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4516,(2.7@ – Effect of IOTr lesion on compensation to lens defocus in chicks 8=A 
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4516,(2.7A – Results: Neuroanatomy of the avian CVS          8A7 
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Chapter 01 – Introduction to the Visual System 

! !!

1.0 Overview  

"#$%&'()$%&*$+',(%$-+$%.-$'#%,-/01%-,2$1&34%*,()$%&*$,*5*63#%$1-74-#*#%($-+$%&*$6*,%*8,3%*$6'(035$

(2(%*7$.'55$8*$/*(1,'8*/$'#$-,/*,$%-$*(%385'(&$%&*$3#3%-7'135$3#/$+0#1%'-#35$+-0#/3%'-#$+-,$3$

,*6'*.$ -+$ %&*$ 1*#%,'+0935$ 6'(035$ (2(%*7$ :;<=>?$ @&*$ ;<=$ '($ 3$ &'9&52$ -,93#'(*/$ :'?*?$

%-4-9,34&'13552$3#/$3#3%-7'13552>$6'(0-7-%-,$(2(%*7$1*#%,*/$-#$3#$*A1'%3%-,2$4,-B*1%'-#$%-$

%&*$ ,*%'#3)$ .&'1&$ *A'(%($ '#$ 355$ 6*,%*8,3%*$ 9,-04($ :CD4*,3#%$ *%$ 35?)$ !EEF>)$ '#150/'#9$ &073#($

:G-#,08'3$ 3#/$ H55'-%%)$ IJKL>?$ @.-$ 36'3#$ 3#'735$ 7-/*5($ .*,*$ 0(*/$ '#$ %&*$ *A4*,'7*#%($

/*(1,'8*/$'#$;&34%*,($6$ %-$9M$@&*$4-(%N&3%1&$1&'1O*#$:!"##$%&'"##$%>$.3($0(*/$+-,$3$(*,'*($-+$

(%0/'*($ '#%-$ *2*$ 9,-.%&$ 3#/$ %&*$ 3/05%$ 4'9*-#$ :()#$*+"& #,-,">$.3($ 0(*/$ +-,$ 3#$ '#6*(%'93%'-#$

'#%-$ %&*$3#3%-7'135$ 1-##*1%'6'%2$-+$ %&*$;<=?$P($ (01&)$ 3$43,%'1053,$ +-10($-+$ %&*$ '#%,-/01%-,2$

'#+-,73%'-#$8*5-.$ '($/',*1%*/$ %-.3,/($ %&*$36'3#$6'(035$ (2(%*7$3#/$ %&*$/'++*,*#1*(Q3#35-9'*($

%&3%$*A'(%$8*%.**#$'%$3#/$%&*$737735'3#$6'(035$(2(%*7?$$

1.1 Gross ocular anatomy 

@&*$ (%,01%0,*$ -+$ %&*$ *2*$ 13#$ 8*$ ,*4,*(*#%*/$ 3($ 3$ %,'N537'#3,$ (%,01%0,*$ .'%&M$ %&*$ -0%*,7-(%$

532*,)$%&*$(15*,3)$3$%-09&$-0%*,$(&*55$-+$%&*$*2*R$%&*$7'//5*$532*,)$%&*$06*35$%,31%$3#/$%&*$'##*,$

532*,)$ %&*$ ,*%'#3$ :S-58)$ IJJT>?$@&*$4-(%*,'-,$ (*97*#%$13#$8*$1-#('/*,*/$3($3$1-#%'#03%'-#$-+$

%&*$7*#'#9*35$532*,($-+$%&*$;U=$:U-5%*$3#/$P#9*6'#*)$!EEE>?$@&*$-0%*,$532*,$-+$%&*$95-8*)$%&*$

(15*,3)$'($3#$*A%*#('-#$-+$%&*$.$/"&*"01/$*A%*#/'#9$4-(%*,'-,52$+,-7$%&*$*2*8355$3($%&*$(&*3%&$

-+$%&*$-4%'1$#*,6*?$@&*$3#%*,'-,$-#*$('A%&$-+$%&*$-0%*,$532*,)$%&*$1-,#*3)$'($(4*1'35'(*/$%-$355-.$

%&*$43((39*$-+$ 5'9&%)$.'%&$ %,3#('%'-#$-+$ %&*$ (15*,3$ %-$ %&*$ %,3#(43,*#%$1-,#*3$-110,,'#9$3%$ %&*$

5'780(?$@&*$7'//5*$532*,)$%&*$06*35$%,31%)$1-#%3'#($%&*$63(1053,'(*/$1&-,-'/$3#/$'($*V0'635*#%$

%-$%&*$3,31&#-'/$3#/$4'3$73%*,?$@&*$06*35$%,31%$*A%*#/($3#%*,'-,52$%-$%&*$1'5'3,2$8-/2$3#/$%&*$

(%,-73$-+$%&*$','()$393'#$3%$%&*$5*6*5$-+$%&*$5'780(?$@&*$1'5'3,2$8-/2$1-#%3'#($%&*$1'5'3,2$70(15*$

%&3%$ '($ '#6-56*/$ '#$ 7-/053%'-#$ -+$ %&*$ ,*+,31%'6*$ 4,-4*,%'*($ -+$ %&*$ 1,2(%355'#*$ 5*#()$ '?*?$

311-77-/3%'-#$:W-1-1O$3#/$C'1&3,/()$!EEX>?$@&*$'##*,N7-(%$532*,)$%&*$,*%'#3$3#/$%&*$-4%'1$
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!"#$"% &'% ()*+)% *&% ,*$"-% #*-"% #".#"-"!&% &)"% ,#"/% 0!1% ()*&"%20&&"#% '3% &)"% 4#0*!5% #"-."+&*$"6/%

78'6&"%0!1%9!,"$*!"5%:;;;<=%

1.1.2 Avian ocular specialisations 

>)"% "/"-% '3% 4*#1-% 70-% 0% 3?!+&*'!% '3% 4'1/% ("*,)&<5% 0#"% '!% 0$"#0,"% @AB% 60#,"#% &)0!% '&)"#%

$"#&"4#0&"%,#'?.-%7C'(60!15%D"#'60%0!1%E0-0#045%:;;F<=%>)"%40#!%'(6%)0-%0!%0G*06%6"!,&)%7*="=%

&)"%1*-&0!+"%3#'2%&)"%0!&"#*'#%-?#30+"%'3%&)"%+'#!"0%&'%&)"%0!&"#*'#%-?#30+"%'3%&)"%#"&*!0<%&)0&%

*-%062'-&%&(*+"%&)"%-*H"%0-%&)0&%.#"1*+&"1%4/%4'1/%("*,)&%7C0#2"!*!,%0!1%I0,!"#5%:;JJ<%7Fig. 
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Fig. 1.1. Ocular morphology of diurnal and nocturnal bird species. (A) Ocular morphology of a 

diurnal bird species (chicken, Gallus gallus) and (B) a nocturnal species (barn owl, Tyto alba). Note 

the extension of the pecten oculi into the vitreous chamber from the posterior uveal tract in A. Ocular 

dimensions are in millimetres. Image A is taken from Erichsen et al. (2002) and Image B is taken from 

Harmening and Wagner (2011). (Erichsen et al., 2002) 

"$#&,+85$&6(./'&$+9$(;4(8$+,-'(*$(5(/7(74+8$4#$48$(,,+..+5(74+82$4:&:$70&$(34'471$+9$(8$&1&$7+$

;(*1$47#$9+,('$/+%&*$48$+*5&*$70(7$($*&748('$9+,('$/+#474+8$3&$.(487(48&5$9+*$7(*)&7#$'+,(7&5$(7$

;(*148)$54#7(8,&#$9*+.$70&$&1&$=G4;(A2$BCHI>:$?04'&$(,,+..+5(74+8$48$.(..('#$4#$(,04&;&5$

31$ 70&$ (,74+8$+9$ 70&$ ,4'4(*1$.-#,'&$-/+8$ 70&$ '&8#$ ('+8&2$ 48$34*5#$ 47$ 0(#$3&&8$ #0+%8$ 70(72$ 48$

(55474+82$,4'4(*1$.-#,'&$,+87*(,74+8$&6&*7#$($3(,A%(*5$9+*,&$+8$70&$488&*$'(.&''($+9$70&$,+*8&($



Anatomy and Function of the CVS 

! !!

!"#$ %&#'()*+,-$ '.-/01$ 2Fig. 1.2a34$ 56"-$ "+$ ).&+$ #/)-$ )*$ 70#))1+$ )61$ !"#$!%"#&'$ /*&+1#$ #+8$

-)11(1+$ )61$ (")*#&'$ /*&+1#$ "+$ #$ '#++1&$ )6#)$ /#+$ #//*.+)$ 7*&$ #((&*9"'#)10:$ #$ )6"&8$ *7$ )61$

#//*''*8#)"!1$ (*;1&$ *7$ )61$ 1:1$ 2<0#--1&=$ 5&*"0*$ #+8$ >*;0#+8=$ ?@@A34$ 56.-=$ "+$ B"&8-=$

#//*''*8#)"*+$ "-$ #/6"1!18$ )6&*.C6$ B*)6$ /6#+C1-$ "+$ /&:-)#00"+1$ 01+-$ )6"/D+1--$ #+8$ /*&+1#0$

/.&!#).&1$ "+$ /*+)&#-)$ )*$ '#''#0-$ )6#)$ .-1$ )61$ 01+-$ #0*+1$ 2<.+80#/6=$ %6#&8$ #+8$ ED#61+=$

?@AF34$$

G$+.'B1&$*7$1:1$#8#()#)"*+-$-1&!1$)*$'#D1$#!"#+$#//*''*8#)"*+$(#&)"/.0#&0:$1771/)"!1H$"3$G+$

#++.0#&$(#8$)6#)$-.&&*.+8-$)61$1I.#)*&$*7$)61$01+-=$#3$#$8"&1/)$/*++1/)"*+$B1);11+$)61$/"0"#&:$

'.-/01$#+8$)61$ 01+-$#++.0.-$#+8$$3$ )61$-/01&#0$*--"/01-$ )6#)$#&1$-").#)18$#&*.+8$)61$/*&+1#J

-/01&#$B*&81&$2K1"C01&$#+8$L"-/6*7=$?@@MN$O&#+PJQ81+8##0=$RSST3$2Fig. 1.2b34$561-1$/*'(*+1+)-$

#00$ #/)$ )*$ (&*!"81$ 1771/)"!1$ )&#+-'"--"*+$ *7$ /"0"#&:$ '.-/01$ #/)"*+$ 8"&1/)0:$ *+)*$ )61$ 01+-4$ U+$

#88")"*+=$ ")$ "-$ )6*.C6)$ 2#+8$ -11'-$ 0*C"/#03=$ )6#)$ )61$ -/01&#0$ *--"/01-$ #&1$ "'(*&)#+)$ "+$

'#"+)#"+"+C$ )61$ #-(61&"/#0$ -6#(1$*7$ )61$ 1:1$ 2Fig. 1.13=$ #+8$ )6.-$ /*+)&"B.)1$ )*$ )61$*()"'.'$

B#0#+/1$*7$6"C6$#/."):$#+8$0"C6)$-1+-")"!"):$2V#00-=$?@AR34$

$

Fig. 1.2a. Anatomy of the avian corneo-scleral border. Site of action of corneal accommodation 

that occurs via contraction of the ciliary muscle upon Crampton!s muscle, which exerts an inward 

force on the inner corneal lamella. Such an organisation in birds allows for greater accommodative 

power through associated changes in corneal radius of curvature. Taken from Glasser et al. (1994).  
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Fig. 1.2b. The developing scleral ossicles of the snapping turtle. (Chelydra serpentina). An 

adaptation common to sauropsids (i.e. a groups of amniotes including birds and reptiles), which is 

important for effective transmission of ciliary muscle action to the lens during accomodation. Taken 

from Franz-Odendaal (2006). 
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1.2.1 Retinal interneurons 

1.2.1.1 Bipolar cells  
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1.2.1.2 Amacrine cells  
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Fig. 1.3. Amacrine cell morphology. Drawings of Golgi-impregnated amacrine cells from the flat-

mounted pigeon retina highlighting the diversity in morphology of amacrine cells. (b-e) !Ordinary" 

amacrine cells that lack an axon and a exhibit radial symmetry; (a) an association amacrine cell 

showing morphological polarisation and a distinct intra-retinal axon. Taken from Mariani (1982). Scale 

bar = 100 µm. 
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Fig. 1.4. Schematic of retinal architecture in cross-section. Five major cell classes exist in the 

retina, two of which, retinal ganglion cells and certain populations of amacrine cells, fire action 

potentials. Rod and cone photoreceptors transduce light into electrical signals, which are conveyed to 

retinal ganglion cells (RGCs) via 3 classes of retinal interneurons. Horizontal cells perform lateral 

processing through interactions with bipolar cells and photoreceptors, while amacrine cells similarly 

perform lateral processing, interacting with bipolar cells and RGCs. Bipolar cells integrate and convey 

photoreceptor signals to RGCs. Taken from Field and Chichilnisky (2007). 

