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8"/;"5-& I%':_3,*+V,</J*<+91:1':&3&+V,4363':-+#+

8!;;& I=&*3,:7%'3J+S3':J4:,<-3=7+S='-30+W*1'3<=&*+W-:'*:7%'3J+

8A3& I%':)*;=7:.3-/&+

8OP&& I=1A,AI:77=-+

85$5/;<& I:,'=J'3,+9&&:J3='*<+W-:'*3,+!+

841"3& I%':J4-:)*+J+:03<=&*+&/6/,3'+B+3&:N:-)+#+

P;A;& I%J73J+1%-=,:1'*-3,+):,:14:&14='*+

P;A;& I%J73J+1%-=,:1'*-3,+):,:14:&14='*+

8+%0& IA9SW+\*&1:,&*+D7*)*,'A63,<3,;+1-:'*3,+

8+"#;+& I7/&'*-*<+\*;/7=-7%+V,'*-&1=J*<+$4:-'+W=73,<-:)3J+\*1*='&+

8$8(&& IIIaIA63,<3,;+N=J':-+

8QMC& V-:,A&/7N/-+J7/&'*-+=&&*)67%+1-:'*3,+eN-='=03,f+

'9+-<@& X34%<-:-4:<=)3,*+#!8+

'"3& X=%&+3,+.3'-:+

'!($& X2;2,2-*&J*,J*+7:6=3-*+N-:,':'*)1:-=7*++

'A-& X%&'-:143J+S%:':,%+'%1*+#+

'A#4& X3)2'4%7&/7N:0%<*+

';C'& X34%<-:1%-3)3<3,*+X*4%<-:;*,=&*+

'+)& X:-&=7+\::'+E=,;73:,+

%/& D13&:<3J+='=03=+

%"(</L9RS& D/_=-%:'3J+'-=,&7='3:,+3,3'3='3:,+N=J':-+!A=714=+_3,=&*+#+

T"(.%& D/_=-%:'3J+a-=,&7='3:,+V,3'3='3:,+?=J':-+BD+

%!;@& D7:,;=':-+9J*'%7'-=,&N*-=&*+I:)17*0+$/6/,3'+8+

%OUV"""& D,<:,/J7*=&*+VVV+

%;4& 2-%'4-:1:32'3,*+

(/8#& ?7/:-*&J*,J*A=J'3.='*<+J*77+&:-'3,;+

(/'9<& ?7=.3,+=<*,3,*+<3,/J7*:'3<*F+4%<-:5/3,:,*+

(/58F& ?=,J:,3+=,*)3=+;-:/1+g+1-:'*3,+

(/+/& ?-3*<-*3J4+9'=03=+\='3:,+$J=7*+

(/+#&& ?-3*<-*3J4+9'=03=+\*&*=-J4+9773=,J*+

(/#$W-&& ?KL+9,'3&*,&*+a-=,&J-31'+#+

(88;& I=-6:,%7+J%=,3<*A1A'-3N7/:-:)*'4:0%14*,%74%<-=h:,*+

('/& ?::<+=,<+X-/;+9<)3,3&'-='3:,+

('1& ?*--*<:03,+

('1-& ?*--*<:03,+#+

('1<& ?*--*<:03,+!+

('1+& ?*--*<:03,+\*</J'=&*+

(TW#& ?*A$:/N-*bV-:,A$/7N/-+

(%8'& ?/J4&+D,<:'4*73=7+I:-,*=7+X%&'-:14%+

(%89& ?*--:J4*7='=&*+

(";<DD& !PPA_X=+?9[AN=)37%+3,'*-=J'3,;+1-:'*3,+



!IJ!

(414& ?:-_4*=<+6:0+1-:'*3,+Y+

(;5& ?*--:1:-'3,+

(+'/& ?-3*<-*3J4i&+9'=03=+

(+$& ?*--3'3,+

(+$!& ?*--3'3,+M3;4'+I4=3,+

(#8& ?:-j=-<+&J=''*-+

(15& ?-='=03,+

)/!.& E=7=J':&*A-*&1:,&3.*+'-=,&J-31'3:,+N=J':-+B+

)/;'9& E7%J2-=7<24%<*A8A14:&14='*+<2&4%<-:;2,=&*+

)PXP&& E7/'=)='*kJ%&'*3,*+73;=&*+J='=7%'3J+&/6/,3'+

)8#9&& E7%J3,*+I7*=.=;*+$%&'*)+W-:'*3,+c+

)PY@&& E7%J3,*+I7*=.=;*+$%&'*)+W-:'*3,+c+

)(;& E-**,+N7/:-*&J*,'+1-:'*3,+

)!+1B& E7/'=-*<:03,+C+

)!*$-& E7/J:&*+'-=,&1:-'*-+#+

)!*$.& E7/J:&*+'-=,&1:-'*-+C+

);/$L;;/$& E7%J*-:7A8A14:&14='*+=J%7'-=,&N*-=&*+

)+;2B&& I4=1*-:,*+;7/J:&*A-*;/7='*<+1-:'*3,+UC++

)RZB&& S:,:'43:7+;7/'=-*<:03,AC+

)N[U-&& E7/'='43:,*+$A'-=,&N*-=&*+#+

)$;& E/=,:&3,*+'-314:&14='*+

9<4<& c%<-:;*,+W*-:03<*+

90##& c=,_i&+Q=7=,J*<+$=7'+$:7/'3:,+

98#& c3;4+J:,'*,'+&J-**,3,;++

9'/8& c3&':,*+<2&=J2'%7=&*+

9%E&& c/)=,+D)6-%:,3J+[3<,*%&+

9A)8+& c%<-:0%)2'4%7;7/'=-%7AI:9+-2</J'=&*+

9A41-& c*)*+Y0%;*,=&*+#+

9NP/& c&J9+S3':J4:,<-3=7+V-:,A$/7N/-+I7/&'*-+I:J4=1*-:,*+

9#80&& c&JQ+S3':J4:,<-3=7+V-:,A$/7N/-+I7/&'*-+I:J4=1*-:,*+

9#;/?& S3':J4:,<-3=7+UP_X=+4*='+&4:J_+1-:'*3,+

9#3& c*-1*&+&3)17*0+.3-/&+

9$#& c3;4A'4-:/;41/'+&J-**,3,;++

"/+8& V,'*-,='3:,=7+9'=03=+\*&*=-J4+I:,N*-*,J*+

"0/B2& 3-:,A&/7N/-+J7/&'*-+=&&*)67%+N=J':-+CU+

"8/+#&& V,'*-,='3:,=7+I::1*-='3.*+9'=03=+\='3,;+$J=7*++

")(W-& V,&/73,A73_*+;-:j'4+N=J':-A#+

"98& V))/,:43&':J43)3*+

"ON<& V,&/73,+VV+

"4;-& V-:,A:,7%+4%<-:;*,=&*A73_*+1-:'*3,+#+

";#8& V,</J*<A17/-31:'*,'+&'*)+J*77+

"+%& V-:,+\*&1:,&3.*+D7*)*,'+

"+A& V)=;*-3*+1=-+\2&:,=,J*+S=;,2'35/*+



!IG!

