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Low-vacuum scanning electron microscopy may allow early diagnosis of hu-
man renal transplant antibody-mediated rejection
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ABSTRACT
Antibody-mediated rejection (ABMR) is an important cause of both short- and long-term injury to 
renal allografts. Transplant glomerulopathy (TG) is strongly associated with ABMR and reduced 
graft survival. Ultrastructural changes in early-stage ABMR include TG as a duplication of the 
glomerular basement membrane (GBM), which can be observed only by transmission electron mi-
croscopy (TEM). Low-vacuum scanning electron microscopy (LVSEM) is a new technique that al-
lows comparatively inexpensive, rapid, and convenient observations with high magnification. We 
analyzed human renal transplants using LVSEM and evaluated the ultrastructural changes repre-
senting TG in ABMR. GBM duplication was more clearly visible in the LVSEM images than in 
the light microscopy (LM) images. In the ABMR group, the cg score of the Banff classification 
was higher in 54% (7/13) of specimens for LVSEM images than for LM images. And 4 specimens 
exhibited duplication of the GBM analyzed by LVSEM, but not by LM. In addition, three-dimen-
sional ultrastructural changes, such as coarse meshwork structures of GBM, were observed in 
ABMR specimens. The ABMR group also exhibited ultrastructural changes in the peritubular cap-
illary basement membranes. In conclusion, analyses of renal transplant tissues using LVSEM al-
lows the identification of GBM duplication and ultrastructural changes of basement membranes at 
the electron microscopic level, and is useful for early-stage diagnosis of ABMR.

Antibody-mediated rejection (ABMR) remains the 
most important barriers to successful renal trans-
plantation. Despite advances in molecular biology 
and gene rearrangement, ABMR diagnosis remains 
dependent on histological findings (5). Transplant 
glomerulopathy (TG) is histological changes result-
ing from chronic vascular endothelial dysfunction 
caused by antibody-mediated injury (8). TG is de-
fined by the presence of duplication of glomerular 
basement membrane (GBM), and strongly correlated 

with ABMR and renal transplant prognosis (6).
　Observations by transmission electron microscopy 
(TEM) are important in diagnosing early-stage 
ABMR, since TG develops in stages best observed 
by TEM. These stages have been related to ABMR 
in recent studies (6, 21). Peritubular capillary (PTC) 
basement membrane multilayering is also an import-
ant early-stage ABMR finding observable by TEM 
(13, 19). The accurate diagnosis of early-stage ABMR 
is clinically important because TG is considered ir-
reversible after they progress to a stage observable 
by light microscopy (LM) (8, 20). Early detection 
by TEM and treatment may help to prolong graft 
survival. Based on these findings, the Banff criteria 
were modified to include TG detectable only by 
electron microscopy (7, 14). The quantitative criteria 
in Banff 2015 for double contours, namely, the cg 
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individuals, 358 specimens) between January 2000 
and December 2010, we selected seven patients with 
a Banff cg score ≥1 who were histopathologically 
diagnosed with ABMR (ABMR group). ABMR di-
agnoses in this study were ordered by specialists in 
renal transplant pathology using light microscopic 
findings and medical histories. Among these, past 
renal biopsy specimens existed in four patients 
(ABMR1–4), who were therefore included in the 
observation (13 specimens in total). In the ABMR 
group, no diagnoses or medical histories that denied 
ABMR after the renal biopsy were found as far as 
we could trace. In the control group, we extracted 
four cases for which special findings were not found 
on LM examinations of renal transplant intraopera-
tive 0-h biopsies from the cases stored by the uni-
versity. Control group samples were also checked to 
ensure that the donor had no history of renal diseas-
es. No samples had available donor-specific anti-
body and complement fragment 4d (C4d) staining 
information which are regarded as marker to diag-
nose ABMR. TEM observation was not employed in 
all specimens when they were pathologically diag-
nosed. This research was conducted with the ap-
proval of the Ethics Committee of Tottori University 
(Permission No. 17A236).
　The specimens used for LVSEM observations 
were prepared as described previously (11). Briefly, 
5-μm-thick renal biopsy paraffin sections were used. 
Deparaffinized sections mounted on slides were 
stained with PAM for each case. PAM staining was 
performed using the conventional method for LM 
observations, but without the final H&E staining. 
The stained sections on the slides were directly ob-
served and photographed using a Hitachi LVSEM 
(Miniscope TM-3030Plus; Hitachi Co., Ltd., Tokyo, 
Japan) at a pressure of 30 Pa and an acceleration 
voltage of 15 kV in the charge-up-reduction BSE 
mode.