1.3 Receptive fields 

1.3.1 !Simple"! "$ A1B3#..(:$ C*&,9.(D$ 2(3(9+&'($ ;&(.:*$ 2(;(2$ +1$ +8($ 3.#**&3$,-+-#..>$ #)+#%1)&*+&34$
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Fig. 1.5. Receptive field properties of on-centre and off-centre RGCs. On-center RGCs (left) 

respond maximally to a light stimulus (white) in the centre of the receptive field but are activity is 

inhibited in response to illumination of the receptive field surround. Off-centre RGCs (right) respond 

maximally to illumination of the receptive field surround but activity is inhibited by illumination of the 

receptive field centre. In both cases, if the receptive field centre, and surround are stimulated, a 

transient activity is induced (Kuffler, 1953). 
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Fig. 1.6. The basis of direction-sensitive ganglion cells (DSGC) receptive fields. Directional 

preference in DSGCs is achieved through the pattern in distribution of excitatory (e.g. 

cholinergic/glutamergic) and inhibitory (GABAergic) synapses that starburst amacrine cells (SACs) 

make with DSGCs. Importantly, SACs elicit  a greater response in response to centrifugal movement 

of stimuli (i.e. from the centre of the receptive field, outwards), than centripetal movement of stimuli, 

i.e. the opposite. Thus, the position of an SAC relative to the DSGC and the asymmetric distribution of 

excitatory and inhibitory terminals of SACs upon the DSGCs is crucial in determining the preferred 

directional specificity of the ganglion cell. GABAergic (a) and cholinergic interaction (b) of SACs, and 

glutamatergic interaction of bipolar cells (c) with DSGC dendrites to generate asymmetric responses 

to stimulus movement in preferred (Pref) and null directions. Taken from Wei and Feller (2011). 
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1.4 Visual pathways 
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Fig. 1.7. (See overleaf for figure legend) 
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Fig. 1.7. Retino-tectal pathway organisation. Modulation of TeO efferent pathway to RT by the 

isthmic nuclei (red and green arrows, see Section 1.4.1) and the parallel processing of visual 

information in nucleus rotundus (RT) to subdivisions of the entopallium. RT receives tectal input via a 

subset of tectal !ganglion" cells from the visual layers of the optic tectum (TeOv). The cell to cell 

topography in the retino-tectal projection is reorganized at this juncture, and is replaced by distinct 

parallel channels that convey information relating to specific visual attributes of a given visual scene in 

a manner analogous to the mammalian pulvinar. The RT subsequently projects to the entopallium, 

withinin which the separation of the channeled information is maintained. In this figure, pathways are 

superimposed upon a sagittal section of the New Caledonian crow brain. SAC, stratum album 

centrale; SGC, stratum griseum centrale, SGFS, stratum griseum et fibrosum superficiale; SOP, 

stratum opticum; TeO, optic tectum. Based upon Shimizu et al. (2010). 
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Fig. 1.8. Dorsal lateral geniculate nucleus organisation in mammals. The degree of anatomical 

complexity, i.e. lamination of the LGN, is varied across species!. In those species that do exhibit 

lamination, laminae are specific to one eye and further divided based upon the physiological 

properties of the retinal input, i.e. magno, parvo or koniocellular pathways.   Taken from Briggs and 

Usrey (2011). (Briggs and Usrey, 2011)  
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Fig. 1.9. Retina-tectofugal / retina-thalamofugal pathway organisation. Pathways of the retino-

thalamofugal (left) and retino-tectofugal (right) pathways showing bilateral projections from both 

nucleus geniculatus lateralis pars dorsalis (GLd), (i.e. dLGN in mammals) and the optic tectum (TeO) 

to the visual wulst (VW) and nucleus rotundus (RT) respectively. OPT, nucleus principalis opticus 

thalami; PULV, pulvinar; SC, superior colliculus.Taken from Zeigler and Bischoff (1993). 

1.5 Centrifugal visual system (CVS) 
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Fig. 1.10. Differences in ION and EA connectivity. Schematic of the CVS loop, highlighting the 

topography, conduction velocities and retinal target cells of ION and EA efferents in the ventral retina. 

Isthmo-optic neurons project axons to target cells in the ventral retina. Secondary axons from these 

target cells innervate retinal ganglion cells (RGCs) across the retina. The retinal projection to the optic 

tectum then feeds back upon the isthmo-optic nucleus, forming a closed-loop retinal feedback system. 

Inset A shows the pattern of termination of ION and EA cell efferents in the ventral retina. ION, 

isthmo-optic nucleus; EA, ectopic area; S, superior; I, inferior; N, nasal; T, temporal. Modified from 

Woodson et al. (1995) 

!
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Fig. 1.11. Experimental demonstration that the CVS comprises a closed-loop. In this important 

study, recordings were made from ION and TeO neurons that responded to the same visual stimulus 

presentation. A double-barreled pipette in the ION, enabled lidocaine to be injected into the ION to 

suppress the activity of the ION recording site. It was found that suppression of the ION neuron with 

lidocaine strongly suppressed the responsiveness of the corresponding tectal neuron. Crucially, if the 

same procedure was performed on ION and tectal cells that didn!t overlap, the responsiveness of the 

tectal neuron was not affected. These findings provide strong evidence that a given retinal ganglion 

cell in the retina that was projecting to the TeO, which in turn projected to ION was receiving  

feedback from the same ION cell via an isthmo-optic target cell in the ventral retina, I.e. a closed loop 

feedback system. Simultaneous recording from TeO (e) and ION cells (E). A double barreled pipette 

was used in the ION for injection of lidocaine (L) to reversibly block cell excitation. Cb, cerebellum; 

ION, isthmo-optic nucleus; Imc, nucleus isthmi magnocellularis, Ipc, nucleus isthmi parvocellularis; 

SGC, stratum griseum centrale, SGF, stratum griseum et fibrosum superficiale. Scale bar = 500 µm. 

Taken from Li et al. (1998). 
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Fig. 1.12. A schematic representation of the centrifugal visual system. (Red arrows: Afferent 

pathways) Retinal efferents (i.e. RGC axons) project to the contralateral retino-recipient layers (2-6) 

of the optic tectum. Tecto-isthmic neurons in layers 9/10 project dendrites to retino-recipient regions 

(C) and project to the isthmo-optic nucleus (ION) (and potentially the ectopic area (EA)) via the tecto-

isthmic tract. (Green arrows: Efferent pathways) Centrifugal efferents from ION and EA project to 

the contralateral retina via the isthmo-optic tract (IOTr) where axons terminate upon ishthmo-optic 

target cells (IOTCs). IOTCs in turn project to, and regulate the gain of, retinal ganglion cells across the 

retina. (A) proximal structures of the ION and EA; (B) anterior-posterior location of the ION (A1.75) 

and IOTr (A2.20-2.70); (C) location of a tecto-isthmic neuron; (Far right) rostral-caudal sections 

through the pigeon ION. EA, ectopic area; FLM, fasciculus longitudinalis medialis; GCT, substantia 

grisea centralis; ION, isthmo-optic nucleus; IOTr, isthmo-optic tract; Ipc, nucleus isthmi 

parvocellularis; LLd, nucleus lemnisci lateralis pars dorsalis; LoC, locus ceruleus; nIV, trochlear nerve. 
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Fig. 1.12. (See previous page for figure legend) 
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1.5.2 Retinal termination 
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Fig. 1.13. Intra-retinal connectivity of centrifugal efferents. Left schematic shows the intra-retinal 

connectivity of centifugal efferents. Centrifugal axons enter the retina via the optic nerve head and 

terminate upon isthmo-optic target cells (IOTCs; b) in the inner nuclear/inner plexiform layer border. 

IOTCs project secondary axons to !ordinary" amacrine cells (c), which, in turn, modulate the activity of 

retinal ganglion cells (e) Taken from Cajal (1972). (A) Termination of centrifugal efferents upon IOTCs 

in the chick retina. Colour scale represents density of efferent termination with brighter colours 

denoting higher density; (B) Fluoro-Ruby red labeled IOTCs (red) following intra-cranial injection of 

ION double labeled for parvalbumin. A & B Taken from Lindstrom et al. (2009). (Cajal, 1972) 
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Fig. 1.14. Intra-retinal centrifugal efferent terminations. Anterogradely labeled Cholera toxin 

subunit b termination of a restricted efferent fiber on an IOTC (i.e. ION efferents) in the pigeon retina 

following intra-cranial injection of the isthmo-optic nucleus (arrow). Surrounding, less distinct 

terminals are of the widespread efferent fibers (i.e. EA cell efferents). Taken from Woodson et al. 

(1995). Scale bar = 50 µm. 
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1.5.2.1 Neurochemical properties 

!"#$%&#'%(')*#$%&#&++&,&"$#+(-&,.#/+#!01#"&2,/".#'/"$3("#1456789(3:%/,3.&#(;;2"/,&3'$(<($=#

>%(?&#$%&#!0@A.#$%&;.&?<&.#'/"$3("#-/$%#1456789(3:%/,3.&#BC/,D3"*#C(&$%)&#3"9#E(*#FGGHI#

3"9# :3,<3?-2;("# (;;2"/,&3'$(<($=# BJ(.'%&,# 3"9# K$&??*# FGGGL# E("9.$,/;# &$# 3?M*# NOFOIM#

63,<3?-2;("#(.#3#:,/$&("#'/;;/"?=#&P:,&..&9#-=#Q4R48:,/92'("D#"&2,/".#%/>&<&,*# !0@A.#

>&,&# "/$# +/2"9# $/# '/"$3("# Q4R4# (;;2"/,&3'$(<($=# BJ(.'%&,# 3"9# K$&??*# FGGGIM# !"# 399($(/"*#

!0@A.#>&,&#+/2"9#$/#&P%(-($#(;;2"/,&3'$(<($=#$/#D?2$3;3$&S4C64#,&'&:$/,#.2-2"($.#BJ(.'%&,#

3"9# K$&??*# FGGGIM# 4"# (9&"$(+(&9# .2-:/:2?3$(/"# /+# D?2'3D/"8&P:,&..("D# 3;3',("&# '&??.# .%3,&# 3#

'/;;/"#9(.$,(-2$(/"#>($%("# $%&# <&"$,3?# ,&$("3# 3.# !0@A.#%/>&<&,# $%&=# 3,&# ("# +3'$# 3#9(.$("'$#

3;3',("&# '&??# $=:&# BJ(.'%&,# &$# 3?M*# NOOTI*# >($%# D?2'3D/"# 3;3',("&# '&??.# /''2:=("D# 3# ;/,&#

<&"$,3?# :/.($(/"# $%3"# !0@A.# >%('%# 3,&# :,&9/;("3"$?=# ?/'3$&9# 3?/"D# 3# ;(9?("&# .$,&3)#

BE("9.$,/;# &$# 3?M*# NOOGIM# @%3$# -&("D# .3(9*# $%&.&# '&??.#;3=# -&# 3# $3,D&$# +/,# $%&# #;/,&# <&"$,3?#

$&,;("3$(/"#/+#U4#'&"$,(+2D3?#U4#&++&,&"$.#BV//9./"#&$#3?M*#FGGTI##BFig. 1.10IM##

1.5.3 Isthmo-optic nucleus (ION)  

!"#-(,9.*#$%&#?/'3$(/"#/+#$%&#./2,'&#/+#,&.$,('$&9#&++&,&"$#+(-&,.##:,/W&'$("D#$/#$%&#,&$("3#(.#$%&#

(.$%;/8/:$('#"2'?&2.#B!01IM#!"#$%&#:(D&/"*#$%&#!01#'/"$3(".#3::,/P(;3$&?=#FN*OOO#'&"$,(+2D3?#

"&2,/".*# >($%# ./;&>%3$# +&>&,# BX# FO*OOOI# ("# $%&# '%(')&"# BC('&?(# &$# 3?M*# FGGGIM# !"# -/$%# $%&#

:(D&/"#BY3,$&"#3"9#7/9/.*# FGZ[I#3"9#'%(')&"#BY2&"\&?#3"9#C3../"*# FG]]I*#.$,2'$2,3??=*# ($# (.#

/</(9#("#$%&#'/,/"3?#:?3"&#3"9#&?/"D3$&9#("#$%&#.3D($$3?#:?3"&*#>($%#$%&#<&"$,3?#-/,9&,#$3:&,&9#

$/>3,9.#$%&#9/,.3?#,//+#/+#$%&#;(9-,3("#3$#$%&#9/,./8;&9(3?#3.:&'$#/+#$%&#/:$('#$&'$2;#BFig. 