"+;-& V\D+\*;/7=':-%+W-:'*3,+#+

"#8/-L"NM-& V-:,A$/7N/-+I7/&'*-+9&&*)67%+#+

"#8/<L"NM<& V-:,A$/7N/-+I7/&'*-+9&&*)67%+!+

"NP#& I%&'*3,*+<*&/7N/-=&*+V&J$+

"#8*L"NP*& V-:,A$/7N/-+I7/&'*-+9&&*)67%+D,h%)*+

"#'--& V-:,A&/7N/-+1-:'*3,+63:;*,*&3&F+<*&/7N/-=&*A3,'*-=J'3,;+1-:'*3,+##+

"N\& V-:,+&/7N/-+J7/&'*-+=&&*)67%+1-:'*3,+#+

FMP-& gA'%1*+J:AJ4=1*-:,*+#+

E)'9& 9714=A_*':;7/'=-='*+<*4%<-:;*,=&*+

E"& [,:J_A3,+

E"(./& [3,*&3,+N=)37%+)*)6*-+B9+

E4& [,:J_A:/'+

!/& M31:3J+9J3<+

!8@& S3J-:'/6/7*A=&&:J3='*<+1-:'*3,&+#9b#Q+73;4'+J4=3,+8Q+

!'& M31:%7+X:)=3,+

!'9]& M=J'='*+X*4%<-:;*,=&*+Q+

!"/#L!S^BL!S^/& M31:3J+=J3<+&%,'4*'=&*+

!";$-L!S^@& M31:%7'-=,&N*-=&*+#+

!";$<&L!S^<L!S^0& M31:%7+eYJ'=,:%7f+a-=,&N*-=&*+!+

!E0-& M3.*-+_3,=&*+Q#+

!5& M:,;+L:-)=7+

!4;/8& M36-=-%+:N+W4=-)=J:7:;3J=77%+9J'3.*+I:)1:/,<&+

!^X/&& M31:='*A1-:'*3,+73;=&*+9+

!RRE& M*/J3,*A-3J4+-*1*='+_3,=&*+

A/;E& S3':;*,A=J'3.='*<+1-:'*3,+_3,=&*+

A0;& S%*73,+6=&3J+1-:'*3,+

A8E& S/&J7*+J-*='3,*+_3,=&*+

A%& S3J-:&J:13*+27*J'-:,35/*+

A%(<& S%:J%'*+*,4=,J*-+N=J':-A!+

A((& S3':J4:,<-3=7+N3&&3:,+N=J':-+

A_T-& E-1D+1-:'*3,+4:):7:;+

A9C-.6B& +BFOAX3ABA):-14:73,%7ALAeBA,3'-:14*,%7fA#F8FCA'-3=h3,A!A=)3,*+

AA#-?& SS$#@+c:):7:;F+I%':&:73J+V-:,A$/7N/-+9&&*)67%+I:)1:,*,'+

AV8V& I:N=J'*/-+T+):7%6<(,*+

A48#-& S:7%6<*,/)+J:N=J':-+63:&%,'4*&3&+1-:'*3,+#+

A4"& S/7'3173J3'%+:N+V,N*J'3:,+

A;;&& S3':J4:,<-3=7+W-:J*&&3,;+W*1'3<=&*+

A#*'& S=17*+&%-/1+/-3,*+<3&*=&*+

A$)& S3':'-=J_*-+E-**,+?S+

A$9('<& Q3N/,J'3:,=7+)*'4%7*,*'*'-=4%<-:N:7='*+<*4%<-:;*,=&*bJ%J7:4%<-:7=&*+

`$4+&& )*J4=,3&'3J+a=-;*'+YN+\=1=)%J3,+

`$4+8-&& )aY\+I:)17*0+#+

`$4+8<& )aY\+I:)17*0+!+



!II!

A$#& S3':$YK+

5/'9& L3J:'3,=)3<*+=<2,3,*+<3,/J72:'3<*+

50;@B&& I%':&:73J+?*A$+J7/&'*-+=&&*)67%+N=J':-+LQW8C+

50+-& L*3;46:-+:N+Q\I9#+;*,*+#+

5'& L:%=/+X*,'*72+

5'4+-&& L9XWc+X*1*,<*,'+X3N7=.3,+Y03<:-*</J'=&*+#+

5'*(#@& L9Xc+<*4%<-:;*,=&*+l/635/3,:,*m+3-:,A&/7N/-+1-:'*3,+8+

5%+& L/J7*:'3<*+D0J3&3:,+\*1=3-+

5(<DD& L*/-:N37=)*,'+4*=.%F+!PP+_X=+

5(#-& I%&'*3,*+<*&/7N/-=&*+

5(*-& V-:,A$/7N/-+I7/&'*-+$J=NN:7<+

5)(& L*-.*+E-:j'4+?=J':-+

5"1L05";@!& QIM!+3,'*-=J'3,;+1-:'*3,+8+73_*+

5E9& L:,_*':'3J+4%1*-;7%J3,*)3=+

5+(-& L/J7*=-+-*&13-=':-%+N=J':-+#+

5+(<&& L/J7*=-+N=J':-+e*-%'4-:3<A<*-3.*<+!fA73_*+!+

5#%& L*/-:,A&1*J3N3J+*,:7=&*+

5$& L:,+'-=,&N*J'2+

5$@& L*/-:'-:143,A8+

4;$5& Y1'3,*/-3,+

;=<L#>#$A-& $*5/*&':&:)*A#+

;2D#=E& \36:&:)=7+1-:'*3,+$O+_3,=&*+6*'=A#+

;/(& W7='*7*'+=J'3.='3,;+N=J':-+

;8+& W:7%)*-=&*+I4=3,+\*=J'3:,+

;'0& W-:'*3,+X='=+Q=,_+

;'8W%<& W%-/.='*<+X*4%<-:;*,=&*+I:)17*0F+D!+&/6/,3'+

;'9& W%-/.='*<+X*4%<-:;*,=&*+

;'E-& W4:&14:3,:&3'3<*A<*1*,<*,'+_3,=&*A#+

;%3&& W:&3'3:,+*NN*J'+.=-3*;='3:,+

;)8-a& WW9\+;=))=+J:=J'3.=':-+#+=714=+

;9)'9& W4:&14:;7%J*-='*+<*4%<-:;*,=&*+

;"5E-& WaDLA+3,</J*<+1/'='3.*+_3,=&*+#+

;!'-& W4:&14:731=&*+X#+

;!;& 1%-3<:0=7+C>+14:&14='*+

;;/+& W*-:03&:)*+1-:73N*-=':-A=J'3.='*<+-*J*1':-+

;R^& W-3:,+1-:'*3,+

;#/$-& W4:&14:&*-3,*+=)3,:'-=,&N*-=&*+#+

;YMX]& W=-.=76/)3,*+

>-D& I:*,h%)*+n#P+

>#& n/3J_$'=3,+

+/;$4+& \*;/7=':-%A=&&:J3='*<+1-:'*3,+:N+)aY\+

+%$& \*'+W-:':AY,J:;*,*+

+5(-<=& D8+/635/3'3,+73;=&*+-3,;+N3,;*-+1-:'*3,+#!O+



!Ip!

