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Charge Barrier in the Glomerular Basement Membrane
——Ultrastructural Localization of Heparan Sulfate Proteoglycan
and its Alterations in Aminonucleoside Nephrosis
and Nephrotoxic Serum Nephritis in Rats—

Mitsue UCHIDA

Depariment of Pathology, Shinshu University School of Medicine
(Director : Prof, Hidekazu SHIGEMATSU)

The localization and characterization of the anionic sites in the rat glomerular basement mem-
brane (GBM) were examined by ultrastructural histochemical methods, The high iron diamine method
and enzyme-digestion studies demonstrated the presence of heparan sulfate proteoglycan (HS-PG)
only along the lamina rara externa (LRE) of the GBM, The polyanionic component of the lamina
rara interna (LRI) could not be revealed by this method. The results indicated the functional
difference of the anionic sites between the LRE and LRI

The alterations in the distribution of HS-PG on the LRE of the GBM in proteinuric states
were examined in aminonucleoside nephrosis (AN) and in the accelerated form of nephrotoxic
serum nephritis (NTN) in rats. In AN rats, no change was observed in the distribution of HS-PG
throughout the experiments, In NTN rats, however, the loss of HS-PG was associated with elec-
tron dense deposits in the subepithelial area that possibly resulted from the serum sickness me-
chanism, but not with inflammatory cell infiltration, These findings indicate that HS-PG is not
always lost in proteinuric states, and that alterations associated with subepithelial immune deposits
may at least be involved in the development of proteinuria. Shinshu Med. J., 88 :27—41, 1985
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Key words : glomerular basement membrane, heparan sulfate proteoglycan, ultrastructural
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SIRAEHINEE: (GCW) OFEERMIIMEA D
Azl e IhTwbEFExbhsdl, EF
Kanwar)-3), Caulfield®, Farquhar HH0—EOPF
e kb, RERfEo fixed negative charge %YL
LT\ % polyanions o 1 ->T#h 5 heparan sulfate
proteoglycan (HS-PG) »UHiEBERRFTCHB
EIEH S, charge barrier function & LT®
HEAD close-up EWTE T3, KEHAD anionic
sites MBI BIET S LD MERAVbhTE
7= cationic probes LW Fh b ERIER S L icd,
TRIETHAEOWE, hTh HS-PG D41 &L HHE
WL TE BT A D Aah R3h T2,
SH, BREME & =2 SRR YR & Wb T
\»% high iron diamine (HID) g% FH\T GCW
0 charge barrier OBEET, HEEOFEL L
BaLldbie, BARLEITHBIETS HS-
PG Dbz TR L,
o #EEEE
A E®95.y b GCW @ anionic sites
BT R 200 g i Wistar rat 5T v i,
FVF VBT CHAEIIRE D 4 %257 a0
A7 A7 e F(PFA) I CHREER T - B ko
FE% vibratome (LANCER) -Gi#20pm OEJH &
Lic, ShE 1B 72— T7AFe T 4°CieT
1 ISRAEEE Ly RO 4 BEOREET 37°C w128
ISR L7280,
1. Heparitinase from Flavobacterium hepar-
inum (4{kZ2T3¥) 10-50 units/ml in 0. 1M
pH7.0
2. Neuraminidase from Arthrobacter ureafa-
ciens (34k{k&£) 1 unit/ml in 0.01M phos-
phate buffer, pH 6,8
3. Hyaluronidase from Streptomyces (Ul
#) 100 TRU/ml in 0, IM phosphate buffer,
pH5,0
4, Chondroitinase ABC from Proteus vulgaris
(4:{bB T2 5 units/ml in 0.05M Tris-HC!
buffer, pH 8,0
RB & L CEBREWC A 1R R e oM % 17
oh, BEEFRENES X OB T LB AR 6~
L0WHEIMES: L7cts, HID #8), = r 4 P (CD %9

acetate buffer,
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BLIORY =FrvA 3 v (PED IO o 3 fEO L
xR (T, 2% b A 2 Y AT 4°C 12T 2 B
OH EER Tokth ER=2/7 -8 THAKL,
Quetol-812 (A% EM) .48 Lz, LKB-480074%
7= AT AA— s T FOESE SR
ToRBEEI AL 7 = YRS X D 30 R LT
b &, RO b O OF S Bz HS -9 WE TN
e CgE L, HID, Clieo\WwTik, EHEEL
TR R BB 24 B L, 257 4 vaEl LA
FRE 2 pm DYIR &L, REBEMEENIEL T ok,