1.15IM# !$# (.#-/,9&,&9#;&9(3??=*# ,/.$,3??=#3"9#'3293??=#-=#$%&#.2-.$3"$(3#D,(.&3#'&"$,3?(.# BQA$I*#

<&"$,/8;&9(3??=#-=#?/'2.#'&,2?&2.#BE/AI*#<&"$,/8?3$&,3??=#-=#"M#?&;"(.'(#?3$&,3?(.#:3,.#9/,.3?(.#

BEE9I#3"9#?3$&,3??=#-=#"M#(.$%;(*#:3,.#:3,</'&??2?3,(.#B!:'I#BFig. 1.12IM#@%&#!01#.:3".#X[OO#^;#

("#$%&#$,3".<&,.&#3"9#XFOOO#^;#("#$%&#3P(3?#:?3"&*#3$#$%&#?&<&?#/+#$%&#$,/'%?&3,#"2'?&2.#BA1!_I#

BY3,$&"# 3"9# 7/9/.*# FGZ[IM# 4# 9(.$("'$# :&,(:%&,3?# -(8?3=&,# /+# ;/,:%/?/D('3??=# %/;/D&"&/2.#



Chapter 01 – Introduction to the Visual System 

! !"!

#$%&'#() *'&+$&) ,-$) #%./$%() 012#,2&32#4) 56"78) 0Fig. 1.1684) *%,) 9:&) 9&';)*$<#=) :) (<;>/$) '?:/)

*'&+$&4)<#),-$),&:#(?$&($)>/:#$4)#%;$&'%()<#?:=<#:,<'#()=<?$):).';>/$@).'#?'/%,$+)(,&%.,%&$A)

B-$) *'&+$&) .$//() :&$) (>-$&<.:/) C<,-) ,C') '&) ;'&$) +$#+&<,<.) >&'.$(($() >&',&%+<#=) <#,') ,-$)

<#,$&#:/)#$%&'></)&$=<'#)0D'C:#):#+)E'C$//4)56FGH)12#,2&32#4)56"78A))

)

Fig. 1.15. ION and EA organisation. Retrogradely labelled cholera toxin subunit B isthmo-optic 

nucleus (ION) and neurons of the surrounding ectopic are (EA) following intra-vitreal injection in the 

pigeon. (A) Caudal ION. Note the dendrites of border cells projecting into the neuropil and the 

numerous invaginations. (B) High magnification inset of A showing the distinct morphology of 

proximal EA cells. (C) Rostral ION and surrounding EA cells. (D) EA rostral to ION. Taken from 

Woodson et al. (1995). Scale bars = 100 µm. 
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Fig. 1.16. Semi-schematic diagram of ION connectivity. Simplified demonstration of ION 

connectivity based upon a Golgi study in the Japanese quail. tectal input entering the central neuropil 

region where morphologically homogeneous border cells extend 1-3 primary dendrites. Each border 

cell sends a single axon to a target cell in the retina. Taken from Güntürkün (1987) 
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1.5.4 Ectopic area (EA) 

!""#$%&'()*+,-.///-0*1)#&234(+-1*3#$15-$2-6*)*#$4*1*$35-'$#"6$+$4,-7Fig. 1.1789-:$)6-;&)6&1-

)6*-"$"3+()&$1-(1<-(5-<&5)&10)- 2#$'-)6*-'$#"6$+$4,-$2- =>?-0*++59- 53##$31<- =>?- &19-$1- 2&#5)-

(55*55'*1)9- (- 5**'&14+,- #(1<$'9- @#*)&03+(#A- <&5)#&:3)&$1- 7B&0*+&- *)- (+C9- DEEE8C- F!- 0*++5- (#*- (-

6*)*#$4*1*$35- "$"3+()&$1- $2- 1*3#$15- ;&)6- (- 4#*()- <&G*#5&),- $2- 5&H*9- $#&*1)()&$19- 56("*- (1<-

<&5)#&:3)&$1C-I$'()(-#(14*-2#$'-#$31<-(1<-'3+)&J"$+(#-)$-",#('&<(+-$#-2+())*1*<J-@5K3('$35J

+&L*A9- ;6&+*- <*1<#&)&0- "#$0*55*5- (#:$#&5*- )$- 2$#'- <*1<#&)&0- )#**5- )6()- 5"(1- 3"- )$- M//-µ'- &1-

<&('*)*#-7N(,*5-(1<-O*:5)*#9-DEPDQ-B*<&1(-*)-(+C9-DEEP8C-I,1("5*5-(#*-$2)*1-$:5*#G*<-:*);**1-

F!-0*++5-(5-;*++-(5-;&)6-$)6*#-53##$31<&14-"$"3+()&$159-"#*53'(:+,-$2-)6*-R$S9-TS)9-(1<-="0-
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Fig. 1.17. Morphology of HRP labeled EA cells. Showing the morphological heterogeneity of 

ectopic area (EA) cells. Interestingly the soma of S1 was observed to project an axon towards the 

contralateral ION, an interesting finding in the context of the pathway tracing studies described in 

Chapter 9, wherein a potentially crossed centrifugal cross-talk projection is reported. Taken from 

Hayes and Webster (1981). 
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1.5.6 Development of the CVS 
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1.5.7 Function of the CVS 
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1.5.7.1 CVS neuron response properties  
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Fig. 1.18.  CVS function: Novel object test. In this experiment, the ability of a chick to detect a 

novel object in the absence of centrifugal efferent input to the retina was assessed. Bilateral lesions of 

the ION were performed and the time taken for a feeding bird to detect a red bead moving into the 

peripheral, temporal visual field was assessed. It was found that lesions of the ION delayed the 

recognition time when compared to sham-operated controls. (A) Experimental paradigm used to 

investigate the role of the CVS in visual attention. Chicks with a lesion of the ION were found to have 

a delayed response to a novel red object approaching from behind during feeding. B) birds-eye-view 

of the setup used. Taken from Rogers and Miles (1962). 
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Fig. 1.19. Experimental demonstration of the extensive inhibitory receptive field properties of 

ION neurons. The extent of the inhibitory receptive field of ION neurons were characterized by 

recording from ION in response to a black spot stimulus. Subsequently, a second stimulus (remote 

stimulus site) was introduced at different time-points and positions in the visual field relative to the 

first stimulus. It was found that the extent of the inhibitory field of the ION neuron was widespread, 

encompassing up to two thirds of the visual field. In addition, the second stimulus was found to have 

an inhibitory effect upon the ION neuron when presented at the same time or up to 200 ms after the 

first stimulus (E-H). Taken from Uchiyama, Nakamura and Imazono (1998).   
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Fig. 1.20. The appearance of the pecten oculi in the common buzzard (Buteo buteo) Note the 

large base and pigmentation that results in the darkened appearance. The large number of pleats of 

the buzzard pecten (17-18) is typical of a diurnal bird species, with nocturnal species usually having 

fewer. Imaged (A) before (B) and after removal of the vitreous body. Taken from Gultiken et al., 2011. 
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1.7 Summary 
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&4.,%(#'#..&$+%7(%&)%4#&.)%.,5#%7(.)&('#.C%V%-##38&'>%:$,M#')7,(%),%)/#%$#)7(&%)/&)%7.%7(",4"#3%

7(%5,3*4&)7,(%,-% $#)7(&4%&')7"7)+9% .*'/%&.% )/#%0129%H,*43%8#%&%:,..784#%'&(373&)#% -,$% .*'/%&%

-*(')7,(C%%

X/#% -7$.)% .:#'7-7'% &75% ,-% )/7.% H,$>% H&.% ),% #.)&847./% H/#)/#$% )/#% 012% H&.% 7(",4"#3% 7(% )/#%

$#;*4&)7,(% ,-% :,.)L(&)&4% #+#% ;$,H)/% 7(% )/#% '/7'>C% Y7;/% ',()$&.)% "7.7,(% 7.% 3#:#(3#()% *:,(%
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#$%#&'($)*+,-.(*/$,0-*1#$',2$+3*%4'52$)*&(*(.$*+$6$+*4%*(.$*#$(,0&*7,8$8*1.4(4#$'$1(4#298*:0*4#)$#*

%4#*(.,2*(4*.&11$0;*4'5+&#*-#4<(.*=52(*/$*(,-.(+3*'451+$)*(4*(.$*'4=/,0$)*#$%#&'(,6$*14<$#*4%*

(.$*41(,'&+*'4=140$0(2*4%*(.$*$3$;*$8-8*(.$*'4#0$&*&0)*+$028*Chapter 2*<,++*-,6$*&0*46$#6,$<*4%*

$==$(#41,2&(,40;* (.$*1#4'$22*/3*<.,'.*4'5+&#* '4=140$0(* -#4<(.* ,2* '40(#4++$)8* :0*4#)$#* (4*

,06$2(,-&($*(.$*#4+$*4%*(.$*>?@*,0*(.$*)$6$+41=$0(*4%*$==$(#41,&;*'$0(#,%5-&+*$%%$#$0(2*(4*(.$*

#$(,0&*<$#$*),2#51($)* (.#45-.*&0*$+$'(#4+3(,'* +$2,40*4%* (.$* ,2(.=4A41(,'* (#&'(8*@5/2$B5$0(+3;*

(.$* #$%#&'(,6$* 2(&($;* '4#0$&+* #&),52* 4%* '5#6&(5#$* &0)* 4'5+&#* '4=140$0(* ),=$02,402* <$#$*

=$&25#$)* 46$#* (.$* '45#2$* 4%* (.#$$* <$$C2* 142(* 25#-$#3* 50)$#* D* 2$1$#&($* )$6$+41=$0(&+*

'40),(,402E*

F8 G4#=&+*6,25&+*)$6$+41=$0(*7Chapter 69*

H8 >402(&0(*+,-.(*#$&#,0-*7Chapter 79*

I8 J,052*+$02*(#$&(=$0(*7Chapter 89*

D8 K+52*+$02*(#$&(=$0(*7Chapter 89*

L.$*2$'40)*&,=*<&2*(4*,06$2(,-&($*(.$*=,)/#&,0*'400$'(,6,(3*4%*(.$*>?@8*M.,+$*&*-44)*)$&+*4%*

#$'$0(* <4#C* .&2* /$$0* ),#$'($)* (4<&#)2* (.$* (&#-$(729;* '400$'(,6,(3* &0)* 0$5#4'.$=,'&+*

1#41$#(,$2*4%*'$0(#,%5-&+*$%%$#$0(2*<,(.,0*(.$*#$(,0&*7N,0)2(#4=*$(*&+8;*H""OP*N,0)2(#4=*$(*&+8;*

H"F"9;*(.$*14($0(,&+*%4#*$+5',)&(,0-*(.$*%50'(,40*4%*(.$*232($=;*=&3*#$2(*40*&0*,)$0(,%,'&(,40*4%*

(.$* 245#'$* 4%* &%%$#$0(* '400$'(,402* (4* '$0(#,%5-&+* 0$5#402* ,0* (.$* /#&,08* L.$* +,($#&(5#$* ,2*

1&#(,'5+&#+3* ,0'40'+52,6$* &2* #$-&#)2* (.$* 24A'&++$)* $'(41,'* 0$5#402* (.&(* 25##450)* (.$* =&,0*

245#'$* 4%* '$0(#,%5-&+* $%%$#$0(2;* (.$* ,2(.=4A41(,'* 05'+$528* Q2* 25'.;* (.$* =&,0* %4'52* <&2* 40*

,)$0(,%3,0-* 245#'$2* 4%* &%%$#$0(* ,015(* (4* (.,2* &#$&8* :0* 4#)$#* (4* ,06$2(,-&($* 245#'$2* 4%* &%%$#$0(*

,015(* (4* (.$* :RGSTQ;* ,0(#&A'#&0,&+* ,0U$'(,402* 4%* #$(#4-#&)$*1&(.<&3* (#&'$#2*<$#$*=&)$* ,0(4*

(.$*:RGSTQ*7Chapter 998**
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2.0 Overview 

#$%&'()&*+&,$(-&.$'/,%0&(-&,*&&/0*1(2%&3'.450*672&(7+*0)',(*7&(7,*&,$%&*/,(.'89&.8(7(.'8&'72&

)*8%.68'0& 3'-(-& *+& %))%,0*/(-',(*79& ,$%& ,%0)& 5(1%7& ,*& ,$%& /0*.%--& 3:& ;$(.$& 1(-6'8&

%</%0(%7.%&56(2%-&*.68'0&50*;,$&,*&/0*1(2%&$(5$&.*7,0'-,&1(-(*7=&>&50%',&')*67,&*+&0%-%'0.$&

(-&+*.6-%2&,*;'02-&,$%&(2%7,(+(.',(*7&*+&,$%&+'.,*0-&(71*81%2&(7&,$%&20(1(75&'72&0%568',(*7&*+&

,$(-&/0*.%--&'72&'&76)3%0&*+&'7()'8&)*2%8-9&(7.862(75&,$%&.$(.4%7&?@'88)'7&'72&>2')-9&