+4#& \*=J'3.*+Y0%;*,+$1*J3*&+

+;/& \4:<=)3,*+QAle#F#PA14*,=,'4-:73,ACA%7f=)3,:J=-6:,%7m6*,h%7+*&'*-+

+#/'<& \=<3J=7+$A9<*,:&%7+S*'43:,3,*+X:)=3,+I:,'=3,3,;+!+

+$Wb;8+& \*.*-&*+a-=,&J-31'=&*+5/=,'3'='3.*+WI\+

+$%!-&& \*;/7=':-+YN+a*7:)*-*+D7:,;='3:,+c*73J=&*+#+

#/A&& $A=<2,:&%7AMA)2'43:,3,*++

#/+/&& $J=7*+N:-+'4*+9&&*&&)*,'+=,<+\='3,;+:N+9'=03=+

#8/& &13,:J*-*6*77=-+='=03=+

#'9& $/JJ3,=<*+<*&4%<-:;*,=&*+

Nc+5/& &)=77+4=3-13,+\L9+

#!/& $J72-:&*+7='2-=7*+=)%:'-:1435/*+

#5& $4:-'+L:-)=7+

#58& $%&'()*+L*-.*/0+I*,'-=7+

#5;& $%&'()*+L*-.*/0+W2-3142-35/*+

#4'<& $/1*-:03<*+<3&)/'=&*+!+

#;;-& $*J-*'*<+W4:&14:1-:'*3,+#+

#+%0;-& $'*-:7+-*;/7=':-%+*7*)*,'A63,<3,;+1-:'*3,+#+

##8& $3<*+&J=''*-+

$/!%5N& a-=,&J-31'3:,+=J'3.=':-A73_*+*NN*J':-+,/J7*=&*+

$/$& a-=,&A9J'3.=':-+:N+a-=,&J-31'3:,++

$(%0& a-=,&J-31'3:,+?=J':-+DQ+

$(+-& a-=,&N*--3,+-*J*1':-+1-:'*3,+#+

$A+A& a*'-=)*'4%7-4:<=)3,*F+S*'4%7+D&'*-+

$Rd/& a-:1:)%:&3,+-*J*1':-+_3,=&*+9+

$Rd0& a-:1:)%:&3,+-*J*1':-+_3,=&*+Q+

$Rd8& a-:1:)%:&3,+-*J*1':-+_3,=&*+I+

$+;3-& a-=,&3*,'+-*J*1':-+1:'*,'3=7+.=,377:3<*+#+

$#8-& a/6*-:/&+&J7*-:&3&+#+

$#8<& a/6*-:/&+&J7*-:&3&+!+

$JC-& a4%A#+I*77+$/-N=J*+9,'3;*,+

*/#& d1&'-*=)+9J'3.='3:,+$*5/*,J*+

*!E-& d,JAC#+M3_*+9/':14=;%+9J'3.='3,;+[3,=&*+#+

*;+& d,N:7<*<+W-:'*3,+\*&1:,&*+

*$+& d,'-=,&7='*<+\*;3:,+

3"9& `3-/&+<*+7i3))/,:<2N3J3*,J*+c/)=3,*+

J$& o37<+a%1*+

14& K=,'43,*+:03<=&*+

1;'& K*-:<*-)=+13;)*,':&/)+;-:/1+X+

C/8& p*=&'+9-'3N3J3=7+I4-:):&:)*+

Cec-& p*=&'+N-='=03,+4:):7:;+
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2. Dorsal root ganglia (DRG) in Friedreich ataxia (FRDA) (A C) and normal control (D F). The DRG in FRDA (A) stands
out by the smaller size of its neurons and subcapsular hypercellularity. The larger number of nuclei is caused by abundant satellite
cells about neurons and in residual nodules ([A] insert). The heterogeneous staining intensity of normal DRG neurons with
hematoxylin and eosin (D) and after immunohistochemistry (IHC) with anti class III -tubulin (E) is less evident in FRDA (A, B)
The section of a DRG ganglion (B) also reveals the highly irregular outlines of several neurons caused by proliferation of satellite
cells and ultimate total absorption of the neuron into residual nodules ([B] arrow and inset). The S100 immunostain reveals a
single-cell layer of satellite cells around normal neurons in the normal DRG (F). In contrast, the much smaller neurons in FRDA
display a highly irregular multilayered rim of these cells and replacement of neurons by nodules ([C] inset). Hematoxylin and
eosin (A, D); IHC for class III -tubulin (monoclonal antibody TUJ-1) (B, E); IHC for S100 (C, F). Scale bars = 50 m; insets, 20 m.
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5. Sural nerve abnormalities in Friedreich ataxia (FRDA). (A, D) Double-label immunofluorescence of peripheral myelin
protein P (Quantum Red) and axonal class III -tubulin (Alexa 488, green) of the sural nerve in FRDA (A) shows persistence of
axons, although axonal diameters are reduced and myelin is deficient compared with those of the normal (D). Larger myelinated
fibers are entirely absent (A) (B, E) Few S100 -immunoreactive Schwann cells remain in the sural nerve of FRDA (B) in contrast
to the normal control (E) (C, F) Electron microscopy of the nerve in FRDA confirms lack of thick myelin sheaths and an
abundance of thin unmyelinated axons surrounded by tortuous Schwann cell processes ([C] arrow) in contrast to the normal
control (F). Scale bars = (A, D) 25 m; (B, E) 20 m; (C, F) m. Dr Benjamin B. Gelman (Galveston, TX) provided the electron
micrograph shown in (C)
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5. Sural nerve abnormalities in Friedreich ataxia (FRDA). (A, D) Double-label immunofluorescence of peripheral myelin
protein P (Quantum Red) and axonal class III -tubulin (Alexa 488, green) of the sural nerve in FRDA (A) shows persistence of
axons, although axonal diameters are reduced and myelin is deficient compared with those of the normal (D). Larger myelinated
fibers are entirely absent (A) (B, E) Few S100 -immunoreactive Schwann cells remain in the sural nerve of FRDA (B) in contrast
to the normal control (E) (C, F) Electron microscopy of the nerve in FRDA confirms lack of thick myelin sheaths and an
abundance of thin unmyelinated axons surrounded by tortuous Schwann cell processes ([C] arrow) in contrast to the normal
control (F). Scale bars = (A, D) 25 m; (B, E) 20 m; (C, F) m. Dr Benjamin B. Gelman (Galveston, TX) provided the electron
micrograph shown in (C)
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4. Neuronal atrophy in gracile and lateral cuneate nuclei in Friedreich ataxia (FRDA). Normal gracile nucleus (A) and normal
lateral cuneate nucleus (B). FRDA, gracile nuclei are shown in (C) and (E); FRDA, lateral cuneate nuclei are shown in (D) and (F)
Panels (C, D) and (E, F) are from 2 different FRDA cases. Immunohistochemistry of nonphosphorylated neurofilament protein. Levels
of the medulla oblongata and location of the nuclei were identified based on Olszewski and Baxter (63). Scale bar = 50 m.
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4. Neuronal atrophy in gracile and lateral cuneate nuclei in Friedreich ataxia (FRDA). Normal gracile nucleus (A) and normal
lateral cuneate nucleus (B). FRDA, gracile nuclei are shown in (C) and (E); FRDA, lateral cuneate nuclei are shown in (D) and (F)
Panels (C, D) and (E, F) are from 2 different FRDA cases. Immunohistochemistry of nonphosphorylated neurofilament protein. Levels
of the medulla oblongata and location of the nuclei were identified based on Olszewski and Baxter (63). Scale bar = 50 m.
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3. of Clarke column of the spinal cord in Friedreich ataxia (FRDA) (A E)
(F J). In comparison with the normal control , the dorsal root in FRDA

in the dorsal root of FRDA are abundant , but they are much smaller than in the normal . The
of Clarke column is devoid of neurons ; arrow in at higher magnification in

. There is also long tract degeneration of the dorsal column, dorsal spinocerebellar tract, and corticospinal tract (interrupted
. In the control case (H J), the spinal cord in FRDA. The normal nucleus

; arrow in at higher magnification in
F); IHC for myelin basic protein G); IHC for of class

(C E, H J). Scale bars = B, E G, J) 50 m; H) 1 mm; I) m.
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3. of Clarke column of the spinal cord in Friedreich ataxia (FRDA) (A E)
(F J). In comparison with the normal control , the dorsal root in FRDA

in the dorsal root of FRDA are abundant , but they are much smaller than in the normal . The
of Clarke column is devoid of neurons ; arrow in at higher magnification in

. There is also long tract degeneration of the dorsal column, dorsal spinocerebellar tract, and corticospinal tract (interrupted
. In the control case (H J), the spinal cord in FRDA. The normal nucleus

; arrow in at higher magnification in
F); IHC for myelin basic protein G); IHC for of class