B 7X/XyLALE XT7H—LRAAN) O

fl& HID 365

100 g D Wistar rat & puromycin aminonu-
cleoside (Sigma) % 15mg/100g Body Weight o
2 ZHBMARKBRE E LTRIIR X D EA LRI,
1, 3, 4, 7, 148, 3, 6, 10EOKZ T4
eI LT B 3L BB L, #inloKHE: & Fk
wEER LU HID et TWBENCEETS & &
bio, WEBEMEL OLED fed 4% PFA CEZEL
7o 2um D57 4 v Hematoxylin-Eosin
(H.E.) #Hufn, periodic acid-Schiff (PAS) Zufa,
periodic acid methenamine silver (PAM) :fn
LU HID-CI BT EE L, WBELLT
AEEAEK 1ml OEXT-b 0% Fuvic, R
FEAE Kingsburg-Clark ¥ CEg LD,

C MERBHFROERE HID e

{£E 100 g D Wistar rat % 3@, 0
51, 2¥0 5 v ik r-globulin-rich rabbit
serum L Freund's complete adjuvant “CHEL
Too 1D T v FRREHRT B BInBEHL MR CEmE
LA biga 800rad O X iz R4t 17010, g s
HEEL, 2H07 v F BHIRMICH 7 v PBKRREIM
B (NTS) % 1ml HALW, 3, 12, 24, 48, 72
W, 5H, 23, 1, 34 BB 4R MR L
THLSEFORBL, fnlsAfcEE ResT
W, EERR, BB HE L, WNRELTIHO T
v NIRRT A T3 MG AKEK 1 ml R
% 1, 5H, 2, 1, 34FHOKATCERER
SEPOBRLAKCAB L, ¥cl, 2HD5 v
M DV TR [ &% gum-sucrose S {fE Li-
Ao\ T fluorescein isothiocyanate (FITC)-
labelled anti-rabbit IgG, anti-rat IgG (E2t4:4p
SRR, BER) & XM ToBEL T
7= (Nikon Optiphot XF-EFD, 515W 7 4 A & —,
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P d95nm), [FEEL Kingsbury-Clark e TE
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B v R AT 5 4 2 SR LEC FRHCHedis
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DVBEFE L <~ COREE2EBRR%,

HID iz L W E¥ S » b O GCW Tik, Hfb
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(LRE) i o A izl % EE#935—40nm O
polygonal 7 RiGEH & LCRE e (Fig. 1), 7
= VIR X DY - DIUSE & GCW Hikx
&b sk L (Fig. 2), - O¥Eik hepari-
tinase CoAicbE b, FOMOBRICI T
ChBT EDB, ~3F ViR (HS-PG) ThE T
LimE i (Fig. 8), ¥4 CI, PEI HBEEH—
ofEREYRLs LRE 4o GCW @ anionic sites
LB Lk Fig. 4), k5, WEilfao CI Bk
WyEy neuraminidase = X b {b&h (Fig. 5), &~
FABEET s EAGRE R, HID RAETIILRE
LAYt X hiop, CI, PEI 5T LRE &&d
7. LRI bWtk ch o7z, LA LLRE @ CI Bty
Bir HID ¥®o%e LR heparitinase Tk
it LRI OB Th o X - Th 5L
BB s, TBED hyaluronidase Btk
FRLIZ b, e T An VERR & A TV BTN
BN E e & EE o, '

B 7:/XZLFAVE x70—-L2R

RES O puromycin aminonucleoside (P
A) MHE4 BIRX DIRE D (62.58+15.29mg/24h),
7 A b14B A TEET (377, 74139, 00mg/24h)
waeLi (Fig. 6A), stz be LTk, Y
VRATIE & A FER R b AEBEC LS
WEOTIE 3 BE XD LEERROMEAAED, 4
B b14 ATk LEiifarc %o protein reab-
sorption droplets 2g» bhi, L2 L HID i
LhFEEhi: LRE D HS-PG 04 & Bicikaks
BERBUTEEALRDE 2 L TE b (Fig
7-9), MBECIREAIL 20mg/24h AT, HID
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1, 2PEL L5 HE &0 A RESAME L
2 (FRER 72,9153, 32mg/24h, 243453, 09mg/
24h), FiEEOECILFORBICHEOEYTED (P
0.01), L2L 2825 3 7 Biiiorc 582
ALY, &beilile M7 BEBERERELR
(Fig. 6B),

2 WYeHEEE

1, 2®édbic NTSHER3KMTRRE 18G &
[RIRERC IR - TR uts S hoiohs (Fig. 10), 7
v b 128G ik 3BECI T oRetaiiizE{, 5RAT
W R e R~ s he (Fig. 11),