ABCDE&F.$'%++%8&'72&G*;8'729&ABBAH9&,$%&,0%%&-$0%;&?I.J0(%7&'72&K*0,*79&ABB"E&F(%5;'0,&'72&

K*0,*79&ABBCH&'72&,$%&)*74%:&?#0*(8*&'72&L625%9&ABBME&F)(,$&%,&'8=9&ABBBE&F)(,$&%,&'8=9&"NN"H&

$'1%&3%%7&6-%2=&O))%,0*/(-',(*7&(-&'&/0%2*)(7'7,8:&1(-6'88:P56(2%2&/0*.%--&;(,$&,$%&1(-6'8&

.6%-&3%(75&2%.*2%2&3:& (7,0'P0%,(7'8&)%.$'7(-)-&?#0*(8*&'72&@'88)'79& ABBAE&@(82-*%,&'72&

@'88)'79& ABBQH=&G*;%1%09& (,& (-& 5%7%0'88:& '..%/,%2& ,$',&;(,$*6,&'&30'(7P0%,(7'& .*77%.,(*79&

;$(.$& .'7&3%& '.$(%1%2& %</%0()%7,'88:& ,$0*65$& -%.,(*7(75& *+& ,$%& */,(.& 7%01%& +*0& %<')/8%9&

,$%& '..60'.:& *+& ,$(-& /0*.%--& (-& ()/'(0%2& ?#0*(8*9& R*,,8(%3& '72& @'88)'79& ABCDE& @(82-*%,9&

"NNMH&?Section 2.6H=&

2.1 Introduction 

>7&672%0-,'72(75&*+&,$%&)%.$'7(-)-&(71*81%2&(7&,$%&0%568',(*7&*+&%:%&50*;,$&(-&()/*0,'7,&

+*0& (2%7,(+:(75& ,$%& '%,(*8*5:& '72& %/(2%)(*8*5:& *+& 0%+0'.,(1%& %00*0-=& #$%& /0(7.(/'8& */,(.'8&

.*)/*7%7,-&*+&,$%&%:%9&,$%&.*07%'&'72&,$%&8%7-9&+*0)&,$%&'7,%0(*0&'72&/*-,%0(*0&3*672'0:&*+&

,$%&'7,%0(*0&.$')3%09&0%-/%.,(1%8:=&#$%&/*-,%0(*0&-60+'.%&*+& ,$%& 8%7-& (-& (7&.*7,'.,&;(,$&,$%&

1(,0%*6-&$6)*609&'&,0'7-/'0%7,&5%89&;$(.$&+(88-&,$%&1(,0%*6-&.$')3%0&*+&,$%&58*3%9&.*7,'.,(75&

,$%&0%,(7'&,$',&8(7%-&,$%&(77%0&/*-,%0(*0&-60+'.%&*+&,$%&58*3%=&#$%&*/,(.'8&/*;%0&*+&,$%&.*07%'&

'..*67,-&+*0&'0*672&,;*&,$(02-&*+&,$%&,*,'8&/*;%0&*+&,$%&$6)'7&%:%&;$(8%&,$%&8%7-&/0*1(2%-&

,$%&3'8'7.%&+*0&'2S6-,(75&,$%&%:%T-&0%+0'.,(1%&/*;%0&?J%77%,,&'72&U'33%,,-9&ABBCH9&%7'38(75&

+*.6-(75& *7& *3S%.,-& ',& 2(++%0%7,& 2(-,'7.%-9& (=%=& '..*))*2',(*7& ?Section 1.1.2H=& V7& ,$%&

67'..*))*2',%2& %:%9& (+& '& 2(-,'7,& *3S%.,& (-& (7& +*.6-& (,& -'(2& ,*& 3%& %))%,0*/(.9& (=%=& ,$%&
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!"#$%&'()"*+%!,-)*".'/)"0),&+'/%"/)!1,#$'/)!"#*"&'&+2),!+)+")0"!32)+1')%#,4')"0),&)"$5'!+)

"&)+1')/'+%&,6))

2.2 Refractive state 

2.2.1 Ametropia#

7#'+/"*%,)%2)+1')+'/#)4%8'&)+"),)/'0/,!+%8')!"&(%+%"&)+1,+)%2)&"+)'##'+/"*%!9)%6'6),&)%#,4')%2)

0"!32'()$'1%&():1;*'/"*%,<)"/)%&)0/"&+)"0):#;"*%,<)+1')/'+%&,6)7#'+/"*%,2)!,&)$')!-,22%0%'()

,2)2*1'/%!,-)"/),2+%4#,+%!6)=*1'/%!,-),#'+/"*%,2)0"/#),)2;##'+/%!,-)21,/*)%#,4'),/"3&()+1')

"*+%!,-),>%29)$3+)&"+) %&) +1') 0"!,-)*-,&')"0) +1')/'+%&,6)7&),2+%4#,+%!),#'+/"*%,)/'23-+2) 0/"#)

+1')+.")*/%&!%*,-)#'/%(%,&2)"0)+1')';')1,8%&4)(%00'/%&4)*".'/6)72+%4#,+%2#)%2)'>*/'22'(),2)

+1')(%00'/'&!')%&)"*+%!,-)*".'/)"0)+1')+.")#'/%(%,&2):?'&&'++),&()@,$$'++29)ABBC<6)

2.2.2 Myopia/hyperopia  

D1'&) ,&) %#,4') %2) 0"/#'() %&) 0/"&+) "0) +1') /'+%&,9) +1') /'23-+%&4) /'0/,!+%8') '//"/) %2) +'/#'()

#;"*%,9) %6'6) +1') "*+%!,-) !"#*"&'&+2) "0) +1') ';') ,/') +"") *".'/03-) 0"/) %+2) ,>%,-) -'&4+1) :"/)

!"&8'/2'-;9)+1'),>%,-)-'&4+1)%2)+"")-"&4)0"/)+1')!"#$%&'()*".'/)"0)+1')"*+%!)!"#*"&'&+2)"0)

+1') ';'<6)7)#;"*') %2)3&,$-') +") 0"!32)"&)"$5'!+2) +1,+) ,/')$';"&() +1') 0,/)*"%&+)"0) +1') ';'9)

.1%!1) %2) ('0%&'() ,2) +1') *"%&+) !"&534,+') .%+1) +1') 0"8',) "0) +1') 3&,!!"##"(,+'() ';'6)

E1/"341),!!"##"(,+%"&9),)#;"*') %2),$-') +") 0"!32)"&)"$5'!+2).%+1%&)+1') 0,/)*"%&+9),&()+")

+1,+) '&(9) ,/') ,$-') +") 0"!32) "&) "$5'!+2) &',/'/) +") 1%#F1'/) +1,&) %0) +1';) .'/') '##'+/"*%!)

:?'&&'++),&()@,$$'++29)ABBC<6)

E1') */'8,-'&!') "0)#;"*%,) 1,2) /',!1'() '*%('#%!) */"*"/+%"&2) %&) 2"#')*"*3-,+%"&29).%+1) ,)

*,/+%!3-,/-;)1%41)%&!%('&!')%&)G,2+)72%,9)0"/)'>,#*-'6)E1')/'23-+)"0)+1%2)%2),&)%&!/',2%&4)+/'&()

%&) %+2) */'8,-'&!') ."/-(.%('6) H"/'"8'/9) +1') *1'&"+;*') "0) #;"*%,9) %6'6) ,&) '&-,/4'() ';'9)

%&!/',2'2) +1') 232!'*+%$%-%+;) +") ,) /,&4') "0) "!3-,/) *,+1"-"4%'29) %&!-3(%&4) 4-,3!"#,9) !,+,/,!+)

,&()/'+%&,-)('+,!1#'&+):@,$%&9)I,&)=-3;+'/2),&()H,-,!19)ABCA<6)#
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#$%&'()'*+,-.+/'($/01-0)-2.1(123'(0)'4-5+-1-('462'4-&03('$6)-2.175'(-4'/3.,-)62.-3.13-3.'-

8$21*- /*1%'- $8- 1%- 0719'- 0)- 0%- 8($%3- $8- 3.'- ('30%1:- ;- .+/'($/'- 0)- 15*'- 3$- 8$26)- $%- $5<'23)-

5'+$%4-3.'-81(-/$0%3-=>'%%'33-1%4-?155'33),-@AABC:-;)-1-(')6*3,-3.'-150*03+-3$-8$26)-$%-$5<'23)-

0)- 4'/'%4'%3- 6/$%- 3.'- '+'D)- 122$77$4130&'- /$E'(:- ;22$77$4130&'- 21/150*03+- 4'2*0%')-

E03.- 19'-6%30*- 1-/$0%3,- 0:':- /(')5+$/01,- 13-E.02.- )319',- 3.'- 150*03+- 3$- 122$77$413'- 0)- *$)3:-

F65)'G6'%3*+,- )/'2312*'- *'%)- 2$(('230$%- 0)- %'2'))1(+- 8$(- 1230&030')- 3.13- ('G60('-%'1(- &0)0$%,-

':9:-('140%9:---

2.3 Emmetropisation 

H6(0%9- /$)3I%131*J.132.- 4'&'*$/7'%3,- &0)61*- 'K/'(0'%2'- 123),- 0%- /1(3,- 3$- 9604'- $26*1(-

9($E3.- 3.($69.- /('4$70%1%3*+- 0%3(1I('30%1*- 7'2.1%0)7),- 3$- ('462'- %'$I%131*- ('8(1230&'-

'(($(-3$E1(4)-L'($-=$(-1-)*09.3-.+/'($/01C,-0%-1-/($2'))-3'(7'4-!""!#$%&'()#'%*:-M'E*+-5$(%-

$(-.132.'4-1%071*)-1('- 3+/021**+-.+/'($/02,- 0:':- 3.'- 8$21*-/*1%'-$8- 3.'- 0719'- 0)-5'.0%4- 3.'-

/$)030$%- $8- ('30%1:- N.'- 0%0301*- 9($E3.- (13'- $8- 3.'- '+',- 3$- 1- 4'9('',- /1))0&'*+- 123)- 3$-

2$7/'%)13'- 8$(- 3.'- 07/$)'4- ('8(1230&'- '(($(- =O1**71%,- ;417)- 1%4- N(12.371%,- @AB@P-

O0*4)$'3,- @AAQC:-R$E'&'(,-&0)61**+I4(0&'%-1230&'-7$46*130$%,-$(- 80%'I36%0%9-=0%-3.'-21)'-$8-

%'$I%131*- .+/'($/')C,- $8- 3.0)- 4'&'*$/7'%31*- 2$(('230$%- 0)- 2(03021*- 8$(- 3.'- 4'&'*$/7'%3- $8-

'77'3($/01- =N($0*$- 1%4- O1**71%,- @AA@C,- 0:':- 3.'- /$0%3- 13- E.02.- 3.'- ('8(1230&'- '(($(- 0)-

('462'4- 3$- L'($- $(- *$E- 17'3($/01:- N.'- 2.02S- .1)- 5''%- 3.'- 7$)3- E04'*+- 6)'4- 7$4'*- 8$(-

0%&')309130$%)- 0%3$- 3.'- 7'2.1%0)7)- $8- '77'3($/0)130$%- =Section 2.1C+, N.'- 2$%)'%)6)- $8-

%67'($6)-)3640')-0)-3.13-'77'3($/0)130$%-0)-1%-1230&',-&0)61**+-9604'4-/($2')),-E.02.-0)-0%-

36(%-104'4-5+-/1))0&',-%$%I&0)61**+-9604'4-$26*1(-9($E3.-:--

;*3.$69.- 3.'- '88'23)- $8- &0)61**+- 9604'4- 9($E3.,- 0:':- '77'3($/0)130$%,- 1('- $5)'(&'4-

/(0%20/1**+-46(0%9-'1(*+-4'&'*$/7'%3,-0:':-3.'-2(03021*-/.1)'-$8-4'&'*$/7'%3,-3.'-21/150*03+-3$-

2$7/'%)13'-3$-&0)61*-26')-E03.-19'-0)-710%310%'4,-1*5'03-('462'4-0%-7136(03+:-;-).1(/-4($/-

$88-0%-3.0)-(')/$%)'-0)-1//1('%3-0%-2.02S)-=T1/1)3'(90$6-'3-1*:,-@AABC:--
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2.4 Form deprivation 

!" #$%&'(" )*&%" &+,&-$.&/01'" .2%&'" 32-" .(2,$1" $*" 32-." %&,-$410$2/5" 62-." %&,-$410$2/"

$/%)7&%" .(2,$1" 869:;" 71/" <&" 17=$&4&%" &+,&-$.&/01''(" <(" '$%" *)0)-&" 8>$/2/?" @2*&" 1/%"

A=1,$-2?" BCDEF" :7G-$&/" 1/%" H2-02/?" BCCIF" A.$0=" &0" 1'5?" BCCC;" 2-" 0=-2)J=" 277')%&-" #&1-"

8K1''.1/"&0"1'5?" BCDBF"L200'$&<?"6)J10&MK&/0N&O"1/%"K1''.1/?" BCDPF"K1''.1/"&0"1'5?" BCDP;"

8Fig. 2.3;5"Q=&"27)'1-",=&/20(,&"$/%)7&%"<("32-."%&,-$410$2/"$/"7=$7O*"$*"7=1-170&-$*&%"<("

1/"&'2/J10&%"1+$1'"'&/J0="8R2%2*"1/%"S)&/N&'?"BCDT;?"1/"$/7-&1*&%"&U)102-$1'"%$1.&0&-"1/%"

$/7-&1*&%" 1/0&-$2-" 7=1.<&-" %&,0=" 80=&" %$*01/7&" 3-2." 0=&" 1/0&-$2-" 72-/&1" 02" 1/0&-$2-" '&/*"

*)-317&"8Chapter 3;;"8L200'$&<"&0"1'5?"BCDP;5"62-."%&,-$410$2/"$/%)7&%"7=1/J&*"$/"1+$1'"'&/J0="

1-&" J-&10&*0" %)-$/J" 0=&" 7-$0$71'" ,=1*&" 23" %&4&'2,.&/0" 8V-4$/J?" A$41O" 1/%" W1''&/%&-?" BCCIF"

A$&J#1-0" 1/%"H2-02/?" BCCD;5"62-" &+1.,'&?" $/"2/&"(&1-"2'%" 7=$7O*?" 0=&"1+$1'" '&/J0="23" 32-."

