the blood—thymus
barrier [3, 7, 15, 17, 29, 30], as an initial exposure site of
lymphocytes to circulating antigens. The blood—thymus
barrier has been assumed to be a reliable structure in the
anatomical and functional sense, but foreign antigens can
probably permeate its barrier under certain conditions. It
has been also reported to consist of capillary endothelial
cells, basal lamina of endothelium, perivascular spaces,
basal lamina of epithelial reticulum cells and finally epithe-
lial reticulum cells themselves. A previous experiment
using ultrastructural tracers of different molecular weights
demonstrated that immunological lymphoid cells in the
thymic cortex were usually protected from circulating anti-
genic molecules in contrast with those of the medulla [29].
The interstitial tissues with augmented permeability of anti-
gen proteins under some conditions in vivo would increase
the accessibility of thymocytes to blood-derived molecules.
However, based on the experiment with BSA of various
concentrations, as performed previously using the living
mouse thymic tissues [3], we found that the injected BSA
was time-dependently distributed throughout the thymic
interstitium in hours to days, leaking from thick blood
vessels at the corticomedullary boundary, but not from

blood capillaries in outer cortical areas. In the present
study, we have also revealed the similar localization of
HRP protein in the thymic interstitium of living mice in a
few minutes, indicating the easy leakage of small molecular
HRP into corticomedullary boundary areas, depending on
the time after HRP injection and its concentration, as
shown in Figures 3—5. Therefore, these findings also sup-
ported the partial existence of a functional blood—thymus
barrier, especially along blood capillaries of the outer cor-
tex, although the molecular permeability of thick blood
vessels, including some arterioles, in corticomedullary
boundary areas was higher than that in the outer cortex, as
already discussed [4, 15, 30]. In contrast, the thymic
medulla contains leaky blood vessels, namely postcapillary
venules. The time- and concentration-dependent localiza-
tion of antigenic HRP proteins might be helpful for other
immunohistochemical analyses of native thymic structures
tissues with various interstitial fluid pressures and also
determination of the immunological system in vivo.

Different states of blood-thymus barriers

In the case of QD injection with a high molecular
complex, we did not find leakage of QD probes through
any blood vessels of thymic tissues in the order of seconds,
as shown in Figures 7 and 8. Our findings definitely
showed the blood flow route from thick arterioles at the
corticomedullary boundary at 3 sec, and then to thin blood
capillaries in the inner cortex, as schematically summarized
in Figure 2b. In addition, other reports have already demon-
strated that transudation into thymic interstitial matrices
depended on the molecular weight of the administered sub-
stances [4, 7, 13, 16, 17, 23, 29, 31]. The distribution of
injected HRP of low molecular weight presented in this
study seems to be additionally related to the vascular struc-
tures in the thymic cortex, because larger intrinsic IgA and
IgM immunostaining intensities were less detected in the
outer cortex in comparison with both extrinsic BSA and
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mouse original albumin, as already discussed [3]. There-
fore, it is concluded that an incomplete blood—thymus
barrier in the corticomedullary boundary areas usually
contributes to such different morphofunctional data of
thymic tissues of living mice, which was directly revealed
by IVCT-FS, probably reflecting their living state.

Demonstration of native blood flow routes

In addition, rapid QD distribution in the order of sec-
onds was also visualized in the living mouse thymus with
IVCT-FS, reflecting the in vivo blood flow condition, as
reported previously [36]. Following the scheme of blood
vessels (Fig. 2b), they formed branching and anastomosing
loops in outermost regions of the cortical area. At the junc-
tion of the cortex and medulla, arterioles usually run
upward to the surface capsule, continuing into blood capil-
laries within a short distance under the capsule, and then
blood capillaries return as postcapillary venules to medul-
lary thick veins (Fig. 2b). In corticomedullary boundary
areas, arteries branch into arterioles, from which anasto-
mosing blood capillaries break off into the inner cortex. As
shown in Figures 7 and 8, QDs flowing in blood vessels did
not leak out into the interstitium of thymic tissues in the
order of seconds, indicating no transudation of QDs of
larger molecular size, as discussed previously [36].

Phagocytosis of leaked HRP into macrophages

In the thymus, as shown in Figure 9, macrophages
around the blood vessels actively phagocytized the perme-
ated HRP. The permeability of the vessels in the thymus is
known to be relatively low, as compared with that of blood
vessels in other lymphatic tissues. Four subpopulations of
mouse thymic macrophages have already been identified,
including dendritic macrophages, plate-shaped macro-
phages, small oval macrophages, and ED1*-thymic macro-
phages [20]. Each subpopulation has different functions in
the outer or inner cortex and the medulla. The HRP immu-
nostaining intensity later decreased in the interstitium of the
thymic cortex in comparison with the inside of blood
vessels, as shown in Figures 3m and Sm. Such phagocytotic
functions of macrophages within 30 min might change the
average molecular concentrations of HRP in the thymic
interstitium, depending on the time course of flowing HRP
molecules. Moreover, the phagocytosis of HRP into macro-
phages could induce their expression of specific antigens,
probably resulting in the common positive or negative
immunoreaction pathway in other thymic cells. Therefore,
in a future study, the IVCT will be additionally used to clar-
ify T-cell differentiation at various sites of thymic tissues,
probably depending on the dynamic diffusion of various
serum components in their microenvironment. A further
experiment at an electron microscopic level will be also
necessary to directly examine the HRP penetration of blood
vessels and phagocytotic macrophages of living mice,
which could be prepared by IVCT.
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