score is shown in Table 1. Although duplications of 
GBM are visible by LM in Banff code cg1b, they 
are visible only by electron microscopy in cg1a. 
ABMR will be underdiagnosed if pathologists rely 
on LM alone for assessment (12). Although current-
ly “electron microscopy” refers only to TEM, there 
is issue that TEM is costly and time consuming. It 
is impossible to utilizing TEM for every case of re-
nal transplant biopsy.
　We recently reported the usefulness of low vacu-
um scanning electron microscopy (LVSEM) for the 
rapid three-dimensional analysis of renal biopsy 
specimens (11, 15, 16). LVSEM is comparatively 
less expensive, and it can facilitate convenient and 
quick observations because it does not require pre-
liminary processing. A standard paraffin section of a 
tissue sample can be observed at high resolution at 
a range of magnifications for any part of interest 
within the section. The GBMs could be visualized 
by periodic acid methenamine silver (PAM) stain-
ing, and by using the backscattered electron (BSE) 
mode of LVSEM, because the PAM stain contains 
silver, a heavy metal, which enhances the backscat-
tered electron signals. If ultrastructural pathological 
changes in ABMR, which at present are only identi-
fiable using TEM, can be observed by LVSEM, the 
diagnosis of early-stage ABMR would be advanced 
significantly.
　In this study, we assessed the utility of LVSEM 
in identifying ABMR, especially TG. We used 
LVSEM to analyze renal transplant specimens with 
and without (intraoperative 0-h biopsy controls) 
ABMR, focusing on the glomerular and peritubular 
capillaries, particularly GBM duplication.

MATERIALS AND METHODS

Among the renal transplant specimens that were 
pathologically diagnosed at Tottori University (283 

Table 1 　Quantitative criteria for double contour: cg score in Banff 2015 (14)

cg0 No GBM double contours by light microscopy or EM
cg1a No GBM double contours by light microscopy but GBM double contours in 

at least 3 glomerular capillaries by EM, with associated endothelial swelling 
and/or subendothelial electron-lucent widening

cg1b Double contours of the GBM in 1–25% of capillary loops in the most affect-
ed nonsclerotic glomerulus by light microscopy; EM confirmation is recom-
mended if EM is available

cg2 Double contours affecting 26–50% of peripheral capillary loops in the most 
affected glomerulus

cg3 Double contours affecting >50% of peripheral capillary loops in the most af-
fected glomerulus
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and shown in Figures 1–6.

Control group
To compare normal and ABMR renal biopsies, we 
observed renal transplant intraoperative 0-h biopsies 
by LVSEM as a control group. On LVSEM, PAM-
stained positive GBMs, Bowman capsule’s basement 
membrane, and the PTC basement membrane were 
observed clearly with bright appearances when con-
trasted with PAM-negative podocytes and endotheli-
al cells, which were barely observed. Figure 1a–d 
shows LM and LVSEM images of a glomerulus in 
0-h biopsies. In the control group, duplication of the 
GBM was not found in both PAM-stained LM and 
LVSEM images. Under LVSEM, the GBM was gen-
erally found to be faint and smooth. The three-di-
mensional ultrastructural changes of the GBM from 
both the capillary lumen and urinary space sides 
were examined in detail. The surface of the GBM 
on the capillary lumen side had a smooth and fine 
surface in the control group. Figure 1e and 1f pres-
ents LVSEM images of PTC in the control group. 
On LVSEM, PTC basement membranes were PAM-
stained and observed clearly with bright appearanc-
es. Its basement membrane was found to be faint 
and smooth in the control group.

