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A Comparative Study of Primary Cilia Length in Renal Tubules
Using Scanning Electron Microscopy
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Abstract : The primary cilium is a hair-like structure extending from the luminal surface of kidney tubular
cells. Its microstructure and function in the kidney are still not fully understood. This study aimed to detect and
compare primary cilia across various renal tubules. Normal adult Sprague-Dawley rats were perfused with 2%
periodate-lysine-paraformaldehyde fixative and processed for light and electron microscopy. Antibodies against
acetylated a-tubulin and aquaporin 1 were used to label primary cilia and proximal tubules, respectively. Primary
cilia were largely concealed among the microvilli in proximal tubules, making accurate observation challenging
under electron microscopy. No significant differences were found in the lengths of primary cilia in the distal
tubules (2.1 £0.22 um) and collecting ducts (1.86£0.31 um). However, primary cilia in the thin limbs of the loop
of Henle were significantly longer, measuring 4.2+0.73 um, compared to those in adjacent distal tubules and
collecting ducts. These findings demonstrate that the primary cilia in the thin limbs are the longest in the normal
kidney, suggesting they may have a distinct function in this segment.
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B2 Wi 7heal H2ol oA 75 Bl ] A A
TE dYdes St o B2 oLl AUH[5]. £
AP mof A W& = polycystin 13} polycystin 2& Z+
Z} AQ3st= PKD13 PKD2 F3AH] ®lo] & 7]5 &4
2 AFF o2 thFAl A (polycystic kidney disease)e] 2
W3 Qo] gl Ao YA ATHB69).

FTABAN AR Lol ATEY F7] Fo A
o AWl wet W 4 Urkn BuHACH10). L
34 3 8-AF5F &4 (acute renal ischemia-reperfusion
injury)olut A|&E2Hd (cisplatin) 5430 22 444 F
2R YN Lol7h FosH HolE Bt
o] elxlglon ATE AoR AL ABH Hro] L
Aol AloIA AEHYIE SHgick11.12]. A w)
242 Aru|Z7F o] ¥ (epithelial to mesenchymal transi-
tion)T = T&o] oh[13]. = FZY A E= YA
oI ARpHE ] Zolt ZojAl Aol HE 3
t}h[14,15].

Qa4 me] Lol A4 AIME Agutc zol7}
A& Ao AANT AW 2o vet Ea|ZAHE
2~4.5 pm, HEA| T 22~3.7 um, JFHS 1.6~2.6 um

W W oA SA =T 10]. 2y g RRe
= AR B EHe BEAEHEAEY on|AE #F
Han 7z < °1£5}°4 T S olf =, AA 373 w9
0] U 7 Utk dAHEE A
2 7—]0] 7];(]- &ob} _']-7_72) ul Au.i_i_;qa] _L}

ol HAZRE wio] oAU =704 FZ AuE=
49 A 128 Folry] ojdn.

B ool 2o nAtEel AA & FAF Az
73 (Field emission scanning electron microscope, FE-SEM)
oz I Afuith dAH RS do|E Blwstar FEgt
BEE AlFste Aot
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A% 200~250 g2 Sprague-Dawley &
G, R B B Al S Aol
Ut ZE FEAYL olFoqAdistu FEAHS Y
3]9] 4 QI(EWHA MEDIACUC 21-017-t)& weftt.

§

I FE 1.5% ©o|2FZFZ(isoflurane, Abbott Laborato-

ries, Queenborough, Kent, UK) S 4 53) vt3stz 14
o} (paraformaldehyde-lysine-periodate, PLP) 2.2 10& &
oF TF 1ASAL. FEE 4F AA Ye=E FY
dHoz 27 25% FFEFEZYH| 3] = (glutaraldehyde)
92 @ AR (osmium tetroxide)2 2 F7I2 1AFIHTH 1

BE T A2 IS 25 S AL dAFEA=RY]
(critical point dryer, CPD300; Leica, Germany)E ©|-&3}
of AZAZTH16]. A% 2L AubAel FaHdng

T2 o3t getn o) B AR,

3.
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Ax AR E EX|3}7] ¢3) acetylated o-tubulin (Cat.
No. T7451, Sigma-Aldrich Ltd, Gillingham, UK) &A1&
ARSI B ZA| TS #A|517] $18] aquaporin 1 (Cat
No. AB2219, Millipore, Billerica, USA) @A & AH&-35%
oH[17-20].