3 JEFBEMERAT A,

1, 27EE L NTS etk 3 Kifca s msk
(PMN) 0B AR, WHOECELRDIhr -
(Fig. 12), 5 H BRI X b B (MO) BEb
b, GCW OIRES B bhicdd, ZTORERL1H
T 2 PR LIREETH o 7o (Fig. 13, 14), 28
B3 Qs TR oMzER R bR T, Bko
SRERAREEASHEAT L, $ic 1~ 3 2 B TREAOB
Hift, BEEMEEE (bR &L, REEOMEM, +—< i
L O, B A HHRATED bhic (Fig. 16-17),

4 BB LETTR

NTS MLt 3 REHIOMRA T, 1, 28 L b1 PMN
B 5 N AR O fIEA B 2 7%, HID
ORI LRI e h ot (Fig. 18), 5HH
i 2 BETIE MO 0B 2y vy ADBIEER
{Lo@Ese MR BTFEENLSY (DP) LT
R SR, —F, 1TECHE MO oB#L LET
o DP R 2 e L LIBEE T H » e diek L, P
TRIVGAFYSY ARKETL DP AREIL -7, BE
BOMED 2R L 1 RO FDNRECH o7, Th
BHoIsb e HID Rk oZEfhico\ ik Fig, 19-22
R LS, MO B, Wallaofids L O,
A9 vy a0 DP WKL HID Hetapke fdrb.
girdots, L L ERTO DP - T HID
Yoo, D K IHEEMIIEA T LR L, 280532
Heartitl, 2 oMt HID 3
o EehENR bRk (Fig. 23), 24V
S ARHETO DP $12 LA EED BRI -T2,
% 1 F DP ® GBM OFRBBIIECNL, A
F vy A DORRENEEE LS B o TE . LA
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AREEMMEE L RENEDEIEEL, Th
PARREOME L BREORFCEE LT BB LLE
L E S OPMERIC L Y B Eh L3018, |
AR Z0R50 & LTHbhTha D LK - 1
B iifuzEng o> sialoglycoprotein & TH - fmpilo-
2D, JE4Fic oo T, heparitinase % in vivo I
L7Z v FC anionic sites AWhkL, 7 =V Fv
2 E DB FHEDOFERENTHET S 2 LRI T
2By HS-PGOFIEE £ OARGIGERE LT
FEOBEEMENRIA X CE TV 3052028

FHIRMED polyanions 2#HEZET 5 wicchF©H
W isRT A cationic probes % HS-PG ofiiic
AT LLE EIELd ot Ted if, T
Ay FIREREEOPTH AR o L B iEE L
TV EEZBRTH D), Fi- Cl Bupa LRI L b
LLABANREF Y AEDOFFEERT OB TV D2,
HS-PGaHR b B934 & LT EHS tumor
DR RINRED L D i LAe HS-PG w4 230tk
FIEHL, ShEARREEEGEe2HELHGCbR
T35, ZOH{fiX HS-PG @ core protein jz
SNTBL0THD, FlARED HS-PG & EHS tu-
mor o HS-PG (182N cross reactivity 23K,
PROLDD, FOHTERIIRLEZ E bR
TR H DD, NP UL RO HS-PG R RE

Fig. 1

V2T E WV S EETD B30, 2 c4AE, G
HEET D AL CERER R - L2 bh
Twb HID 2 BGCTABRGD HS-PG olaEdy
Ty EIAEROTTIE & T3 & & LRI,

HID ety N, N-dimethyl-meta-phenylene-
diamine dihydrochloride ¢ N, N-dimethyl-para-
phenylenediamine hydrochloride @ mixed solu-
tion = FeCly %Mz 2= et b diamine resi-
dues @ oxidation, polymerization 2% b, Rk
HRECERENE DS ER I AT E W2 5018,
ZOHFEI L h GCW o polyanions o 5 Lkt
ZHETHWEILEL LCLRE OR R ETS & &8
A&, REROWED-DL, 4/ CI, PEI iIcEbh
TSRt L C & bl o i B A R L7z, CI, PEI
BT mREhis kB W MlaZkE © polyanion (%
neuraminidase TH{Lah, FThav7ABEEA
T B &0 SFEROMEDVIDID YL I K —HK LT B A%,
LRICBALTCIEZNA LRE © HS-PG LIt 5
WELLWVEW S 2 & HSNC B E EME D 3,
P hyaluronidase JEFWZRRLI-Z Ehbe
7w VEEREATH SRS SREDZTH
1Ay OBz R E TRV ORABRTH
52808), Zh ¥ TOPFETIEI BARIFAR S h
7z\~¥ %, LRE & LRI o anionic components |
H—TH5 LFEL bR TEID, PItIXiiE o,
BRERAPRETHIFRZERLICHEL bR A,
# 1%, LRI o anionic sites ¥ LRE pFhicly
LT cationic probes iz X 2YufEMiEEg <, Aol
HETRANTH B3, 82, GBM DRtL2p T