ABMR group — duplication of the GBM
Figure 2a–f shows LM and LVSEM images of 
glomeruli in the ABMR group (ABMR-6) following 

　In this study, the GBM and the PTC basement 
membranes were observed primarily by PAM stain-
ing. Specimens were assessed as a whole at low 
power (×40). After observing the whole glomerulus 
in a specimen at ×400–600, the magnification was 
increased to ×1000, and a sequence of images was 
collected while moving the field of view clockwise 
from the 12 : 00 position. GBM, PTCs, and cells and 
their substructures were observed from low magnifi-
cation to the maximum magnification (×10,000). 
The duplication of the GBM of each specimen was 
evaluated, and cg scoring was implemented by LM 
and LVSEM using the 2015 Banff classification as a 
reference.
　Two samples from the ABMR group (ABMR2-2 
and ABMR3-2) for which duplication of the GBM 
was not visible by LM were examined using the 
re-embedding TEM method. The paraffin-embedded 
specimens were deparaffinized in xylene and rinsed 
with 0.1 M sodium cacodylate buffer (pH 7.0). The 
specimens were post-fixed in 1% osmium tetroxide 
in cacodylate buffer for 2 h. They were then dehy-
drated in ascending grades of ethyl alcohol and em-
bedded in epoxy resin, followed by ultrathin and 
observation using a transmission electron micro-
scope (JEM-1400; JEOL Co., Ltd., Tokyo).

RESULTS

The results of this study are summarized in Table 2 

Table 2 　Cases and Banff cg scores of this study

case specimen post transplant cg score LM cg score LVSEM Figure

ABMR-1
1-1 12 months 0 0
1-2 110 months 2 3

ABMR-2
2-1 9 months 0 1a

3a–f, 6a2-2 14 months 0 1a
2-3 20 months 1b 1b

ABMR-3
3-1 1 month 0 0

6b, c3-2 2 months 0 1a
3-3 4 months 1b 1b

ABMR-4
4-1 1 month 0 1a
4-2 3 months 1b 2

ABMR-5 5 180 months 2 2

ABMR-6 6 12 months 2 3 2a–f
5a–d

ABMR-7 7 108 months 1b 1b

donor’s age cg score LM cg score LVSEM Figure
control-1 35y 0 0
control-2 46y 0 0 1a–f
control-3 ND 0 0
control-4 56y 0 0
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search, duplication of the GBM was indicated using 
LVSEM even in 9- and 14-months samples. Thus, 
among the cases with repeated biopsies, three cases 
(ABMR2, ABMR3, ABMR4) exhibited duplication 
of the GBM in samples analyzed by LVSEM, but 
not by LM, at an earlier biopsy time (ABMR2-1, 
ABMR2-2, ABMR3-2, and ABMR4-1). In the 13 
samples from the ABMR group, the cg score of the 
Banff classification was higher in 54 % (7/13) of 
cases for LVSEM images than for LM images.

ABMR group — PTC
On LVSEM observations in the ABMR group, thick-
ening and a meshwork structure of the basement 
membrane of PTC were found on PAM staining 
compared to control group (Fig. 5).

PAM staining. Duplication of the GBM was more 
clearly visible in the LVSEM images than in the 
LM images. There were sections in which duplica-
tion of the GBM was visible on LVSEM, but not on 
LM. This sample was scored as cg2 using LM but 
as cg3 using LVSEM. Even in the same LVSEM 
observations, there were regions in which duplica-
tion of the GBM could be judged only at high mag-
nification (Fig. 2c). Figure 3 shows LM and LVSEM 
images of early ABMR (ABMR2-2) following PAM 
staining. In this specimen, duplication of the GBM 
was not seen using LM, and thus the specimen was 
scored as cg0. However, on LVSEM, clear duplica-
tion of the basement membrane was observed in 
multiple glomeruli, and the specimen was scored as 
cgla. Figure 4 shows a summary of the biopsy time 
course of case ABMR2. TG was first indicated by 
LM at 20 months in this case. However, in this re-