(C E, H J). Scale bars = B, E G, J) 50 m; H) 1 mm; I) m.
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shows composite photomicrographs of thoracic
al cord and DRG of an FA patient (FA18, Table)
. 1a–c) and a normal control (man, age of death: 62 years)
. 1d–f). The stain for MBP shows the small size of the

cord and the severe symmetrical depletion of myelinated fibers
in dorsal columns, dorsal spinocerebellar, and lateral cortico-
spinal tracts (Fig. 1a). The section of the FA case also shows
anteroposterior flattening of the thoracic spinal cord when
compared with the normal control (Fig. 1d). Neurons in the
DRG of FA (Fig. 1b, c) are generally smaller in comparison

with normal DRG nerve cells (Fig. 1e, f). In FA, DRG are
hypercellular, residual nodules are frequent (Fig. 1c, ar-
rows); and a cluster of small cells suggests active invasion
of a neuron by mononuclear cells, satellite cells, or both
Fig. 1b, arrow).

ws a composite of a DR entry zone in FA
2, Table) and a control case after immunohistochemical
ng for phosphorylated neurofilament protein ( . 2a, b),
2 ( . 2c, d), and PLP ( . 2e, f). Reaction product

of phosphorylated neurofilament protein shows transition of
n axons from the DR into the central nervous system (CNS)

1. of the thoracic spinal cord and DRG neurons. FA (FA18, Table);
of death, 62 years). d) of MBP; c, e, f) of the thoracic

in FA in size and the characteristic symmetrical loss of myelinated fibers in dorsal
of the spinal cord in FA

of the program, cross-sectional areas were measured as 19.11 and 36.53mm , respectively.
c, e, f). When the satellite layer and

to postmortem artifact, the outline was placed midway between satellite cells
18). In FA, neurons were generally smaller c). The section shown in In

, a neuron is undergoing active invasion by satellite cells or monocytes (arrow). Scale bars: a, d, 1mm; b, c, e, f, 20 m.
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dysfunction as primary cause of mortality in FRDA and ascertained risk

factors for mortality by comparing clinical characteristics of deceased

and living FRDA patients.

2. Methods

We performed a retrospective study using records from living and

deceased FRDA patients. Records were collected from 5 academic

centers participating in a longitudinal natural history study of FRDA, as

well as the Friedreich Ataxia Research Alliance Pathology Database and

particular attention to age of onset, diagnosis, genetic con rmation,

triplet repeat length, and cardiachistory. Causeof deathwasdetermined

by review of death certi cates, autopsy reports, or patient records. The

study protocol was approved by the IRB at the Children's Hospital of

Philadelphia and other institutions, and written informed consent was

obtained from participating subjects or guardians.

We reviewed records from 61 deceased and 38 living FRDA patients.

Cause of death was classi ed as cardiac (for example, congestive heart

failure, identi ed arrhythmia, myocardial infarction), probable cardiac

(such as known history of arrhythmiawith sudden death), non-cardiac,

or unknown. More detailed analysis was performed on 20 deceased

ts for whom detailed records (including echocardiography

reports and physician notes) were available. We performed a case

control analysis, comparing clinical characteristics of these subjectswith

characteristics of living, age- and sex-matched FRDA controls (with two

controls for every deceased subject). Patients were considered to have a

dilated cardiomyopathy if dilation was described on echocardiogram

and an ejection fraction (EF) 40% was present. Hypertrophic

cardiomyopathy was de ned by the presence of hypertrophy in clinical

records of echocardiographs or their reports.

All statistical calculationswere performed using Stata 11.0 statistical

software. In the deceased cohort linear regression was used to assess

correlations between shorter GAA repeat length and disease duration

and age at death. Medians were compared using the Wilcoxon Rank

Sum (Mann Whitney) test. We used logistic regression to determine if

clinical factors such as age of onset, disease duration, gender, and GAA

repeat length were associated with death from cardiac dysfunction

compared to non-cardiac causes. As part of the case control analysis the

prevalence of cardiac hypertrophy, arrhythmia and other characteristics

between cases and controls were compared using Fisher's exact test.

3. Results

Of the 61 records collected from deceased individuals with FRDA,

46% were male and 54% were female. Deaths occurred between 1993

and 2010. Fifty-six of sixty-one patients were genetically con rmed.

Uncon rmed patients (n=5) either died before or were diagnosed far

prior to the availability of genetic testing. In our deceased cohort, the

mean age of symptom onsetwas 12 years (median 9, range 1 70 years)

and the median shorter GAA repeat length was 700 (range 104 1200).

No patients carried pointmutations in the FXN gene. Compared to other

contemporary living cohort studies, our deceased cohort presented

earlier than typical FRDA patients [3,8,9]. The shorter GAA repeat length

inversely correlatedwith disease duration (r= 0.45, p=0.009, Fig. 1

as well as age of death (r= 0.66, p 0.001, Fig. 2).

of death

In this cohort, cardiac dysfunction was the most common cause of

of all deaths. Three percent of patients died from

to cardiac

in 10% of patients, the cause of death was unknown.

of death was end stage

in 16% of patients arrhythmia was involved either in isolation or

in conjunction with CHF ( ). The majority of deaths occurred

16 to 45 (range 12 a mean of 36.5 years and a

of 30 years ( ). Compared to patients deceased from non-

had signi

on (p=0.02) and earlier age at death,

l signi (p=0.076, ).

of onset and GAA repeat length did not markedly differ

).

Of the 36 patients dying from cardiac dysfunction, men and

the primary cause

in 5 cases and played a signi in 5 others. Nine of these ten

a signi

n (p=0.019).

we evaluated what factors might be

to non-

We found patients with disease duration of 20 years

of death from cardiac dysfunction

to patients with disease duration 20 years (OR 0.19, 95%

CI 0.05 p=0.016). In our model, age of onset, GAA repeat length

Among the 20 deceased FRDA patients with more substantive clinical

information, the most common initial symptom was ataxia (50%),

while few (15%) presented from cardiomyopathy. Cardiomyopathy

1.

of deceased FRDA subjects, disease duration was moderately correlated

(r= p=0.009). y=42 =0.20.

2. of death. Age of death and GAA

(r= y=73.2

=0.44.
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and of Escherichia coli CyaY were obtained shortly there-
after [31, 32]. The NMR structures of CyaY and Yfh1, to-
gether with two complexes of CyaY with metals and the 
structures of two assemblies of Yfh1, are now also avail-
able [33–36]. They all share a very similar fold, which di-
rectly reflects the high degree of sequence conservation 
and strongly suggests a common function. The various 
structures superpose with root mean square deviations 
(RMSDs) of 1.7 to 2.4 Å. The fold consists of a globular, 
slightly elongated domain in which two helices pack 
against a 5- to 7-residue -sheet (Fig. 2). The two helices 
are N- and C-terminals to the -sheet. The C-terminus, 
of variable length in the different orthologues, inserts in 
between the two helices. For a long time, no other pro-
tein could be found in the protein structure database 

t shared the frataxin fold, despite its apparent 
plicity. Only recently, the crystal structure of the Nqo 