Electron micrograph of a kidney from the normal rat incubated in 0.1 M acetate

buffer, pH7.0 and stained with the HID method. Sulfated mucosaccharide was
demonstrated along the lamina rara externa (LRE) of the GBM. No reaction pro-
duct was found along the lamina rara interna (LRI), (Unpoststained, x 28,750)

Fig, 2 Electron micrograph of the same kidney as that of Fig. 1, to which poststaining
with lead citrate was added, Poststaining provided a good visualization of both
HID-stained particles and morphology of the GBM. (% 28,900)

Fig. 8 Electron micrograph of a kidney incubated in the heparitinase solution, stained
with the HID method and poststained with lead citrate. HID-stained particles

were completely removed, (x 33,300)

Fig, 4 Electron micrograph of a control kidney incubated in phosphate buffer and then
stained with the CI method, Almost all the anionic sites of the glomerular capi-
llary wall were demonstrated, (Unpoststained, % 31,700)

Fig, 5

Electron micrograph of a kidney treated with neuraminidase and stained with the

CI method, The polyanions on the epithelial and endothelial cell surfaces were

removed. (Unpoststained, x33,300)
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Urinary protein excretion (mg/day)

Fig. 6
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Fig, 8

Fig. 9
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Fig. 6A Time after administration of puromycin aminonucleoside (PA)

400 p=

300 j=

200 g

——- Control
—e— Irradiation+NTS
-—C~— NTS

100

- —5 o
12h24h48h 72hours 5days 2weeks lmonth 3months

Fig. 6B Time after administration of nephrotoxic serum (NTS})

Twenty-four-hour urinary protein excretion mesured by the Kingsbury-Clark
method after the administration of puromycin aminonucleoside (Fig. 6A) and
nephrotoxic serum (Fig, 6B). Values are mean = standard error of the mean.
Electron micrograph of a glomerulus from the experimental rat, 4 days following
intravenous injection of puromycin aminonucleoside (PA), stained with the HID
method, and poststained with lead citrate, Note the fusion of foot processes and
protein absorption droplets in the epithelial cells, No change was seen in the
distribution of HS-PG on the LRE. (x19,100)

Electron micrograph of a glomerulus from the rat, 7 days after PA injection,
stained with the HID method and poststained with lead citrate, The same findings
as those of Fig, 7 are seen, (x17,500)

Electron micrograph of a glomerulus from the rat, 6 weeks after PA injection,
stained with the HID method and poststained with lead citrate, The rat recovered
normal level of urinary protein, and the fusion of foot processes disappeared
partly., There was no change in the distribution of HID-stained particles throug-
hout the experiments, (x24,800)
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Polymorphonuclear leukocytes were noted.

5 days after NTS
Mononuclear cell infiltration was observed.

Fig. 10 Light micrograph of a glomerulus from the rat, 3 hours after nephrotoxic serum
(NTS) injection, stained with FITC-labelled anti-rabbit IgG. Note the continuous
fluorescence along the glomerular capillary walls. (x 220)

Fig. 11 Light micrograph of a glomerulus from the rat, 5 days after NTS injection,
stained with FITC-labelled anti-rat IgG. Continuous fluorescence is visible,

(x 200)

Fig. 12 Light micrograph of a glomerulus from the rat in group 2, 3 hours after NTS
injection, stained by PAS reaction,
(x510)

Fig. 13 Light micrograph of a glomerulus from the group 2 rat,
injection, stained by PAS reaction.
(x 520)

Fig. 14 Light micrograph of a glomerulus from the group 1 rat, 5 days after NTS injec-
tion, stained by PAS reaction. Mononuclear cell infiltration was milder than that
of the group 2 rat. (x490)

Fig. 15 Light micrograph of a glomerulus from the group 1 rat, 1 month after NTS in-
jection, stained by the PAM method. Extracapillary proliferation and atrophy of
the glomerular capillary loops were noted. (x 360)