Fig. 1　LM (a) and LVSEM (b, c, d) images of a glomerulus, and LVSEM images of PTC (e, f) in intraoperative 0-h biopsy 
samples (control-2) stained with PAM. (a) LM image of a glomerulus (direct magnification, ×400). (b) Three-dimensional cut 
surface view of the same glomerulus (×600). (c) Higher-magnification image (×5000) of the upper square shown in (b). The 
GBMs (arrows) are thin and smooth. Three-dimensional structural imaging enabled the observation of both the urinary 
space side (black star) and capillary lumen side (white star) of the GBM surface. (d) Higher-magnification image (×5000) of 
the lower square shown in (b). The surface of the GBM on the capillary lumen side (white star) is smooth. (e) Renal PTC 
among renal tubules in the cortex (×600). (f) Higher-magnification image (×5000) of the square shown in (e). The basement 
membrane of the PTC (arrow) is thin and smooth. The arrowheads indicate the basement membrane of tubules. CL: capil-
lary lumen, US: urinary space. Bars: 20 μm (a, b, e), 5 μm (c, d, f).
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plication was not observed on LM, whereas it was 
visible on LVSEM. On TEM observations, duplica-
tion of the GBM was found in both cases. TEM 
also uncovered the multilayering of five or more 
layers of the basement membranes of PTCs.

DISCUSSION

In this study, cases of ABMR following renal trans-
plantation were analyzed using LVSEM. LVSEM 
allows the identification of GBM duplication and ul-
trastructural changes of basement membranes at the 
electron microscopic level in ABMR group.
　To prolong graft survival, early diagnosis and 
treatment ABMR may help. Observation of ultra-
structural changes in TG detected using electron mi-
croscopy, is important in diagnosing early-stage 

ABMR group — other ultrastructural changes
In ABMR specimens, characteristic three-dimension-
al ultrastructural changes in GBM were also ob-
served with LVSEM. Coarse meshwork structures 
were frequently found on the external side of GBM 
in the ABMR group (Figs. 2f, 3c). The coarse mesh-
work structure on the surface of the GBM tended to 
be remarkable in cases of GBM duplication. Simi-
larly, small pouch-like shapes were also observed in 
the GBM of the ABMR cases (Fig. 3e, f). These 
three-dimensional ultrastructural changes were visi-
ble on LVSEM but not on LM. Almost none of 
these distinctive findings was observed in the con-
trol group.
　Figure 6a–c shows TEM images of two specimens 
observed by the re-embedding method (ABMR2-2 
and ABMR3-3). In these two specimens, GBM du-

Fig. 2　Renal glomeruli stained with PAM in a case of severe ABMR (ABMR6). LM (a, d) and LVSEM images (b, c, e, f) are 
shown. (a) Some duplications of the GBM are visible on LM in this glomerulus (white arrowheads) (×400). (b) LVSEM im-
age of the same glomerulus (×400). (c) Higher-magnification image (×2000) of the square shown in (b). The duplication of 
the GBM is clearly visible (arrowheads). On the other hand, the duplication of the GBM is not visible at the site denoted 
by arrow at this magnification. The inset shows a higher-magnification image (×5000) of the area captured by the square. 
The duplication of the GBM in the area indicated by the arrow is barely visible at this high-magnification. (d) LM image of 
another glomerulus in same specimen (×400). (e) LVSEM image of the glomerulus shown in (d) (×400). (f) Higher-magnifi-
cation image (×3000) of the square shown in (e). The duplication of the GBM is observed (arrowhead). Coarse meshwork 
structures are present on the GBM surface on the capillary lumen side (star). CL: capillary lumen, US: urinary space. Bars: 
50 μm (a, b, d, e), 5 μm (c, f).
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croscopy, conventional scanning electron microscope 
(SEM), also requires specialized technology and is 
expensive. Moreover, analyzing the GBM by con-
ventional SEM using secondary electron signals re-
quires further special and complicated processing, 
such as the removal of epithelial and endothelial 
cells (1, 2).
　Contrarily, LVSEM has many remarkable advan-
tages compared with TEM and conventional SEM 
(11). LVSEM is simple and easy to use, is compara-
tively less expensive, and permits convenient and 
quick observations. LVSEM can be used to obtain 
high-magnification images using conventional paraf-
fin sections for any part of interest within the sec-
tion, even with a previously collected specimen. 
Combining LVSEM with metal staining allows the 
characteristic three-dimensional imaging of the renal 