15 protein, which is part of complex I of the Ther-
mus thermophilus mitochondrial respiratory chain, was 
solved and shown to contain a domain, N3, with a fold 

similar to that observed in frataxin, although it lacks de-
tectable sequence homology [37]. Conservation through-
out species indicates which residues are essential, either 
for folding (structural residues, usually buried in the hy-
drophobic core) or for function (functional residues, 
usually exposed on the surface) [30, 31]. In frataxin, con-
served and semi-conserved residues cluster onto the 

surface (i. e., the one containing the first helix and 
the -sheet) [30]. A ridge of semi-conserved acidic resi-
dues is distributed along the first helix, forming a highly 
negatively charged surface. Adjacent to this patch, a well-
exposed and conserved aspartate (D31 in E. coli) is lo-
cated on the first strand of the -sheet. The exposed and 
completely conserved tryptophan (W61 in E. coli, W155 
in hfra) is also found on the -sheet. It is interesting to 
note that all missense mutations found in individuals 
with heterozygous FRDA affect conserved residues [38]. 
Mutation of the conserved exposed tryptophan to an 

 for instance, leads to a particularly severe 
FRDA phenotype [39].
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Glu92 to Ala114 for the to Leu194 for the second

helix. Additionally, a C-terminal segment of 15 residues, with non-periodic

t this chapter, this segment will be

. Second, the authors identi ed two different

in surfaces, both very conserved through evolution. One of them, the region

n as the , is formed by several acidic residues of the alpha helix

1, loop-1 and the beta strand 1 (Fig. ) and it comprises , accounting

of the total accessible surface area of the protein. The other conserved

ce forms an extended patch of

. Interestingly, considering the amino acid

be involved in

n interaction processes. Given that some mutations that result in

in the anionic (D122Y) or in the apolar/positive (G130 V, W155R, and

) surfaces, the authors suggested that these surfaces may be critical for FXN

). Moreover, structure-function-phenotype relationships were

of these mutations result in speci c FRDA phenotypes.

ut any doubt, the interpretation of these

put in context and its essential interaction with other proteins,

by means of these surfaces, was established. We will analyze this issue in detail

in this chapter.

of FXN inside the

as to which is the functional species. Nevertheless, it was found

a disordered N-terminal region (Popovic et al. ; Prischi et al.

; Castro et al. ), with a mitochondrial translocation signal that spans the

41 residues. FXN is processed at least in two steps, the ng an

ng the mature (FXN

et al. ; Schmucker et al.

of PDB ID: 1EKG is

as

as

is depicted

in red. N and C indicate the

N- and the C-terminal
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et al. ) (Fig. . Additionally, the ten residues of the

81 to 90) are disordered, though they may be functionally

et al. ).

It is worthy of mention that at least three different isoforms of FXN (type I, II,

et al. ). Type I is the canonical isoform

is observed in mitochondria and presents 130-aminoacid residues with a

of 14.2 kDa. Type II is 135-residue long, with an expected

of 14.9 kDa, meanwhile FXN III has 164 residues with a molecular

of 18.2 kDa. FXN II and III are located mostly in the cytosol and nucleus,

of these isoforms is tissue-speci c. Whereas FXN type

II is abundant in the nervous system, type III is abundant in the heart (Xia et al.

). Type III showed great iron binding capacity (reducing its toxicity) and it

of aconitase activity (Xia et al. ).

s have described that erythrocytes have a FXN isoform called

E (Guo et al. 2018). This protein is 135-amino acids long (similar to type II

, lacks the mitochondrial targeting sequence and is N-terminally acetylated,

in the is three times more abundant in

of the acidic ridge of FXN.

of the representation of the FXN electrostatic surface. in the same orientation as

) and ( ), respectively, but show the topology of the protein. In ( ), Glu and Asp residues

in the acidic ridge (alpha helix 1, loop-1 and beta strand 1, in red ribbon) are shown.
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FXN Interactions with NFS1 dimer interface and C-terminus

FXN interacts with one NFS1 protomer via potential salt-bridges,
and with the other NFS1 protomer through van der Waals con-
tacts (Fig. a). The salt-bridge interface, highly conserved across

hologues (Supplementary Fig. 9), involves an acidic ridge of
FXN21 (end of 1, loop 1- 1, start of 1) and a positively-
charged Arg-rich patch (Arg272-Arg277) on one NFS1 protomer
(Figs. d, a and Supplementary Fig. 8a, b). For example, FXN

124 can potentially form salt-bridges with NFS1 Arg289,
while carbonyl backbones of FXN residues Glu121 and Tyr123

form potential H-bonds with NFS1 Arg119 and Arg272 (Fig. a).
The FXN(D124A) variant, aimed at abolishing these salt-bridges,

s SDAU with 4-fold weakened compared to wild-type
(WT)(Table and Supplementary Fig. 1d). FXN contacts the
other NFS1 protomer, and ISCU, using the -sheet ( 1- 5) sur-
face (Fig. d). In this interface, FXN directly contacts the NFS1

containing the catalytic residue Cys381 (Cys-loop) (Fig. a),
interaction between FXN Trp155 and NFS1

Leu386, and potential H-bond between FXN Asn146 and NFS1
84 carbonyl backbone. The clinical variant FXN(N146K)
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. Cryo-EM density of SDAUF-Zn re (NFS1/NFS1 a, ACP/

, Cyan, FXN/FXN . Cartoon representation of SDAUF-Zn . 4 -phosphopantetheine acyl chain (8Q1,

), Zn and pyridoxal 5 (PLP, wheat) are shown as sticks/spheres. . Scattering data from a sample of SDAUF used in cryo-

EM was collected (black points) and t to the theoretical SAXS pro le back-calculated from the SDAUF-Zn 1.98.

. The ab initio envelope calculated from SAXS data for the SDAUF sample was superimposed with the cryo-EM structure . In the SDAUF complex, each

to a cavity formed by interface of NFS1 homodimer and one ISCU. FXN is shown as orange cartoon, while other subunits of the complex are

as surface representation (colored by electrostatic potential). Yellow dotted lines denote protein boundaries. Source data for panel c are provided as

a Source Data le
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and with the other NFS1 protomer through van der Waals con-
tacts (Fig. a). The salt-bridge interface, highly conserved across

hologues (Supplementary Fig. 9), involves an acidic ridge of
FXN21 (end of 1, loop 1- 1, start of 1) and a positively-
charged Arg-rich patch (Arg272-Arg277) on one NFS1 protomer
(Figs. d, a and Supplementary Fig. 8a, b). For example, FXN

124 can potentially form salt-bridges with NFS1 Arg289,
while carbonyl backbones of FXN residues Glu121 and Tyr123

form potential H-bonds with NFS1 Arg119 and Arg272 (Fig. a).
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Figure 2. AMPK regulates a variety of metabolic processes

Once activated, the AMP-activated protein kinase (AMPK) complex phosphorylates key 

targets to rewire metabolism. The direct targets of AMPK are shown in the first concentric 

circle. The arrow indicates whether the phosphorylation is activating or inhibitory for the 

tion of the target protein. The general process in which each target is involved is 

indicated in the next circle, and the box colour indicates whether that general process is 

activated (green) or inhibited (red). For certain targets, an intermediate mediator of the effect 

is indicated between the two circles. The pathways modulated by AMPK are grouped into 

neral categories — protein metabolism, lipid metabolism, glucose metabolism, and 

autophagy and mitochondrial homeostasis — denoting the wide range of processes that are 

controlled by AMPK. mTOR is modulated by AMPK while also modulating several direct 

rect targets of AMPK. This is illustrated by arrows from mTOR to its targets and 

serves to emphasize the complex relationship between these two signalling pathways. 