%&,-$4&%?" 7=$7O*" $/7-&1*&%" <(" XBYE"µ."24&-" !"#$$%&" -&'10$4&" 02" )/0-&10&%" &(&*?" 72.,1-&%"

#$0="1,,-2+$.10&'("1"BEE"µ."$/7-&1*&"$/"1+$1'"'&/J0="'$(")*+"$/"32-."%&,-$4&%"7=$7O*"%)-$/J"

0=&" 7-$0$71'" ,=1*&" 8Z1,1*0&-J$2)" &0" 1'5?" BCCD;5" 6)-0=&-.2-&?" *$J/$3$71/0" 1+$1'" &'2/J10$2/"

32''2#$/J" 32-." %&,-$410$2/" 2-" 72-/&1'" 2,17$3$710$2/" $*" 1'*2" -&,2-0&%" $/" 1%)'0" .2/O&(*"

8K$&*&'"1/%"@14$2'1?"BCPCF"A.$0="&0"1'5?"BCCCF"Q-2$'2"1/%"H$7O'1?"IEE[;"1/%"=).1/*"8@1<$/"&0"

1'5?"BCDBF"L&&"1/%"Q1<<1-1?"BCDDF":7G-$&/"1/%"!%1.*?"BCCP;5"

2.5 Optical manipulation  

\,0$71'"%&327)*?"<&"$0"&+,&-$.&/01''("$/%)7&%"0=-2)J="0=&")*&"23"*,&7017'&"'&/*&*"2-"$//10&"

1*"$*"2<*&-4&%"$/"/).&-2)*"/&2M/101'"4&-0&<-10&"*,&7$&*?"$/7')%$/J"=).1/*"8W22O"1/%"

L'1**727O?"BC[BF"G-2#/?"S2-&0N"1/%"G-2/?"BCCC;"BE?"0=10"1-&"<2-/"#$0="-&'10$4&"=(,&-2,$1"8&5J5"

]^"02"]["9$2,0-&*"89;"$/"0=&"7=$7O;"8K1''.1/"&0"1'5?"BCDB;?"=1*"<&&/"*=2#/"02"$/%)7&"7=1/J&*"

$/"0=&"J-2#0="-10&"23"27)'1-"72.,2/&/0*?"*)7="0=10"0=&"%&327)*"$*"72--&70&%?"2-"10"'&1*0"

-&%)7&%5"
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Fig. 2.1. Axial compensation to lens defocus. Schematic representation of the scleral, choroidal 

and retinal responses to plus and minus powered lens manipulation in emmetropization. (A) The 

effect of plus (blue) and minus (red) lens wear on the focal plane of an image relative to the retina 

(orange), choroid (purple) and sclera (blue). Plus lens manipulation changes the focal plane of an 

image in front of the retina while minus lens manipulation has the opposite effect. (B) Shows the 

scleral, choroidal and retinal response to plus and minus lens manipulation. Plus lens wear induces 

an reduced rate of scleral elongation pre-empted by choroidal thickening in response. Minus lens 

wear induces an increased rate of scleral elongation pre-empted by choroidal thinning. In both 

cases, the plane of the photoreceptors are repositioned in line with the modified focal plane of an 

image. Taken from Wallman and Winawer (2004).  
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!" #$%&'(&)%" )%*#" +,''%-" ,*" +./*'" /+" (" &0,&12#" %3%" ,*-4&%#" &0(*5%#" ,*" '0%" .('%" /+" #&)%.()"
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Fig. 2.2. The relationship between choroidal and scleral responses to lens wear. In this 

hypothetical model, in the absence of a choroid, the initial response to lens wear, i.e. choroidal 

thickening (plus) or thinning (minus) subsequent, slower changes in the rate of scleral growth are 

delayed resulting in a delayed rate of compensation. In addition, following compensation, the delay 

in reestablishing a stabilising rate of growth would lead to an over-compensation to the imposed 

defocus. With the choroid intact, the response to defocus is virtually immediate and no overshoot in 

compensation would occur. Thus the early response of the choroid to defocus is crucial in buffering 

the subsequent scleral growth rate. Taken from Wallman and Winawer (2004). 

2.6 Surgical manipulation 
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Fig. 2.3. Local ocular compensation to form deprivation. When an occluder is placed over the 

eye of a chick in the critical phase of development, choroidal thinning and axial elongation result, 

f.e. form deprivation. Localised form deprivation of the temporal (left) or nasal (right) retina alone 

induces local choroidal thinning and scleral elongation responses in the deprived part of the eye 

only (i.e. temporal sclera elongation following deprivation of the nasal visual field (left example), 

while the region of the eye that is subject to normal visual experience is unaffected. Complete form 

deprivation through occluder-wear induces symmetrical axial elongation (centre example). 

Importantly, a local ocular response to form deprivation still occurs following optic nerve section. 

The fact that such a complex response is possible without brain-retina connectivity is strong 

evidence that emmetropization is modulated, predominantly by intra-retinal mechanisms. Taken 

from Wallman et al. (1987)8&

2.7 Intra-retinal mechanisms of emmetropisation 
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*&"!17'# *6(:&)# 2&1%3)('2,# 96&'723>45# ()*71&*# >5# $%&# '&:&6&# 1!6)&34# "43$$&)()+# $%3$#

311!293)(&'#$%('#$6&3$2&)$F#M29!6$3)$45,#-%(4&#($#399&36'#$%3$#6&'9!)'&'#$!#;<=#3)*#4&)'#

()*71&*#25!9(3#%3:&#*(""&6&)$#2&1%3)('2'# ?N1%3&""&4# 3)*#G!-43)*,# BCCBO# N1%3&""&4# &$# 34F,#

BCCIE,#*!932()&#93$%-35'#36&#4(L&45#$!#>&#():!4:&*#()#>!$%F##

2.7.2 Glucagon# $#P34423)# ?BCCQE# '7++&'$&*# $%3$# 4!134# 2&1%3)('2'# !"# !17436# +6!-$%# 36&#

7)*&6#$%&#1!)$6!4#!"#32316()&#1&44'F#089&6(2&)$34#*&'$671$(!)#!"#36!7)*#%34"#!"#344#32316()&#

1&44'# ()# $%&# 1%(1L# *(*# )!$# 96&:&)$# *&96(:3$(!)# 25!9(3# !6# 4&)'# ()*71&*# %59&6!9(3# $%7'#

(294(13$()+# '76:(:()+# 9!9743$(!)'# 3'# %3:()+# 3# 6!4&# ?;('1%&6,# =!6+3)# 3)*# N$&44,# BCCC>EF#

R4713+!)S&896&''()+# 32316()&# 1&44'# -&6&# !)&# !"# $%&# '76:(:()+# 9!9743$(!)'# 3)*# ($# %3'##

'7>'&T7&)$45#>&&)#'%!-)#$%3$#&896&''(!)#!"#U0VW#?3)#&3645#!)'&$#+&)&'#L)!-)#3'#&6+SB#()#

232234'E# >5# $%&'&# 1&44'# ('# 1!66&43$&*# -($%# $%&# '(+)# !"# (29!'&*# *&"!17'# ?;('1%&6# &$# 34F,#

BCCC3EF#N9&1("(13445,#U0VW#&896&''(!)#('#()16&3'&*#*76()+#25!9(1#*&"!17'#3)*#%3'#$%7'#>&&)#

(294(13$&*# 3'# 3# '$!9# '(+)# "!6# !17436# +6!-$%# ?;('1%&6# &$# 34F,# BCCCEF# M)%(>($(!)# !"# +4713+!)#

&896&''(!)# >5# $6&3$2&)$#-($%# *&'SG('BSR47CS+4713+!)# 32(*&# 6&*71&*# $%&# 6&'9!)'&# $!# 947'#

4&)'&'# -%(4&# $%&# +4713+!)# 3+!)('$# A5'BX,BD# R47IBS+4713+!)S32(*&# 96&:&)$&*# ;<=# 3)*# $%&#

)!6234# 6&'9!)'&# $!#2()7'# 4&)'&'# ?;&4*L3&29&6# 3)*# N1%3&""&4,# IYYIEF# U0VW# &896&''(!)# ()#

+4713+!)#32316()&#1&44'#('#&8147'(:&#$!#*&"!17'#'(+)#3)*#)!$#$!#!$%&6#>3'(1#:('734#17&'#'71%#

3'#'93$(34# "6&T7&)15#!6#6&$()34# (23+&#1!)$63'$#?Z($[&6#3)*#N1%3&""&4,#IYYIEF#M)$&6&'$()+45,# ()#

$%&# '32&# '$7*5,#7)(43$&634#947'#!6#2()7'# 4&)'# $6&3$2&)$# ()# 1%(1L',# 4&*# $!#79# 6&+743$(!)#!"#

U0VW# &896&''(!)# ()# +4713+!)S&896&''()+# 32316()&# 1&44'# ()# >!$%# $6&3$&*# $!%# 1!)$6!4# &5&'#

?Z($[&6#3)*#N1%3&""&4,#IYYIEF##
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#$%&'()%&(*&+),-.+(/&$.0&1%%/&'%2('3%4&5(4,).3%&%6,.3('7.)&%82./07(/&(*&3$%&%9%&./4&.)0(&7/&

:;<& +'(=3$& 3$'(,+$& 3$%& .-37(/& (*& .& 0,12(2,).37(/& (*& +),-.+(/& -(/3.7/7/+& '%37/.)& -%))0&

-.))%4& 1,))=$72& -%))0& >?70-$%'& %3& .)@A& BCCDE@& ;()-$7-7/%A& .0& 5%/37(/%4A& .-30& 3(& -$%57-.))9&

4%03'(9&FG;0&./4&7/3'.H73'%.)&3'%.35%/3&$.0&1%%/&'%2('3%4&3(& 7/4,-%&:;<&0$('3%/7/+&./4&

%6,.3('7.)& %82./07(/& >?70-$%'& %3& .)@A& IJJJ1E@& K,))=$72& -%))0A& .'%& 073,.3%4& .'(,/4& 3$%&

-7'-,5*%'%/-%& (*& 3$%& '%37/.& ./4& .'%& 4%03'(9%4& *())(=7/+& -()-$7-7/%& 3'%.35%/3A& $(=%H%'A&

7/3'.H73'%.)&7/L%-37(/&(*&+),-.+(/&*())(=7/+&-()-$7-7/%&3'%.35%/3&$.0&1%%/&0$(=/&3(&2'%H%/3&

3$%&:;<&0$('3%/7/+&./4&%6,.3('7.)&%82./07(/&/('5.))9&(10%'H%4&>?70-$%'&%3&.)@A&BCCDE@&&

!"#"$%&'()'*%+,'-.%/%#$%&MNO&7/$7173('&PQM:RS&'%4,-%0&3$%&%**%-3&(*& *('5&4%2'7H.37(/& 7/&

-$7-T0&>?,L7T.4(&%3&.)@A& IJJ!E@&O2%-7*7-.))9A& 7/$71737(/&(*&/MNO&>3$%&/%,'(/.)& 70(*('5EA&=73$&

M!Q2'(29)QPQ.'+7/7/%A&7/$71730&3$%&-$('(74.)&'%02(/0%&3(&59(27-&4%*(-,0&=$7)%&7/4,-7/+A&7@%@&

4707/$71737/+A&.87.)&%)(/+.37(/@&#$70&%**%-3&-(7/-74%0&=73$&.&4%-'%.0%&7/&3$%&)%H%)0&(*&'%37/(7-&

.-74& >M7-T).A&<.59./(H.& ./4& P93)%A& BCCJE&=$(0%& %82'%007(/& 70& T/(=/& 3(& 0,22'%00& 0-)%'.)&

%82./07(/&>R%'3U&./4&V.))5./A&BCCCE&3$,0&4%5(/03'.37/+&.&-',-7.)&)7/T&1%3=%%/&3$%&%.')9&

-$('(74.)&'%02(/0%&./4&+'.4,.)&0-)%'.)&-$./+%0@&&

MNO& -(/3.7/7/+& 3700,%0& %8703& 7/& 3$%& -$7-TA& 7/-),47/+& 0,12(2,).37(/0& (*& .5.-'7/%& -%))0A&

+./+)7(/&-%))0A&2$(3('%-%23('0A&03'(5.)&./4&%/4(3$%)7.)&-%))0&(*&3$%&-$('(74&./4&3$%&FWSA&.0&

=%))&.0&%**%'%/3& 703$5(Q(237-&.8(/0&./4& XN#;0&>R('+./&%3&.)@A& IJJ"E@& X/&('4%'& 3(&.0-%'3.7/&

3$%&02%-7*7-&2(2,).37(/>0E&3$.3&=%'%&7/H()H%4&7/&%55%3'(270.37(/&>('&.3&)%.03&/.''(=&4(=/&

3$%& Y0%.'-$& .'%.ZEA& (/-%& .+.7/& 3$%& 0,'H7H7/+& -%))& 2(2,).37(/0& =%'%& 7/H%037+.3%4& *())(=7/+&

3'%.35%/3&=73$&.&/%,'(3(87/A&7/&3$70&-.0%&6,706,.).3%A&=$7-$&70&T/(=/&3(&4%03'(9&/,5%'(,0&

2(2,).37(/0& (*& '%37/.)& -%))0& 1,3& =73$(,3& 7/3%'*%'7/+& =73$& %55%3'(270.37(/& 5%-$./7050@&