ABMR (6, 21). Wavamunno et al. demonstrated that 
early GBM duplication detectable within the first 3 
months after transplantation by TEM is correlated 
with the later development of overt TG (21). Haas et 
al. confirmed and extended these findings, demon-
strating that early GBM duplication on TEM is high-
ly associated with ABMR (6). However, TEM is 
costly and time consuming, and requires the collec-
tion of dedicated specimens at the time of the biop-
sy. Realistically, excluding some advanced facilities, 
use of TEM for every case of renal transplant biop-
sy is impossible. A report found that only 22% of 
laboratories always collected a sample from trans-
plant biopsies for TEM (17). Moreover, the field of 
observation using TEM is limited, and the result 
may not be an accurate representation of the whole 
transplanted kidney. Another type of electron mi-

Fig. 3　Renal glomeruli in a case of early-stage ABMR (ABMR2-2). LM (a, d) and LVSEM (b, c, e, f) images of PAM-
stained glomeruli are shown. (a) LM image of a glomerulus (×400). The duplication of the GBM is not visible using LM in 
this glomerulus. (b) LVSEM image of the same glomerulus shown in (a) (×400). (c) Higher-magnification image (×6000) of 
the square shown in (b). The duplication of the GBM is clearly visible (white arrow). Close to the glomerular capillary, 
Bowman’s capsule is observed (asterisk). The capillary lumen side of the GBM surface (star) has a comparatively fine 
meshwork structure; however, some coarse meshwork structures are present (white arrowhead). (d) LM image of another 
glomerulus in same specimen (×400). The region denoted by the black arrow appears to be a simply thickened GBM on 
LM. (e) LVSEM image of the same glomerulus shown in (d) (×1500). (f) Higher-magnification image (×7000) of the square 
shown in (e). The duplication of the GBM is visible (white arrow). A “small pouch-like shape” is observed in the duplicated 
GBM (black arrow). CL: capillary lumen, US: urinary space. Bars: 50 μm (a, b, d), 5 μm (c, e, f).
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However, the LM findings and medical records did 
not suggest these conditions in this study.
　Similar to the glomerular capillary, endothelial 
cell activation and damage with basement mem-
brane changes occur in PTCs (13). Each ring of the 
basement membrane surrounding a PTC probably 
represents the residue of one previous episode of 
endothelial injury, starting from the oldest to the 
most recent (19). PTC lamination is correlated with 
TG and ABMR diagnoses (7). In this study, thicken-
ing and the meshwork structure of the PTC base-
ment membranes were observable in the ABMR 
group using LVSEM. However, quantitative evalua-
tion of PTC basement membrane multilayering with 
LVSEM could not be performed. TEM provides 
two-dimensional sectioned images of specimens, 
clearly indicating the changes in the layers. Con-
versely, LVSEM provides three-dimensional images 
including deep BSE signals, making it difficult to 
count the layers of the basement membranes. Fur-
ther comparative studies with TEM are needed.
　In this study, LVSEM often revealed characteris-
tic three-dimensional ultrastructural changes such as 
a “coarse meshwork structure” and a “small pouch-
like shape” in GBMs in the ABMR group. To the 
best of our knowledge, no prior reports revealed 
these types of pathological findings using LM or 
TEM. A previous study observed acellular GBM us-
ing SEM, and normal GBM was stated to be exter-
nally smooth and thin (1, 2). Bonsib and others 
have, in terms of cases of glomerulonephritis, ob-
served irregular cavities and craters of various sizes 
on the surface of the GBM in their SEM observa-