Zol, 3B2AE 4um 77 FHS
2 ‘?l—;:J-, Zé | 32& 3027+ A 2skTh20]. AQP1
acetylated a-tubulin QXA E 22 1:1,00022 343}
of 4°Ce] sp=HF Bt REEAIZ| AL, ThEd 1:2002.2 3|4
st 22} fﬂ'ﬂ]}é(Cy}conjugated donkey anti-mouse 1gG<};
FITC-conjugated donkey anti-rabbit IgG, Fab fragments,
Jackson ImmunoResearch Laboratory, West Grove, PA,
USA)E 1AI7F 591 ¥H-S-AIZtE 0.01 M PBSE A &
3}3}o] (antifade mounting medium, Vecta, USA) %3
u] 7 (LSM800, Carl ZEISS, Germany) 2.2 &35}t
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UAFAZ7](CPD)E AZH FF 22 Sputter coat-
er (Q150RS, Quorum, UK)E AM&3le] EHS o2 F
Boteinh. Bl = AA W& FAAEAR T (FE-SEM,
Sigma300, Carl ZEISS, Germany)©| AFE-E it do] &
4 98 B3 shelel 3R2AL A8AYT 24 5
NAZHE g2 2AAHT 29 Al A2 2 Jg
53 ol FAL, B Al 27) oY AR dolE &
A 3}H TH(SmartSEM 6.04, Carl ZEISS, Germany). & 1
oIx] AHE Aol HoltE FFHE BEstLen,
E74 £ (GraphPad Prism, La Jolla, CA, USA)<2 one-
way ANOVA$®} post-hoc Tukey AAS AME3SY] 2 28
Zt zpol g vl 9] FE (pwhol 0.05E T &2 4
o golnlg Aow H4stec

L



SE M

UXME2 20| 281

Fig. 1. Confocal microscopy images (a & b) and scanning electron microscopy images (¢ & d) showing primary cilia in the proximal and
distal tubules. The fluorescent image of acetylated o-tubulin (red), which labels the primary cilia, projects toward the lumen from the apical
plasma membrane. In the proximal tubules, most cilia are embedded within the brush border that expresses AQP1 (green) and are difficult
to observe by electron microscopy (a & c, arrows). In contrast, the primary cilia in the distal tubules are relatively easy to identify under
electron microscopy (d, arrow). PT: proximal tubule, DT: distal tubule, mv: microvilli.
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1. E2|Z M2t (proximal tubule)

EYEATE T2 24 (cortex)oA HFEE ZAn 2
(cortical labyrinth)ol] ZA|3}s], THA oA SAF =
Foll o|=27171A thFstA UETh o] AL ERAT
o] +ETEY FZE o|FH &9 F&AHE(convoluted
tubule) ©|F7] wjZo|ch k3 IR EHAH 24
oA &2 R (medullary ray)ol]l EA3tH, o] £9]9] &
2 ZA| TS BPEE A (outer medulla)?] E2|ZA|HY 7
Bt Z2 F(straight tubule)E E Rt

T E ETZHA|T-E vA§E (microvill) o] &
deEoe] glon, o]AEe] Feadn A oA FEZHAA

Z Bole £713AE] (brush border)E F A3 o (Fig. 1a
& o). ETZAIHY #A] @ F sl AQPIE &7}
B E @ AlZ9 Edf7] 9 (apical membrane)it
vieh7HZH (basolateral membrane)ol| A 2 =] 9ot (Fig.
la). YA E EX| 5= acetylated a-tubulin &3 o]u]
A AZet AFHA WS sl E&stged, i+
 AQPIS st &7PdAY Kol HEF Uit A
FHOo R 7t WA Y S AEY Hefs Kol
7)1 SHRARE, A|i2ut ZRRHo| A ol A W &of i}
Zo] yet7] = 8H¢ich(Fig. 1a & b).
FARAA A Ao A EEATY T AHF AlZ
FSoll 9XE i Az g nEZEotso] Z
HEE S £ S FQ nAlgREEC] TR EI
o} (Fig. lo). AA&EU| A4 A3 A2 ol
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Fig. 2. Scanning electron microscopy images of primary cilia (arrow) protruding between microvilli in the proximal tubule (PT). Right pan-
el (b) is an enlargement of the rectangle area of (a). One primary cilium is visible by chance.

242071 pmEeh. QAHEE AS BEEHA FYAL, o
5 E2A vAleRE AoldlA YL R Mol Qe A
AT o= QUUTH(Fig. 2). TEHA EZA ] AHE
Aol diF&ol nAlgrEe} Bt Aoz FgH.

2. HZ |2k (distal tubule)

HEA T2 EEA LT P72 38 243 v
&40 Ao, FET E= 22 FHE tpFstA vEr
ok HEATS AQPIE TEHA] 1 &7MANY
z27t folA, B gt HA 2= T (Fig. 1a).

FARA AU A dEA T2 nA§EF EED D
o|= ZAZA| grof, EE|EA| o] vl3| HHo| AH R T
EHA Hol= AL AT 4= At EEZAT vp
M &2 &3 ABE Ao Fgol ol HAsklen, vt
9718 A2 F7] AR 71 9] B¢ nEZEg
ofEo| Hig | o8 9Xst= AE & 5 UdTH
EZAEY g2A WEeR 529 YAHREE v
A FEsta dolE S/T = AT HEAToA A
9] ol 2.1+0.22 um A TH(Fig. 1d).