?())(=7/+& 3'%.35%/3A& ).1%)7/+& (*& M:<W[& 2%'0703%4& 7/& 703$5(Q(237-& %**%'%/30& ./4& XN#;0A&

2$(3('%-%23('0& ./4& 4702).-%4& +./+)7(/& -%))0& .0& =%))& .0& R\))%'& -%))0@& P.1%)7/+& *('& MNO&
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!"#$%&"'( %&( $#$)!%&"( )"**+( !"+"#,*%&-( -*.)$-/&0"12!"++%&-( $#$)!%&"( )"**+( $&'( 3456+(

78%+)9"!($&'(:;"**<(=>>>?@(

2.8 Summary: CVS and emmetropisation 

A+(9$+(,""&($**.'"'(;/<( %;( %+(-"&"!$**B($))"2;"'(;9$;(C9%*"($(,!$%&0!";%&$()/&&");%/&(%+(&/;(

!"#"$$%&'( D/!( "##";!/2%+$;%/&<(9/C"E"!<( %&( %;+( $,+"&)"<( %@"@( D/**/C%&-(/2;%)(&"!E"( +");%/&<(

;9"(F+";02/%&;G(/D("##";!/2%$(%+()9$&-"'($&'(.&'"!(&/!#$*('"E"*/2#"&;$*()/&'%;%/&+<("B"+(

'"E"*/2( #/'"!$;"( ;/( +"E"!"( 9B2"!/2%$( 75!/%*/( ";( $*@<( =>HIJ( K%*'+/";( $&'( :)9#%'<( LMMM?@(

3#2/!;$&;*B( +/#"(/D( ;9"(#/!"( )/#2*"1( "##";!/2%+$;%/&(#")9$&%+#+<( +.)9( $+( ;9/+"( ;9$;(

!"-.*$;"(9/C(*/)$*(!";%&$*(!"-%/&+()/#2"&+$;"(D/!(D/!#('"2!%E$;%/&<(2"!+%+;(%&(;9"($,+"&)"(/D(

$( ,!$%&0!";%&$( )/&&");%/&@( 59"( 6N:( 9$+( ,""&( 2!/2/+"'( $+( $( )$&'%'$;"( D/!( ,!$%&0!";%&$(

#/'.*$;%/&( /D( "##";!/2%+$;%/&( 78%+)9"!( $&'( :;"**<( =>>>?<( ( $+( $( !"+.*;( /D( ;9"( &%;!%)( /1%'"(

%##.&/!"$);%E"()"**+(;9$;()"&;!%D.-$*("DD"!"&;+(;$!-";(C%;9%&(;9"(!";%&$(7O/!-$&(";($*@<(=>>P?@(

Q/C"E"!<( ;9"( 2/;"&;%$*( !/*"( /D( ;9"( 6N:( 9$+<( .&;%*( &/C( 7Chapters 6( ;/( 8?<( &/;( ,""&(

%&E"+;%-$;"'@(

A+($(+%'"(&/;"<(/&"(;9$;(%+(&/;(D/**/C"'(.2(%&(;9"("12"!%#"&;$*()9$2;"!+(/D(;9%+(2!/R");<(;9"!"(

$!"($(&.#,"!(/D("1$#2*"+(/D(.&%*$;"!$*(;!"$;#"&;(%&D*."&)%&-(,/;9(;!"$;"'($&'()/&;!/*("B"+(

7S!$'*"B<(8"!&$&'"+($&'(S//;9"<(=>>>?@(A+('%+).++"'(%&(Section 2.7.2#$,/E"<(.&%*$;"!$*(*"&+(

;!"$;#"&;( %&'.)"+( .2( !"-.*$;%/&( /D( TUVW( %&( -*.)$-/&( $#$)!%&"( )"**+( %&( ()*+, "B"+@(

8.!;9"!#/!"<(C9%*"(#/&/).*$!(D/!#0'"2!%E$;%/&(%&'.)"+(!"*$;%E"(#B/2%$(%&(;9"(;!"$;"'("B"<(

:)9$"DD"*( $&'( Q/C*$&'( 7=>>=?( &/;"( ;9$;( ,%&/).*$!( D/!#( '"2!%E$;%/&( /E"!( $( +#$**(

"12"!%#"&;$*(;%#"(2"!%/'(7I('$B+?(%&'.)"'(FD/!#0'"2!%E$;%/&(+'-"&)-.%G(%&(,/;9("B"+@(59"+"(

"1$#2*"+<( $!"( "E%'"&)"( D/!( %&;"!0/).*$!( )/##.&%)$;%/&( $&'<( C9%*"( &/( 2$;9C$B( 9$+( ,""&(

2!/2/+"'( D/!( ;9%+( "DD");<( ;9"( )"&;!%D.-$*( 2$;9C$B<( /D( C9%)9( ;9"!"( %+( $( #%&/!( %2+%*$;"!$*(

2!/R");%/&<( %+(/&"(2/;"&;%$*()$&'%'$;"( D/!( %&E/*E"#"&;( %&(,%&/).*$!(-!/C;9(+B##";!B@(59"(

#%',!$%&( )/&&");%E%;B( /D( )"&;!%D.-$*( &".!/&+( $&'( ;9"( 2/;"&;%$*( "1%+;"&)"( /D( %&;"!0
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3.0 Overview 

#$%&'()&*+&,$%&-.%/%0,&/,123&4'/&,*&%516(2',%&4$%,$%.&10(5',%.'5&2(/6*00%6,(*0&*+&,$%&789&

'02& /1..*102(0:& ;<& +.*)& ,$%& .%,(0'& $'2& '0& %++%6,& *0& ,$%& 6'-'=(5(,3& +*.>& *.& '661.'63& *+>&

%))%,.*-(/',(*0&102%.&,$%&+*55*4(0:&6*02(,(*0/?&

• !"#$%&'()*#+,-.-#+/0)(@%@&AB&$*1./&5(:$,>&AC&$*1./&2'.D)

• 1#+/.&+.)'-23.0)(@%@&EB&$*1./&5(:$,)

• 45#6-*),78#*9/)))

• :567$#6-*),78#*9/;))

70&%'6$& (0/,'06%>&'& ,10:/,%0&%5%6,.*2%& F<G&/3/,%)/>&HIJ>& (0/15',%2&%K6%-,& +*.& ,$%& ,(-&4'/&

1/%2&,*&)'D%&'0&%5%6,.*53,(6&5%/(*0&F(@%@&61..%0,&:%0%.',%2&=3&'&/,()151/&(/*5',*.&4'/&-'//%2&

,$.*1:$&,$%&%5%6,.*2%J&*+&,$%&(/,$)*L*-,(6&,.'6,&AM@&N1=/%O1%0,53>&*P%.&,$%&6*1./%&*+&'&,$.%%&

4%%D& /1.P(P'5& -%.(*2& *615'.& -$%0*,3-(0:& 4'/& -%.+*.)%2& (0& *.2%.& ,*& '//%//& '03& -*,%0,('5&

%++%6,&*+&6%0,.(+1:'5&%++%.%0,&2(/.1-,(*0&*0&-*/,L0','5&*615'.&:.*4,$@&70&'22(,(*0>&'&-',$4'3&

,.'6(0:& -'.'2(:)& 4'/& 1/%2& ,*& '55*4& '661.',%& 2%,%.)(0',(*0& *+& 5%/(*0& /166%//@& & 70& ,$(/&

6$'-,%.>&-.()'.3&)%,$*2/>& (@%@& ,$*/%&6*))*0&,*& ,$%&'=*P%& +*1.&'=*P%& /1=2(P(/(*0/&*+& ,$%&

%K-%.()%0,& 2%/(:0%2& ,*& (0P%/,(:',%& ,$%& -*,%0,('5& .*5%& *+& ,$%&QRN& (0& ,$%& .%:15',(*0& *+& ,$%&

2%P%5*-)%0,&*+&%))%,.*-('>&4(55&=%&2%/6.(=%2@&70&,$%&/1=/%O1%0,&.%/15,/&6$'-,%./>&/-%6(+(6&

6$'0:%/&'02&'22(,(*0/&,*&,$%/%&%K-%.()%0,'5&,%)-5',%/&4(55&=%&'22.%//%2&(0&6*0,%K,@&

3.1 Animal husbandry 

Q$(6D/&4%.%& *=,'(0%2& '/& %::/& +.*)&'&$',6$%.3& /-%6('5(/%2& +*.& =(*)%2(6'5& .%/%'.6$& FS%0.3&

N,%4'.,&T,2@&HIJ&'02&4%.%&(061=',%2&',&M!@B*Q&'02&BCU&$1)(2(,3&+*.&A"&2'3/>&',&4$(6$&-*(0,&

,$%3&4%.%& ,.'0/+%..%2& ,*&'& ,%)-%.',1.%& 6*0,.*55%2&$',6$(0:&6$')=%.& +*.& ,$%& .%)'(02%.&*+&

,$%&EAL2'3&:%/,',(*0&-%.(*2&AE@&806%&$',6$%2>&,$%&6$(6D/&4%.%&,.'0/+%..%2&,*&'&61/,*)&)'2%>&

,%)-%.',1.%&6*0,.*55%2&FEVLE!°QJ&=.**2(0:&-%0&+*.&,$%&+(./,&4%%D>&=%+*.%&=%(0:&,.'0/+%..%2&
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!"#$#%$&'(&#)(*#+($!(,#-.#$*#"/(&+($,#%$0)#1"&#!+(#&(0$2*2*'#,3&$!2"*#"1#!+(#4!3,.5#6"",#

$*,#7$!(&#7(&(# $/$2%$-%(#!"# $%&%'()8#72!+# !+(#(9:()!2"*#"1# ;<=#+"3&4#)&2"&# !"# 2*,3:!2"*#"1#

'(*(&$%# $*$(4!+(42$5# >3&2*'# !+24# !20(8# :+2:?4# 7(&(# 1"",# ,()&2/(,# -3!# 4!2%%# +$,# 3*%202!(,#

$::(44# !"#7$!(&5# @*%(44# "!+(&724(# 4!$!(,8# :+2:?4#7(&(# ?()!# "*# $# ;A# +"3&4# "*B;C# +"3&4# "11#

%2'+!2*'#4:+(,3%(#72!+#!+(#2%%302*$!2"*#2*#!+(#-&"",(&#$*,#1%""&#)(*#$!#=DC#!"#ECC#%395#

3.2 Stereotaxic technique 

F#4!(&("!$92:#1&$0(8#:"*424!2*'#"1#$#1&$0(#$44(0-%.#G0",(%#;HECI#J")18#@KFL8#$#-2&,#$,$)!"&#

G0",(%#M;DI#J")18#@KFL8#$*,#AD"#*"*<&3)!3&(#!2)#($&#-$&4#,(42'*(,#1"&#-2&,#34(#G0",(%#;HDDI#

J")18#@KFL8#7$4#34(,#1"&#$%%#:+2:?#43&'(&2(45#N&2"&#!"#$*$(4!+(42$#"1#!+(#:+2:?8#$*#(%(:!&",(#

7$4#)"42!2"*(,#2*#$#02:&"0$*2)3%$!"&#G0",(%#;HOC<O;I#J")18#@KFL5#P$&#-$&4#7(&(#)"42!2"*(,#

43:+#!+$!#7+(&(#!+(.#0(!#:"&&(4)"*,(,#!"#!+(#02,,%(#)"2*!#"1#!+(#1&$0(8# 25(5#:""&,2*$!(4I#

C5CC8#C5CC8#C5CCL5#Q*(#($&#-$&#7$4#&(0"/(,#$*,#!+(#!2)#"1#!+(#(%(:!&",(#7$4#!+(*#%"7(&(,#!"#

!+(# !$)(&(,# (*,# "1# !+(# &(0$2*2*'# ($&# -$&5# R+(# )"42!2"*# "1# !+(# (%(:!&",(# !2)#7$4# :$&(13%%.#

'32,(,#3*!2%# 2!#7$4# $%2'*(,# 2*# !+(# $*!(&2"&<)"4!(&2"&# GFNL8#0(,2$%<%$!(&$%# GSTL# $*,#,"&4"<

/(*!&$%# G>UL#)%$*(4#72!+# !+(#($&#-$&#:(*!&(5#K3-4(V3(*!%.8#:"<"&,2*$!(4#7(&(#&(:"&,(,# 1"&#

($:+#$924#72!+#!+(#(%(:!&",(#2*#)%$:(5#F,,2!2"*$%%.8#!+(#(%(:!&",(#7$4#%"7(&(,#-(."*,#!+(#($&#

-$&# )"42!2"*# $*,# &$24(,# 2*# "&,(&# !"# ,(!(&02*(# 7+(!+(&# !+(# (%(:!&",(# $924# 7$4# :"&&(:!%.#