Transcriptional regulators are denoted by an asterisk. It is important to note that only a 

subset of AMPK substrates is included in the figure. ChREBP, carbohydrate-responsive 

element-binding protein; CREB, cAMP response element-binding protein; FOXO, forkhead 

ein O; HDAC, histone deacetylase; HMGCR, HMG-CoA reductase; HNF4 , 

hepatocyte nuclear factor 4 ; MFF, mitochondrial fission factor; PGC1 some 
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Chapter 15

Primary Cultures of Pure Embryonic Dorsal Root Ganglia 
Sensory Neurons as a New Cellular Model for Friedreich’s 
Ataxia

Olivier Griso and Hélène Puccio

Abstract

Peripheral neuropathies can have various origins, from genetic to acquired causes, and affect altogether a 
large group of people in the world. Current available therapies aim at helping the disease symptoms but 
not to correct or stop the development of the disease. Primary neuronal cultures represent an essential tool 
in the study of events related to peripheral neuropathies as they allow to isolate the affected cell types, often 
originating in complex tissues in which they account for only a few percentage of cells. They provide a 
powerful system to identifying or testing compounds with potential therapeutic effect in the treatment of 
those diseases. Friedreich’s ataxia is an autosomal recessive neurodegenerative disorder, which is character-
ized by a progressive spinocerebellar and sensory ataxia. Proprioceptive neurons of the dorsal root ganglia 
(DRG) are the primary affected cells. The disease is triggered by a mutation in the gene FXN which leads 
to a reduction of the frataxin protein. In order to study the neurophysiopathology of the disease at the 
cellular and molecular levels, we have established a model of primary cultures of DRG sensory neurons in 
which we induce the loss of the frataxin protein. With such a model we can alleviate the issues related to 
the complexity of DRG tissues and low amount of sensory neuron material in adult mouse. Hereby, we 
provide a protocol of detailed and optimized methods to obtain high yield of healthy mouse DRG sensory 
neuron in culture.

Key words Dorsal root ganglia, Primary cultures, Sensory neurons, Friedreich’s ataxia, AAV vectors

1 Introduction

Dorsal root ganglia (DRG) sensory neuron cell cultures are an 
important tool for studies aiming at unveiling pathophysiological 
mechanisms underlying peripheral nervous system (PNS) diseases 
also known as peripheral neuropathies [1]. They also represent a reli-
able system to identify and validate new compounds with potential 
therapeutic effect to design treatment strategies for these diseases. 
The PNS includes the sensory, motor and autonomic nerves located 
outside the brain and spinal cord [2]. Although every component of 



242

the PNS can be affected in peripheral neuropathies, the sensory neu-
rons are often the primary and more severely affected sites, and the 
causes of peripheral neuropathies can be genetic or acquired [1]. 
They include diabetes associated neuropathy [3], viral infections 
such as human immunodeficiency virus (HIV) (such as distal sym-
metric polyneuropathy or DSP, antiretroviral toxic neuropathy or 
ATN) [4], autoimmune conditions (such as chronic inflammatory 
demyelinating polyneuropathy or CIDP) [5], hereditary demyelin-
ating neuropathies (such as Charcot Marie Tooth disease type 1A or 
CMT1A) [6], or toxic chemotherapeutic agents (following antineo-
plastic therapy for example) [7]. They also include genetically 
acquired neurodegenerative disorder such as Friedreich’s ataxia.

Friedreich’s ataxia (FA) is an autosomal recessive neurodegen-
erative disorder, characterized by a progressive spinocerebellar and 
sensory ataxia associating hypertrophic cardiomyopathy [8, 9]. At 
the neurologic levels, the primary affected sites include proprio-
ceptive neurons of the dorsal root ganglia (DRG), the spinal cord 
and the dentate nucleus of the cerebellum [10, 11]. The major 
FA-causing mutation corresponds to a GAA expansion in the first 
intron of the FXN gene, which leads to the reduced expression of 
frataxin, a mitochondrial protein involved in iron-sulfur (Fe-S) 
cluster biosynthesis [12]. Varying from 60 to 1700 repeats, the 
expansion causes a decreased transcription of the gene, most prob-
ably via locus heterochromatinization [13]. The patients express 
only between 5% and 30% of the normal levels [14].

The events of the physiopathology of FA are well described in 
heart tissue from patients [15], or cardiomyocytes from cardiac- 
specific mouse models [16], due to the large size of the cardiac 
tissue, the high number of affected cell in this tissue, giving a high 
quantity of material for cellular and biochemical analysis. The dif-
ficulty in studying neuronal phenotype at the cellular and molecu-
lar level is that affected cells are isolated and diluted in complex 
tissues comprising several cell types. DRG comprises specialized 
neuronal subtypes with unique molecular characteristics, including 
small diameter nociceptive neurons (TrkA+), larger diameter mech-
anoreceptive neurons (TrkB+ and/or TrkC+) and large propriocep-
tive neurons (TrkC+). Sensory neurons only represent 15% of the 
total DRG cells, the other being glial cells [2]. Molecular biology 
and biochemical approaches such as Western blot, qPCR and enzy-
matic activity measurements normally used to evaluate Fe-S defi-
ciency, cellular iron dysregulation and mitochondrial activity 
impairments are not easily applicable in this context, especially due 
to low material quantity available in DRG neurons [17]. Therefore, 
data concerning FA neurophysiopathology are limited. Thus, the 
mechanisms underlying the neurodegeneration and in particular 
the tissue-specificity in FA are still unknown.

Many efforts have been made in generating partial depletion 
models with a reduction of frataxin levels closer to what is observed 
in patients. Several GAA repeat expansion-based mouse models 
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were generated [18, 19], as it is the causative mutation of FA [20]. 
However, none of them show a robust phenotype, contrarily to the 
clear, severe and reproducible phenotypes observed in the condi-
tional models (full deletion) [16, 17, 21, 22]. This is mainly due to 
the fact that GAA repeat expansions are very unstable through cell 
divisions, and only 200 GAA repeats could be inserted in an 
attempt to reproduce the transcription decrease seen in FA patients 
(KIKO model, YG8R and YG22R models [18, 19]).

We have recently established a new neurologic cellular model 
of Friedreich’s ataxia based on mouse primary cultures of DRG 
sensory neurons from the conditional model that allows the full 
depletion of frataxin. As the full KO is lethal for any dividing cell, 
it has to be induced after embryonic development. In this model, 
frataxin deletion is induced by infecting the cells by AAV9 vectors 
bearing the Cre recombinase gene, allowing to excise an essential 
exon from the FXN gene, leading to a total frataxin deficiency 
(Fig. 1). The following chapter contains our protocol for mouse 
DRG primary cultures of pure sensory neurons. Although our 
model consists of full knock out following AAV vectors expression, 
this protocol can be applied to every mouse model including the 
GAA repeat expansion-based model.
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Fig. 1 DRG sensory neuron primary cultures as a model of Friedreich’s ataxia. (a) Dorsal root ganglia (DRG) are 

collected on E13.5 mouse embryo, dissociated, and the cell suspension it plated. Following cell attachment to 

the bottom of the plate, infection with an AAV9 viral vector is performed. Once the viral genome is delivered 

into the cell, the Cre recombinase is expressed, excising the exon 4 of the gene FXN. Western blot (b) and qPCR 

(c) results confirming depletion of frataxin both at the protein and the mRNA levels in cells infected with an 

AAV9-CreGFP vector. The reminiscent expression corresponds to noninfected cells. The AAV9-GFP infected 

cells correspond to the wild type (WT). ∗∗∗p < 0.001 (student test); scalebar = 200 μm
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2 Materials

 1. Tissue culture dish 35 × 10 mm style.

 2. Multidish PS 4 well nunclon round.

 3. Nunclon 4-Well × 1mL MultiDish cell culture dish.

 4. 13 mm sterile coverslips.

 5. Poly-L-lysine hydrobromide.

 (a)  Solution A: 0.1 mg/mL in ultrapure water.

 (b)  Solution B: 0.01 mg/mL in ultrapure water.

 6. Collagen Type I.

 (a)  Solution C: 0.67 mg/mL in ultrapure water with 1/500 
acetic acid dilution.

 7. Laminin: 3.3 μg/mL in ultrapure water (solution D).

 8. Matrigel™ HESC QUALIFIED MATRIX: 1/40 diluted in 
C-medium (solution E).

 9. Glacial acetic acid.

 10. Ammonium hydroxide.

 11. Sterile gauze compresses.

 12. Standard height, nunclon delta treated square BioAssay dish.

 13. Parafilm® M.

 1. Minimum essential medium.

 2. Neurobasal™-A medium, no D-glucose, no sodium pyruvate.

 3. B-27™ supplement (50×), serum free.

 4. Fetal Bovin serum.

 5. L-Glutamine 100×.

 6. D-Glucose.

 7. Nerve growth factor 2.5S.

 8. Penicillin/Streptomycin 100×.

 9. 5-fluoro-2′-deoxyuridine.