3. g

AT EYEZAT 9 HEATI vwste Hagh
T 2379] oA thE A Z, & S EXN| X (principal cell)2}
AFO] Al 3 (intercalated cel )22 FAAE O] ATH[21.22]. &

EAZE Hdi7] Holl 249 22 nAlsEEo] YL, F
ol WHez gl Sl shte 21 AEe EA=2 44
Al 4= QAT oo H]3f, Abo] Al Fj7] ol A
271 glod, EXAH O We A F5 (microplicae)E°]
FAEA e AL & & ANTH(Fig. 3a & b). 2EA|E
oAl AR O] Zol= 1.86+0.31 umE QAFF Hol=
HEA|TH(2.1£0.22 um) T} A2 F-2J3F 2ol 7} GIATH.

4. sy zale] 7H=C}a]

A e UR B w2 A Tttt AT RES
EZ3ste). A g) o] 7H=thE] (thin limbs of the Henle’s
loop) = F7HA| T (intermediate tubule)2 E 2| ZA|H
I AEARS ddsta Jon, FARAARF A E
ZEATT AEAT D Yol &3 AFE A=l A
of Hlaste] G2sHA Hol= TdFHBFFLRE Hof TE
o] 7hsstiet. A2 o) 7=tk oA AR dol=
424073 um= FH HEA|T L Ao v s
ZAA B oH (Fig. 4a & b), TARAAA 43t 2ol &
2Ath(Fig. 5).
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Fig. 3. Scanning electron microscopy images of the distal tubule (DT) and collecting duct (CD). Right panel (b) is an enlargement of the
rectangle area of (a). The morphological differences between the principal (PC) and intercalated cells (IC) in the collecting duct can be dis-
tinguished (b). Primary cilia (arrows) are present exclusively in the principal cells of the collecting duct and are absent in the intercalated

cells.

Fig. 4. Scanning electron microscopy images of the distal tubule (DT) and the thin limb of Henle’s loop (TL). Right panel (b) is an enlarge-
ment of the rectangle area of (a). The primary cilia (arrow) length is notably longer in the thin limb.
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Fig. 5. The mean values of primary cilia length in each kidney
tubule were compared. Values are presented as means +SD. *P<
0.05, determined using one-way ANOVA followed by Tukey’s
post-hoc test.

S A, bt Hmel AF) Bo] oluAE @]
9 olYth223). FAAAAR A A9 W Eeo] 2
w2Ech, vad 4uo AXA Bk BN 4
g3t ol gol ek, Tyt EelBAT A4S B 4T 2
e} o] el Hust &7bgAtelE G

£

N R R 2o BREL AR Aojgt 27
i BAAEE 8 SR 22 Fush] ojge
olg}, Zol7h AdjH o 71wt AuHow 24t
£ o] Ho] ATy} =" & k. BrusA 2 A7
AHE oA Lol2 ZHstd QA B AT A
EEERERF TS

o)W ATFEo|N Fetdu|Huro 2 T AT Hre)
Zoje Bag A3, 7+ AToi kst W9l YelA 2
o Fol7h QATHI0]. B AFo|AE AxtaAuF Aok
A Qlgstel BAl0] BREE ABSe] Hug Bsw
7 watglon, el ZAo|2 AN AxEY ol
N ABEE 2HETE A4ete 1o A%e) vwet
k.

M7 QAMRE AT Y Aeaels U w9

o R A 7tttk FHAT RES Z3ds dg
= EYEA| T AZAT Alo]o] X5, B AT
3 dd=+ Y7t (descending thin limb)e} HZ
MNT AAHE 2E7M=t}] (ascending thin limb)7} |
ok dg g o Wzttt o= &l AEA °olF
AT, HEEY 4 NaChe FH5HA] Zetct v =2
&7ttt e ol FshA Eotl YEEY das
Fost= §40] Qlth o] 7|53 EQL= Az
7tetrEle &9 93F35Z7 (countercurrent multiplier)
24 Ato]d Y IHEYGFEE o|FA 5, 2¥ES 7
Aol Tofstz A= LA UTh[26,27].

A2 Zh=thE| 5ol RAHEE 7HAIX e AR
AR wIpA oA AFtH o2 FolE 4= qloh[21]. 1Y
Ae I3 B4 2304 T8 ATER dolE
A A= ok WE7bedE e 287ty +#
2 FRAAEnAF R Y7 7HEsteh. v AlAA
A9 napA oA 2R AZ A F2 9ol YA
HE ZAe W 2 T2 Zolof sl Aastar 9l
A goh21.28]. & AFAHAE ST A 7}
ot olA AR ZolE WETE Y 5ot oflA
wE LESHA] Zehgleh FF A A B A
2 34ske u]) 3 I AR} 0] 7 (correlative light and electron
microscope, CLEM) 5= E-&3ttd, L &7F=ttz< Y
7l E S s FET 5 S Aot [29].
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2E & AA SlojA] AAAn B o2 ARt do] o Hoy, F2FHEF A tEF FH HEAE 2
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