$%2'*(,#72!+2*#!+(#02:&"#0$*2)3%$!"&5#R+24#)&":(44#7$4#&()($!(,#E#!20(4#$*,#!+(#0($*#"1#

($:+# $924# 7$4# 34(,# $4# !+(# 12*$%# ($&<-$&# W(&"# 1&"0# 7+2:+# :"<"&,2*$!(4# 1"&# 4)(:212:# -&$2*#

&('2"*4#7(&(#,(&2/(,5##

Q*:(#!+(#:+2:?#7$4#$*$(4!+(!24(,8#!+(#1($!+(&4#$&"3*,#!+(#(9!(&*$%#$3,2!"&.#:$*$%#7(&(#:3!8#

$*,#!+(#$*20$%#7$4#)%$:(,#2*#!+(#1&$0(8#0$?2*'#43&(#!+$!#!+(#($&#-$&4#7(&(#(*'$'(,#72!+2*#

!+(# 2*!(&*$%# $3,2!"&.# :$*$%5# X"*12&0$!2"*# "1# !+(# :"&&(:!# )"42!2"*2*'# "1# !+(# ($&# -$&4# 7$4#

)"442-%(# -.#*"!2*'# !+(# :"*424!(*!# -(!7((*# $*20$%#,24!$*:(#-(!7((*# !+(# ($&# -$&4#72!+# !+(#

:+2:?#2*#)%$:(5#F*!(&2"&<)"4!(&2"&#&"!$!2"*#"1#!+(#+($,#2*#!+(#1&$0(#7$4#)&(/(*!(,#-.#!+(#34(#
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#$% &'(%)*+,%-,-.&#+/%0'*1'%1#23*3&(,%#$%-% &##&'%)-+% &'-&%0-3%.#3*&*#2(,%-&% &'(%)-3(%#$% &'(%
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3.3 Determination of ION/IOTr co-ordinates 
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)5$$(+(,%3-:*2(%7JKL>%$#::#0(,%)B%MH"%C:%#$%M?HN%.-+-$#+C-:,('B,(%*2%"?<%;%JKL?%O'(%,#+3-:%
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Fig. 3.1. Determination of ION/EA and IOTr stereotaxic coordinates using the method of 

Kuenzel and Masson (1988). A formaldehyde fixed intact chick skull is placed in the stereotaxic 

frame (i.e. ear bars and mouth bar) before careful dissection of the dorsal cranium. A scalpel blade 

placed in an electrode carrier is used to cut progressive coronal brain slices in the rostral-caudal 

direction until such a time that the target region is visible (or associated landmarks are apparent). At 

this stage, an electrode carrier with an electrode is introduced and lowered to the target region. 

Repeated co-ordinates can then be taken and used as preliminary stereotaxic co-ordinates for 

surgery. Note that fine-tuning is required in order to account for tissue shrinkage associated with 

fixation. 
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3.4 Electrolytic lesion of the IOTr  
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• Co-ordinates for the ION:  AP: +2.00; ML: -1.75; DV: +4.50  

• Coordinates for the IOTr:  AP: +2.30-2.70; ML: -2.00; DV: 5.15  

+H.&+ &:&/(0,1&+ 623+ (.&%+ :,6&0&1+ 2+ -)0(.&0+ "MM+µ5+ -,0+ (.0&&+ (,+ -,)0+5$%)(&3+ $%+ ,01&0+ (,+

?&%&(02(&+(.&+?$2+52(&0+,A&0:7$%*+(.&+1,032:+5$1402$%8+H.&+&:&/(0,1&+623+(.&%+02$3&1+42/E+
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3.5 Corneal radius of curvature  
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Fig. 3.2. Infra-red keratometry. Schematic of the apparatus used to measure corneal radius of 

curvature using infra-red video-keratometry. The radius of corneal curvature (CR) was measured on 

awake chicks using a modified videokeratometer. Awake chicks were held such that the eye to be 

measured was positioned at the focal plane of the camera. Images of the LED point sources 

reflected by the cornea were sampled in real-time and used to calculate corneal curvature in the 2 

principal meridians using custom written software (A).+

3.6 Refractive state  
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3.7 Ocular component dimensions  

D2332,&*0%)$#!6($)$*"%25%FG%#*'%GHD9%0$*$(#3%#*#$!"+$!&#%,#!% &*'61$'%<#*'%)#&*"#&*$'%

#!% *$1$!!#(-=% .-% &*"(#I)6!163#(% &*@$1"&2*% 25% #% 4$"#)&*$% +-'(21+32(&'$% <JA)0K40=% #*'%

8-3#L&*$% <M>J%)0K40=% !236"&2*% </($/#($'% 5(2)%!"214% NAA%)0K)3% !236"&2*!% &*% 5&3"$(% !"$(&3&!$'%

'OEP=>% F+&14!% ,$($% !$"% 6/% &*% #% 16!"2)I)#'$% +$#'I!"#.&3&!#"&2*% #//#(#"6!>% H-$3&'!% ,$($%

2/$*$'%6!&*0%16!"2)%3&'%($"(#1"2(!>%C%EA%QOL%"(#*!'61$(%<5%R%EJ%))=%12**$1"$'%&*%!$(&$!%

,&"+% #% S#*#)$"(&1!% /63!$(I($1$&7$(% <)2'$3% JATMSG9%UVC=% % #*'% #% /$(!2*#3% 12)/6"$(% 5&""$'%

,&"+% #% '&0&"&!&*0% 1#('% <)2'$3%WSNNA9% C1X&(&!9% V,&"L$(3#*'=%,#!%)26*"$'% 2*% #% 02*&2)$"$(%

#*'%$*1#!$'%,&"+&*%#%/$(!/$8%#'#/"2(%"+#"%#332,$'%#%12*"&*626!%532,%25%&!2"2*&1%!#3&*$9%"+6!%

1($#"&*0%#%!#3&*$%!"#*'I255%.$",$$*%"+$%"(#*!'61$(%#*'%"+$%12(*$#%25%NJ%))%<Fig. 3.3 i=>%P*1$%

/2!&"&2*$'%/(28&)#3%"2%"+$%!6.@$1";!%12(*$#9%#%!#3&*$%.(&'0$%52()$'%#*'%,#!%)#&*"#&*$'%.-%#%

32,I/($!!6($%<A>AJ%)3K)&*=%/$(56!&2*%/6)/>%Y+$%#*03$%25%"+$%"(#*!'61$(%($3#"&7$%"2%"+$%$-$%

,#!% #'@6!"$'% &*% "+$% )$'&#3I3#"$(#39% '2(!2I7$*"(#3% #*'% 1&(16)5$($*"&#3% /3#*$!% 6*"&3% &"% ,#!%

@6'0$'%"2%.$%2/"&)#33-%#3&0*$'%,&"+%"+$%2/"&1#3%#8&!%25%"+$%$-$>%%

%



Chapter 03 – Methods 01 

 

! !"!

!

Fig. 3.3. A-scan ultrasonography. Schematic of the apparatus used to measure ocular 

component dimensions using A-scan ultrasonography. Anaesthetized chicks were positioned on a 

heating pad with their heads stabilized via a custom made beak adaptor. A pulser/receiver encased 

within a Perspex adaptor and mounted on a goniometer was positioned close to the anterior corneal 

surface of the eye. Low pressure flow of isotonic saline through the Perspex adaptor, maintained by 

a low pressure perfusion pump created a saline bridge with the cornea. (i) Transducer with perspex 

adaptor through which saline was perfused. (not to scale with chick). (ii) Typical waveforms for the 

four principal ocular component boundaries shown as A-D on the hemisected eye inset. #
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!"#$%&'()*+$'$*)"(,-$.*"/*011*2345*"6.*"#$'"7$)*&%*81*+"#$%&'()*"6"-9)$.*":/&("/;<"--9*

:);67* <:)/&(=+';//$6*>;):"-* ?");<* )&%/+"'$* @Fig. 3.3 iiA5* ")):(;67* :-/'")&:6.* #$-&<;/;$)* &%*

0BC1D*((Eµ)*;6*/F$*-$6)*"6.*0B8GH*((Eµ)*;6*/F$*&/F$'*&<:-"'*($.;"*@!"--("6*"6.*I."()5*

0JDKAB* L"/"* +$'$* )"#$.* /&* "* ),'$".)F$$/5* ")* /F$9* +$'$* "<M:;'$.B* NF$* ;6)/':($6/* +")*

<"-;O'"/$.*.";-9*:);67*"*.3PQ*%;--$.*<:#$//$*&%*R6&+6*;6/$'6"-*.;($6);&6)B*I<<:'"<9*&%*/F$*

;6)/':($6/* +")* ±* P1* µ(* &#$'* /F$* '"67$* &%* 0=0P* ((B* NF$* "#$'"7$* &%* );S* '$".;67)* +$'$*

&O/";6$.*%&'*$"<F*$9$*+;/F*"*'$"-;76($6/*&%*/F$*;6)/':($6/*"%/$'*$#$'9*/+&*'$".;67)B*

3.8 Intra-vitreal injection of WGA 

T&--&+;67* :-/'")&6&7'",F9* P0=."9)* ,&)/=/'$"/($6/5* +F;-)/* )/;--* :6.$'* "6"$)/F$);"5*

:6<&6U:7"/$.=!VI* @>$</&'* W"O)5* XYA* +")* ;6U$</$.* ;6/&* /F$* #;/'$&:)* <F"(O$'* &%* /F$* $9$*

<&6/'"-"/$'"-*/&*/F$*F$(;),F$'$*;6*+F;<F*/F$*ZQN'*-$);&6*F".*O$$6*(".$B*!VI*+")*:)$.*;6*

/F;)*<")$*&#$'*/F$*,$'F",)*(&'$*&O#;&:)*<F&;<$*&%*<F&-$'"*/&S;6*?*):O:6;/*@[/?A*%&'*/+&*(";6*

'$")&6)B* [/?* ;)* +;.$-9* "<R6&+-$.7$.* /&* O$* /F$* (&)/* )$6);/;#$* '$/'&7'".$* ,"/F+"9* /'"<$'*

"#";-"O-$* "6.* ;6* "..;/;&65* :6-;R$* !VI* ;)* /'"6),&'/$.* (&6&)96",/;<"--95* +F;<F5* ;6* /F;)*

;6)/"6<$*+&:-.*O$*(&)/* ):;/"O-$* %&'* <&6);)/$6/*.$/$'(;6"/;&6*&%* '$(";6;67* <$6/';%:7"-* <$--*

6:(O$'B*3&+$#$'5*;6*/F;)*<")$5*!VI*+")*:)$.*,';("';-9*%&'*/+&*(";6*'$")&6)\*T;')/-95*:6-;R$*

[/?5* '$/'&7'".$* -"O$-;67* ;)* /9,;<"--9* <&6%;6$.* /&* /F$* <$--* )&("/"B* NF$* .$6)$* &#$'-",,;67*

'$/'&7'".$* -"O$-;67* /9,;<"-* &%* [/?* +&:-.* F"#$* ,&/$6/;"--9* <":)$.* .;%%;<:-/;$)* ;6* .;)<$'6;67*

;6.;#;.:"-* <$--* )&("/"* "6.* +&:-.* /F$'$%&'$* <&(,'&(;)$* "<<:'"/$* )/$'$&-&7;<"-* "6"-9);)B*

]$<&6.-95*"-/F&:7F*/'"6)=)96",/;<*/'"6),&'/5*"* %$"/:'$*&%*!VI5*+")*6&/*"*6$<$))"'9* %$"/:'$*

%&'*/F$*"6"-9);)*;6*/F;)*;6)/"6<$5*;/*,'&#;.$.*"6*$S/'"*%"<$/*/&*/F$*,"'"--$-*;6#$)/;7"/;&6)*;6/&*

)&:'<$)* &%* "%%$'$6/* ;6,:/* /&* <$6/';%:7"-* <$--)* /F"/* "'$* '$,&'/$.* ;6*Chapter 9B* NF$* ,&/$6/;"-*