 10. Uridine.

 11. C-medium: 430 mL MEM, 50 mL FBS, 5 mL P/S (100×), 
5 mL L-glutamine (100×), 2 g of D-glucose in 10 mL MEM 
(4 g/L final), 50 nM NGF.

 12. NB medium: 470 mL Neurobasal without Glucose and pyru-
vate, 5 mL P/S (100×), 5 mL L-glutamine (100×), 2 g of 
D-glucose in 10 mL MEM (4 g/L final), 50 nM NGF.

 13. Antimitotic cocktail 1000×: 5 mL MEM, FUdR 12.3 mg, 
Uridine 12.2 mg. Dilute it to a 100× solution in MEM (solu-
tion F), aliquot and store at −80 °C.

2.1 Coating of Cell 

Culture Systems

2.2 Media 

Preparation
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 1. Zeiss SEMI 305 stereo microscope.

 2. Leibovitz’s L-15 medium.

 3. Intruments for dissection of mouse embryos:

 (a)  Vannas-Tübingen spring scissors.

 (b)  Dumont #5S forceps.

 (c)  Classical instruments for mouse dissection.

 4. Tissue culture dish 35 × 10 mm Style.

 5. Tissue culture dish 100 × 20 mm Style.

 6. Trypsin (2.5‰), no phenol red: solution G.

 7. Agitating block heater.

The vectors are produced in the IGBMC in-house viral vector pro-
duction facility. They are produced following the “helper-free” 
method, which is based on the adenovirus-free transient cotrans-
fection of all elements that are required for AAV production in 
host cells such as HEK293 cells: an AAV2 ITR-containing plasmid 
carrying the gene of interest, a plasmid that carries the AAV2 Rep- 
Cap and a plasmid that provides the helper genes isolated from 
adenovirus. Before production, the gene of interest must be 
inserted into a pAAV vector. Commonly, the vector must bear a 
fluorescent reporter such as an eGFP in order to identify infected 
cells. The titer should not be lower than 1 × 1012 GU/mL, as the 
vectors have to be diluted at 9 × 109 GU/mL in the culture 
medium and ideally not less than 100 fold.

3 Methods

 1. In 35 × 10 mm petri dishes, dispense 2 mL of poly-L-lysine 
(solution B).

 2. Incubate for 30 min at room temperature (RT).

 3. Aspirate the solution and replace by 2 mL of ultrapure water.

 4. Subsequently, replace by 2 mL of ultrapure water.

 5. Remove completely the water from the petri dish at leave it to 
dry under the hood, for 1.5 h at RT.

 6. Dispense 2 mL of collagen (solution C).

 7. Incubate for 15 min at RT.

 8. Angle the dish and aspirate the collagen (see Note 1).

 9. Close the dishes and place them in a large square dish.

 10. Place a compress in the center of the large plate, dispense 
1 mL of ammonium hydroxide on it and close immediately 
the large dish

2.3 Dissection

2.4 AAV Infections

2.4.1 Purified 

Recombinant AAV9 Viral 

Vectors

3.1 Coating of Cell 

Culture Dishes

3.1.1 Coating of 35 mm 

Petri Dishes

Protocol for Primary Cultures of DRG Sensory Neurons
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 11. Incubate for 15 min at RT.

 12. Open the dish, discard the compress and open all the 35 mm 
dishes.

 13. Leave to dry overnight (ON) at RT under the working hood.

 14. The next morning, close the dishes and keep them sealed with 
parafilm at 4 °C until use. The coated dishes can be kept up to 
one month in the fridge.

 1. Dispense 13 mm cover slides in 4-wells culture plate.

 2. Add 350 μL of poly-L-lysine (solution A). Make sure that the 
solution covers the whole surface of the well.

 3. Incubate for 2 h at 37 °C.

 4. Wash twice 2 min with 500 μL ultrapure water.

 5. Replace by a laminin solution (solution D).

 6. Incubate overnight at 37 °C.

 7. The next morning, replace by 350 μL of Matrigel (solution E).

 8. Incubate for 1 h at RT.

 9. Incubate for 1 h at 37 °C.

 10. Replace by 350 μL of C-medium until cells are ready to be 
plated.

The mice are sacrificed at E13.5 of embryonic development. Each 
step of the following protocol must be done in a sterile environ-
ment: under the hood or next to Bunsen burner.

 1. Sacrifice the female.

 2. Put the mouse on the back, open the womb on the median line 
to let appear the organs.

 3. Using the forceps, pinch the uterus in the middle, where both 
sides are joining. Cut and take away both sides of the uterus. 
Pay attention not to damage the embryos within the uterin 
horns.

 4. Put the uterus in a sterile 10 cm petri dish containing 10 mL 
of sterile cold L15 medium.

 5. Remove the embryos from the uterus by opening it slowly on 
the median line, always paying attention not to touch the 
embryos and letting the yolk intact.

 6. Isolate every embryo within their placenta, and put each one 
of them in a 35 mm petri dish containing 1 mL of cold L15 
medium. Keep the dishes on ice.

The following steps have to be repeated for every embryo

 7. Take out the embryo from the placenta.

3.1.2 Coating of 13 mm 

Coverslips (Must 

Be Prepared the Day 

Before the Dissection)

3.2 Mouse 

Dissection 

and Isolation 

of Embryonic DRGs
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 8. Place the embryo on the side. Maintain its position with a for-
ceps in one hand, use iris scissors with the other hand to remove 
the head, then cut in a vertical line in between the dorsal and 
the ventral part, in order to remove all the visceral organs, the 
limb, and the extremity of the tail.

 9. Using Dumont #5 forceps in both hands, put the embryo on 
its dorsal part, and remove the remaining visceral organs, 
which should allow to expose the vertebrae.

 10. Rotate the embryo horizontally, and maintain it with one for-
ceps holding the sides of the embryo. With the other forceps, 
open slowly the vertebrae being careful not to cut too deep 
(with the risk of cutting the DRGs). Always maintain the 
embryo stable with the other hand. When all the vertebrae are 
incised, you will be able to remove them as a lid and let the 
spinal cord appear.

 11. Rotate the embryo, with the cervical part on top. Put one for-
ceps against the spinal cord, and the other one against the close 
tissues. This will allow you to stretch the tissue, and start to 
expose the DRGs.

 12. Once you have stretched the tissues all along the spinal cord on 
both sides, put back the embryo on the horizontal state.

 13. Softly pull out the spinal cord, while tightly maintaining the 
embryo down. If it does not come at once, pull it out in several 
small steps, in order not to damage the cord. Be careful not to 
go to fast, which will cause some DRG to stay inside the 
embryo. It is though still possible to “fish” the remaining 
DRGs after the spinal cord has been removed.

 14. Put the spinal cord with the DRGs in a new 35 mm dish filled 
with 1 mL cold L15 medium.

 15. Carefully detach each DRG from the spinal cords, and get rid 
of the remaining tissues, keeping only the DRGs in the plate.

 16. With a micropipette, transfer the medium containing the 
DRGs in a 2 mL microtube. Be careful, the DRGs can stick to 
the sides of the micropipette tips. Try to make 1 tube for 10 
embryos. The steps of the dissection are pictured in Fig. 2.