tissue in BSE mode. With PAM staining, which is 
routine in renal pathology, the basement membrane 
is stained, but not the endothelial and epithelial 
cells. Therefore PAM-positive basement membrane, 
which yield much BSE signals, is distinctly detected 
through PAM-negative overlying cellular elements 
under LVSEM. Thus, unlike conventional SEM, 
LVSEM does not require the removal of endothelial 
and epithelial cells before observing the basement 
membrane itself. The contrasts between the GBMs 
and cellular components contributed to the clear ob-
servations of GBMs on LVSEM. It excelled in 
three-dimensional structural imaging, and the system 
was adapted at visualizing duplicated GBMs and 
their gaps.
　In this study, cases of ABMR following renal 
transplantation were analyzed using LVSEM, which 
more clearly revealed GBM duplication than LM. 
The absence of GBM duplication in the control 
group on LVSEM suggests that this technique is as-
sociated with a low probability of false positives re-
garding basement membrane duplication. The TEM 
findings confirmed the absence of contradictions be-
tween the ABMR diagnoses and LVSEM findings. 
This finding demonstrated the potential use of 
LVSEM in identifying TG and thus in diagnosing 
ABMR in renal transplant recipients in accordance 
with the present Banff classification. The presence 
of glomerular capillary remodeling alone is not 
pathognomonic in TG. Duplication of GBMs is also 
observed in recurrent membranoproliferative glo-
merulonephritis, hepatitis C virus infection, and 
thrombotic microangiopathy in renal allografts (4, 9). 

Fig. 4　Summary of biopsy time course of case ABMR2. Cg score using LM, LVSEM, and TEM in this study.



H. Yokoyama et al.88

cells of glomerular capillaries and PTCs are import-
ant as pathological changes of early-stage ABMR (3, 
6, 21). TEM revealed glomerular endothelial swell-
ing, loss of fenestrations, and subendothelial elec-
tron-lucent widening as important early-stage ABMR 
findings. The cg evaluation in this research assessed 
only the duplication of the basement membrane, but 
fundamentally, observing the changes of endothelial 
cells is also necessary. We were, however, unable to 
evaluate such changes in this study. Endothelial cells 
could not be examined because they are PAM-nega-
tive elements. Meanwhile, we previously developed 
the Pt-blue staining method to reveal the morpho-
logical changes of glomerular cellular components 
under LVSEM (10, 11, 15). We hope that further 
studies will be performed in the future to address 

tions, and they surmised that these findings denote 
an “immune complex-mediated glomerular injury” 
(1). The findings of the basement membrane pre-
sented in their report are similar to the coarse mesh-
work structures revealed by LVSEM in this research. 
The coarse meshwork structure of the external side 
of GBM may be one of the changes of basement 
membrane induced by chronic endothelial cell dys-
function. The significance of the “small pouch-like 
shape” changes observed in the GBM of the ABMR 
group is unknown at present. It might be three-di-
mensional ultrastructural change caused by GBM 
damage.
　This study had several limitations. Other than the 
duplication of the GBM and PTC basement mem-
brane multilayering, the changes of the endothelial 

Fig. 5　LVSEM images of renal PTC stained with PAM in a case of severe ABMR (ABMR6). (a) Renal PTC among renal tu-
bules (×200). (b) Higher-magnification image (×5000) of the square shown in (a). Thickening and the meshwork structure of 
the basement membrane are observed (arrow). The arrowhead indicates the basement membrane of tubules. (c) Another 
renal PTC among renal tubules (×300). (d) Higher-magnification image (×7000) of the square shown in (c). Thickening and 
the meshwork structure of the basement membrane are observed (arrow). Bars: 100 μm (a, c), 5 μm (b, d).
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these issues. In addition, the number of cases was 
rather limited, and the study was retrospective, mak-
ing generalization of the results difficult.
　In conclusion, cases of ABMR following renal 
transplantation were analyzed using LVSEM, and the 
duplication of the GBM was observed more clearly 
using LVSEM than using LM. LVSEM can poten-
tially be useful for the early diagnosis of ABMR.
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