Fig. 16 Light micrograph of glomeruli from the group 2 rat, 3 months after NTS in-
jection, stained by PAS reaction. Exudative and adhesive lesions were marked
and there was no difference in the lesions between the group 1 and group 2 rat.
(x210)

Fig. 17 Light micrograph of a glomerulus from the group 1 rat, 3 months after NTS

injection, stained by PAS reaction. Crescent formation was noted. (x 460)

2 HOPIET LRE X EEAIOREERERTH 225
LRI vk FiAREEAMERT, F4o Biflicd zo
anionic nature (31Z L <, BhE & LIt EE
CEDHEEE A TS LI/ B &V 53D,

BRI 2 BRI RBRAR LASY, 7o & XX s, JEErss)
7o F OHEERED lamina lucida T 7 OFFEFEL R
INTED, ThbOBEITWThLEAE, K BMR
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Fig. 18 Electron micrograph of a glomerulus from the group 2 rat, 3 hours after NTS
injection, stained with the HID method and poststained with lead citrate. Note
polymorphonuclear leukocytes (PMN) adhering to the denuded GBM. Staining
pattern with the HID method was not affected by this lesion. (x7,600)

Fig. 19 Electron micrograph of a glomerulus from the group 2 rat, 5 days after NTS
injection, stained with the HID method and poststained with lead citrate. The
endothelial detachment and mononuclear cell (MO) infiltration did not affect the
HS-PG distribution, but the subepithelial deposits (arrowheads) induced the loss
of HS-PG on the LRE. (x 16,600)

Fig. 20 Electron micrograph of a glomerulus from the group 2 rat, 5 days after NTS
injection, stained with the HID method and poststained with lead citrate. The
cytoplasmic processes of MO are in contact with the GBM., The loss of HS-PG
was not associated with MO adherence (arrow) but with the subepithelial deposits
(arrowheads), (x11,500)

Figs. 21, 22 Electron micrographs of a glomerulus from the group 1 rat, 5 days after
NTS injection, stained with the HID method and poststained with lead citrate.
Note the subendothelial and mesangial deposits, which did not affect the distri-
bution of HS-PG. (x8,750, x8,500)

Fig. 23
Electron micrograph of a glomerulus
from the group 1 rat, 2 weeks after
NTS injection, stained with the HID
method and poststained with lead ci-
trate. There was no ultrastructural
difference between the group 1 and
group 2 rats. MO infiltration and the
loss of HS-PG associated with the su-
bepithelial deposits (arrowheads) were
noted. (x9,300)
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EERZ & TRBICETS HS-PG 0 LcE
LTk, AEFIREREMI I T%  OWENRRDL
T ADED2IN-40), ANt e b minimal cha-
nge disease FIEFWCEHLILIEBERTZ &5,
BRAROBEYHASBVEF L& LT LELIEHE
Ehb, WELHTFEORLS ferritin £ dextran
A BT tracer study Tlif, Z o0& F AT ani-
onic 72{ OOFRENTTHET S Z &0 b, EBRIE
charge barrier OWdkic L - COEBZ Sh5AHE
PRSI TV AHIDID, MR LT B EFELLRT
WA polyanion wo\uTik, kprflfazEf o sialo-
glycoprotein T#H 5 &\ H 52 L GBM © HS-
PG TH5 kv SHEWRH B, W TROES L
LTV EW 5L, HS-PG &2\ Tk
LDLALTOEERAEMLCTYD L0 E oo AR
T BRERDIO G (L2, HERWHE COPE TR
EhTw3, SfFhhic ANTIREAR EINE
Liz 7~14F oFiETd HID k> CTRE i
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RELThiedtd HS-PG Ofi%kic &k 5 charge
barrier ORfEABES LC5AEEEEEERS,

ANDIRRERMRF TR Z D, BREDHELN
DOTUHREMELE T LA ERE V0L, BEE
HITSESERI T X A EVENE, W0 STk
BELEARERT 0D, PIXDEERRD A D=
RatwPNHHNTEAIRDERETALD12TH
B, ZOBUIT heterologous IgG WL h O E R
XHh B heterologous phase & heterologous IgG
ek LC g & - autologous 1gG 1w X % auto-
logous phase @ 2 A DFFBEERL, fTF TIL PMN,
B TIEMO 2 E A L T A KAEMRBE ST H
HIEmD, LIELIECALOMEHEE BEERE X
UF polyanions oD% & OO MHBIMHR O R & i
24, KEMRBEIrEAROMBICESELTVD &
W 5L, BEIRRRERE polyanions D AkA
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B LRI 2 TEBIT BT 5446,
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