 1. Right after the dissection, centrifuge the tube containing the 
DRGs at 800 × g for 1 min.

 2. Remove the medium and replace it by 1 mL Trypsin  
(Solution G).

 3. Incubate for 35 min at 37 °C under soft agitation (400 rpm on 
the block heater).

 4. Under the hood, transfer the Trypsin solution containing the 
DRG in a 15 mL Falcon tube containing 1 mL FBS.

3.3 DRGs Primary 

Culture Establishment

Protocol for Primary Cultures of DRG Sensory Neurons
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Fig. 2 Pictured steps of mouse E13.5 embryonic dorsal root ganglia dissection. After being removed from the 

mother, the uterus is placed in a large petri dish containing medium [1]. The uterus is opened, the embryos 

appear in their placenta [2] and are placed in a small petri dish containing medium [3]. The embryo is 

removed from its placenta, and placed on its side [4]. The head and visceral organs are successively removed 

[5, 6]. Embryo back on the dorsal part, the remaining viscera are removed [7]. Vertebrae are incised and 

removed, letting appear the spinal cord [8–10]. The tissue surrounding DRG localization is stretched, on both 

sides and all along the spinal cord [11]. The spinal cord is gently pulled out [12] and placed in a small petri 

dish containing medium [13]. The DRGs are removed from the spinal cord, and the rest of the spinal cord is 

removed from the dish
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 5. Wash the trypsin tube with 1 mL of C-medium in order to col-
lect all the DRGs/cells in the 2 mL tube. Put this 1 mL in the 
15 mL Falcon tube.

 6. Centrifuge at 800 × g for 10 min.

 7. Remove the supernatant and add 150 μL (volume for 10 
embryos) of C-medium.

 8. Very gently, triturate the pellet with a 200 μL tip to dissociate 
the DRG cells.

 9. In order to prevent damaging the cells, centrifuge the pellet 
500 × g for 10 s and transfer the supernatant containing the 
cells to a 50 mL Falcon tube containing 2 mL C-medium.

 10. Add another 150 μL of C-medium and continue the tritura-
tion/centrifugation steps until the pellet is dissociated. It is 
normal that a part of the pellet never dissociates. It contains 
mainly connective tissues and can be discarded.

 11. Count the cells and adjust the concentration to 500,000  
cells/mL.

For 35 mm petri dishes

 12. With a 10 mL pipette, dispense 1 mL of the cell suspension in 
the precoated 35 mm petri dish (see Note 2).

 13. Once the suspension is correctly spread in the dish, perform 2 
up-and-downs to increase the uniformity of the seeding (see 
Note 2).

 14. Put the dishes at 37 °C 5% CO2.

 15. After 2 h, angle the dishes to spread the medium on the whole 
surface of the dish.

For 13 mm coverslips

 12. Remove completely the medium from the newly Matrigel- 
coated coverslips.

 13. With the aspirator pipette on, place the coverslips in the center 
of the well (see Note 3).

 14. Let it to dry for 10 min under the hood.

 15. Gently dispense 100 μL of cell suspension on the coverslip, 
taking care not to spread the medium outside of the slide.

 16. Place the cells at 37 °C 5% CO2.

 17. 1 h 30 after, add 250 μL of C-medium in the wells.

 1. On the day of plating (around 4/5 h after plating), transfer the 
cells in a P2 cell culture laboratory.

 2. Dilute the AAV vectors in C-medium to 9 × 109 GC/mL.

 3. Remove the medium from the dish, and replace it by 1 mL 
(300 μL for coverslips) of diluted AAV vectors.

3.4 AAV Infections 

and Culture Protocol
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 4. Incubate at 37 °C 5% CO2 overnight.

 5. The next morning, replace the medium by 1.5 mL (350 μL for 
coverslips) of C-medium + antimitotic (solution F).

 6. Two days after, replace the medium by 1.5 mL (350 μL for 
coverslips) of NB medium.

 7. Replace the medium every 2 or 3 days by 1.5 mL/350 μL NB 
medium until the culture is ready to be harvested (see Note 4).

4 Notes

On a general basis, primary neurons are challenging subtypes to 
culture and maintain ex vivo, and DRG sensory neurons are among 
the most difficult subtypes to handle. In our lab we have developed 
a reproducible protocol that enables to establish homogenous and 
healthy DRG sensory cultures (Fig. 3). With the right hints and 
tips, this protocol allows any researcher to keep DRG sensory neu-
rons in cultures from several weeks to months. Due to their exces-
sively long processes DRG neurons organize in large and complex 
networks. This specificity leads to a culture structured as one single 
layer of connected cells. The uniformity of the collagen coating and 
seeding of cells are key players of the culture quality and survival.

 1. Collagen coating: when the collagen is removed after 15 min 
incubation, the experimenter must make sure that no drop of 
collagen remains on the bottom of the dish. These drops lead 
to area of excessive collagen deposition, hence nonuniform 
attachments of the cells to the plate. To avoid this, the aspira-

Fig. 3 DRG sensory neuron primary cultures are NF200-positive neuron culture. Primary cultures of mouse 

DRG sensory neurons were fixed at 15 days, and stained by immunofluorescence with primary antibody 

against either Neurofilament 200 kDa (NF200; ab4680, Abcam) (a) or NeuN (266004, Synaptic Systems) (b), 

and a fluorescent secondary against guinnea pig (A11073, Molecular Probes) or chicken (703-545-155, 

Jackson ImmunoResearch) IgG. (c) Bright field image of culture. Every cell is positive for both NF200 and 

NeuN, indicating that the culture is purely neuronal, and composed of large sensory neuron cell types (NF200- 

positive). Scalebars = 50 μm
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tion must be kept on for one second after the collagen solution 
was fully removed. Holding the aspiration for more than one 
second will make the opposite effect which is that too much 
collagen is removed, inducing a nonefficient coating and 
attachment of the cells to the plate.

 2. Cell density and seeding homogenization, 35 mm petri dish: 
the quality of the culture almost essentially depends on the 
density of the cells and their correct spreading of the dish. As 
DRG sensory neuron are likely to organize in networks, cell 
bodies will aggregate in small groups (in general from 2 to 6). 
The cells attach to the bottom of the dish initially as single 
cells. After a few hours in culture, they will tend to move from 
their initial docking point to join surrounding cells. If cells are 
not evenly spread, some isolated cells will not be able to join a 
group which will cause them to die. In order to prevent that, 
the cell suspension density has to be optimized regarding the 
support. In this protocol we provide optimized densities for 
35 mm petri dish and 13 mm coverslips (500,000 cells/mL, 
1 mL or 100 μL). In addition, when the suspension is depos-
ited on the petri dish, the medium has to be spread on the 
maximal area of the dish without touching the edges and the 
experimenter must perform 2 or 3 up and downs. It is very 
important that the medium does not touch the sides of the 
dish. If it is the case, the suspension must be taken back and 
the petri dish discarded. Moreover, once the cells are spread, 
the plate must be placed at 37 °C within a few minutes. Hence, 
keeping the cells at RT for more than 15 min will cause them 
to aggregate in the center of the plate, which will increase the 
density at the center.

 3. Before going on with the cell deposition, the experimenter 
must let the coverslip to dry and place it in the center of the 
well. In order to do that, the medium must be fully removed 
and the coverslip must be moved to the center with the aspira-
tion pipette. This step will remove the medium from under-
neath the slide and hence stick it to the bottom. If the well is 
not completely dried and the cover in the center, the cell sus-
pension will spread outside the coverslip causing the cells to 
spread on the corners of the well. This time, it is not necessary 
to perform up-and-downs as only 100 μL of suspension is 
deposited as one step.

 4. In order to keep the culture attached through the multiple 
medium changes, attention should be taken not to let the cul-
ture dry out. In order to prevent that, a bit of medium has to 
be left in the dish at every change (approximately 200 μL, 
enough to cover the extremities of the culture). In addition, 
the medium must be gently and slowly disposed.
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