;6<&6);)/$6<9* ;6* '$/'&7'".$* -"O$-;67* ;6/$6);/9* ;6* /F$* ,';("'9* 6$:'&6)5* ;B$B* ;6* /F;)* <")$*

<$6/';%:7"-* 6$:'&6)5* /F"/* <"6* O$* "* %$"/:'$* &%* /'"6)=)96",/;<* /'"6),&'/* +$'$* (;6;(;4$.*

/F'&:7F* "* <&(,'$F$6);#$* &,/;(;)"/;&6* )/:.9* ;6/&* ;6U$</;&6* #&-:($* "6.* ):'#;#"-* /;($*

@Section 5.6.1AB*NF$*$9$-;.*+")*&,$6$.*:);67*<:)/&(=(".$*-;.*'$/'"</&')5*"6.*"*,;-&/*F&-$*+")*
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"#$%& '()*& )+%&$*,-*.(#-#/& -0/%,#1&2,*3'"#/& )*& )+%& /'"45-1&5-'(6&#&78.6#56%&(%%$/%9&:&8;&µ/&

<#"'/)*(& -=,'(6%&>#-&5-%$& )*& '(?%0)& @;&µ/&*A& BC&DE:&0/*-%& )*1&45)&>')+*5)&$#"#6'(61& )+%&

,%)'(#9& F+%& -=,'(6%&>#-&+%/$& '(& 2/#0%& A*,& @;& -%0*($-1& '(& *,$%,& )*& #//*>&$'-2%,-'*(&*A&DE:&

>')+'(&)+%&6/*4%&4%A*,%&4%'(6&>')+$,#>(9&F+%&%=%/'$&>#-&#//*>%$&)*&0/*-%&(#)5,#//=&#($&)+%&

#('"#/& ,%0*G%,%$& A,*"& )+%& #(%-)+%)'0& '(& #& )%"2%,#)5,%& 0*(),*//%$& 0+#"4%,9&H(0%& #('"#/-&

+#$&,%6#'(%$&4#/#(0%&#($&)+%&#4'/')=&)*&2%,0+&I5-5#//=&J8&K&L;&"'(5)%-M1&)+%=&>%,%&,%)5,(%$&

)*&)+%',&2%(9&&

3.9 Perfusion/fixation 

:A)%,& #& -5,G'G#/& )'"%& *A& J!& +*5,-& ISection 5.6.1M& 2*-).'(?%0)'*(1& -54?%0)-& >%,%& 6'G%(& #(&

*G%,$*-%&*A&-*$'5"&2%()#4#,4')#/&IN5)+#)#/M&#($&2%,A5-%$&'(),#.0#,$'#//=&>')+&@;;&"/&*A&;9B&O&

2+*-2+#)%&45AA%,%$&-#/'(%&IPQRM&A*//*>%$&4=&8;;&"/&*A&798C&2#,#A*,"#/$%+=$%&'(&;9B&O&PQR9&

Q,#'(-&>%,%&)+%(&%30'-%$&#($&2*-).A'3%$&'(&)+%&-#"%&-*/5)'*(&A*,&J!&+*5,-&#($&-54-%S5%()/=&

0,=*2,*)%0)%$&'(&#&7;C&-50,*-%T;9B&O&2+*-2+#)%&45AA%,&IPQM&-*/5)'*(&A*,&#&A5,)+%,&J!&+*5,-9&&

3.10 Histology 

Q,#'(-&>%,%&-%0)'*(%$&*(&#&A,*U%(.-)#6%&"'0,*)*"%&I"*$%/&<O&JJ;&N1&O'0,*"&V()%,(#)'*(#/1&

E"4<M&#)&#&)+'0W(%--&*A&8;&µ"&'(&)+%&0*,*(#/&2/#(%9&F+,%%&BX@&-%,'%-&>%,%&0*//%0)%$1&>')+&*(%&

-%,'%-& "*5()%$& $',%0)/=& *()*& $*54/%& 6%/#)'(.-544%$& -/'$%-& A*,& Y,%-=/.G'*/%)& -)#'('(69& F+%&

,%"#'('(6&-%,'%-1&*(%&A*,&'""5(*+'-)*0+%"'-),=&#($&)+%&*)+%,&#-&#&4#0W521&>%,%&0*//%0)%$&'(&

,%#0)'*(&2*)-& 0*()#'('(6&;9B&O&FQR&>')+&;9;JC& -*$'5"&#U'$%1& #($& -)*,%$& #)& J*Y9&O*5()%$&

)'--5%& >#-& #',.$,'%$& #)& ,**"& )%"2%,#)5,%& A*,& #)& /%#-)& J!& +*5,-& #($& -54-%S5%()/=& A*,& @;&

"'(5)%-&'(&#&8;*Y&*G%(&4%A*,%&Y,%-=/&G'*/%)&-)#'('(6&ISection 3.12M9&

3.11 Immunohistochemistry 

H(%&*A&)+%&*)+%,&-%)-&>#-&-54-%S5%()/=&2,*0%--%$&A*,&!.DE:&'""5(*+'-)*0+%"'-),=9&:A)%,&

2,%),%#)"%()& >')+& ;9@C& <7;71& B;C& "%)+#(*/& ZS5%(0+[& -*/5)'*(& )*& ,%"*G%& %($*6%(*5-&
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!"#$%&'()")*+ ,#""-,.$(/&01+ )"2/&$0)+3"#"+ &0245(/"'+ (/+ #$$6+ /"6!"#(/4#"*+ &0+ (+ 78+ 95.$2:&01;+

)$.4/&$0+ $,+ 0$#6(.+ <$#)"+ )"#46+ =>?@A+ '&.4/"'+ &0+ BCD+ E+ F#&)-54,,"#"'+ )(.&0"+ 2$0/(&0&01+

BCBBG8+ F#&/$0+ H-DBB+ =FHFI@AC+ @"2/&$0)+ 3"#"+ /<"0+ '&#"2/.J+ /#(0),"##"'+ /$+ (+ )$.4/&$0+

2$0/(&0&01+(+DKDBBB+'&.4/&$0+$,+5&$/&0J.(/"'+!LMN+=IN-BBOP*+Q"2/$#+R(5)*+STA+&0+FHFI@+3&/<+

D8+ >?@+ 3<"#"+ /<"J+ 3"#"+ &0245(/"'+ ,$#+ OP+ <$4#)+ (/+ #$$6+ /"6!"#(/4#"+ 40'"#+ 2$0/&04$4)+

(1&/(/&$0C+L&/<+ &0/"#U"0&01+ 3()<")+ &0+ FI@*+ )"2/&$0)+ 3"#"+ /<"0+ &0245(/"'+ 40'"#+ /<"+ )(6"+

2$0'&/&$0)+&0+(+DKGBB+)$.4/&$0+$,+5&$/&0J.(/"'+#(55&/-(0/&+1$(/+V1M+=WT-XDBG*+Q"2/$#+R(5)*+STA+

&0+FI@+3&/<+D8+>?@C+N1(&0*+3&/<+&0/"#U"0&01+3()<")+&0+FI@*+/<"+)"2/&$0)+3"#"+&0245(/"'+&0+

!"#$%&'()"+NIY+Z.&/"+2$6!."%+=DKDBB+'&.4/&$0+&0+FI@+3&/<+D8+>?@A+,$#+O+<$4#)+40'"#+/<"+)(6"+

2$0'&/&$0)C+[4#/<"#+3()<")+&0+FI@+!#"2"'"'+$U"#0&1</+(22.&6(/&)(/&$0+/$+BCBG+E+F#&)+54,,"#+

=F>@A+(/+P$YC+F<"+!"#$%&'()"+(2/&U&/J+3()+U&)4(.&)"'+5J+!.(2&01+ /<"+)"2/&$0)+ &0+(+BCG8+\NI+

)$.4/&$0+'&.4/"'+ &0+F>@+3&/<+BCB]8+?OBO+40/&.+ /<"+ 2$.$4#+<('+'"U".$!"'+ )4,,&2&"0/.JC+N,/"#+

3()<")+ &0+ F>@*+ )"2/&$0)+ 3"#"+ 6$40/"'+ $0+ '$45."+ 1".(/&0-)455"'+ ).&'")*+ (&#-'#&"'+ ,$#+ P^+

<$4#)*+ '"<J'#(/"'+ &0+ ()2"0'&01+ (.2$<$.)*+ 2."(#"'+ &0+ %J."0"+ (0'+ 2$U"#).&!!"'+ &0+ \WH+

6$40/(0/C++

3.12 Cresyl violet staining  

Y#")J.+U&$."/+)$.4/&$0+3()+!#"!(#"'+5J+'&))$.U&01+G+1+$,+)$'&46+(2"/(/"+&0+XBB+6.+$,+'"&$0&)"'+

3(/"#+ ='?OBA+ (0'+ )/&##&01+ _CBP+ 1+ $,+ Y#")J.+ U&$."/+ ,()/+ (2"/(/"+ =@&16(*+ STA+ &0+ /<"+ #")4./&01+

)$.4/&$0+$U"#0&1</C+F<"+!?+$,+ /<"+ )$.4/&$0+3()+ ('`4)/"'+ /$+ 7CG+3&/<+1.(2&(.+ (2"/&2+ (2&'+ (0'+

6('"+4!+/$+(+,&0(.+U$.46"+$,+DCB+R+3&/<+'?OBC+

[$#+)/(&0&01*+6$40/"'+)"2/&$0)+3"#"+'"<J'#(/"'+ &0+()2"0'&01+(.2$<$.+2$02"0/#(/&$0)+=_B8*+

]G8+ (0'+ DBB8A+ (/+ G+ 6&04/"+ &0/"#U(.)+ 5",$#"+ 5"&01+ /#(0),"##"'+ /$+ (+ GB8+ (.2$<$.aGB8+

2<.$#$,$#6+)$.4/&$0+ ,$#+OB+6&04/")*+ /$+ &02#"()"+ /<"+!$#$)&/J+$,+ /<"+ /&))4"+ /$+ /<"+ )/(&0C+F<"+

/&))4"+ 3()+ /<"0+ <J'#(/"'+ &0+ '")2"0'&01+ (.2$<$.+ )$.4/&$0)+ =]G8*+ _B8*+ '?OBA*+ (1(&0+ (/+ G+

6&04/"+&0/"#U(.)+5",$#"+5"&01+/#(0),"##"'+/$+/<"+Y#")J.+U&$."/+)/(&0+,$#+DB-OB+6&04/")C+L<"0+
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#$%&'&'() *%+) ,-./0-) +-'#-1) $*%') /2$&0304) 5&6-6) $/) ./02-'#%$-) 7/1) +-#$%&'&'() $*%$) /..31#)

+31&'() $*-) 7&'%8)+-*9+1%$&/')#$%(-:4) $*-) $&##3-);%#) $*-');%#*-+) &')+<=") 7/1)>)0&'3$-#)%'+)

+-*9+1%$-+)&')%#.-'+&'()%8./*/8)#/83$&/'#)%'+)7&'%889)&'$/)?98-'-)$/).8-%16)@-.$&/'#);-1-)$*-')

./A-1#8&22-+)&')BCD)0/3'$%'$6)

3.13 Stereological analysis 

E'-)FGH)#-1&-#)/7)IJK)8%,-8-+)#-.$&/'#);%#)$1%.-+)%'+)'-31/'%8)./3'$#)0%+-)3#&'()%)L-&.%)

0&.1/#./2-) 50/+-8)BM)N""")O:) &')./'P3'.$&/');&$*)MOQ)O&/#.&-'.-#R)@$-1-/) S'A-#$&(%$/1)

#/7$;%1-)TU-1#&/')VW)5Fig. 3.4:6)X-88)./3'$#)7/1)./'$1%8%$-1%889)21/P-.$&'()SEY)%'+)ZK)%#);-88)

%#)&2#&8%$-1%889)21/P-.$&'()ZK)'-31/'#);-1-)0%+-)#-2%1%$-89)%'+)#3,#-[3-'$89)./0,&'-+)$/)

(&A-)$*-)$/$%8)1-0%&'&'()'30,-1)/7)'-31/'#)5&6-6)SEY)\)ZK:4)#3,$1%.$-+)71/0)$*-)0-%').-88)

./3'$) &') #*%0]/2-1%$-+) ./'$1/8) .%#-#) 50-%') ./3'$) ^) _"""4)Fig. 5.7:4) %'+) -?21-##-+) %#) %)

2-1.-'$%(-)/7)XU@)+&#132$&/'G)

% Lesion success = [(Sham cell count – Lesion cell count) / Sham cell count] x 100 

3.14 Data analysis 

S')%'%89#&'()$*-)-77-.$#)/7)SE`1)8-#&/'#4)#3,P-.$#);-1-)1%'a)/1+-1-+)%'+)#28&$)&'$/)[3%1$&8-#)

5bF]_:) 5Chapter 6:) /1) $-1$&8-#) 5`F]`H:) 5Chapters 7 %'+ 8:) ,%#-+)32/') $*-) $/$%8) 2-1.-'$%(-)

8-#&/') #3..-##6) bF) /1) `F) ./'$%&'-+) $*-) 8/;-#$) 2-1.-'$%(-) 8-#&/') #3..-##) %'+) b_c`H) $*-)

*&(*-#$6)K)'30,-1)/7)2%#$)8-#&/')#$3+&-#)*%A-)21/A&+-+)-?%028-#)/7)#$13.$31-#4)&');*&.*4)$/)

.%3#-)%) 73'.$&/'%8)+-7&.&$) &$);%#)'-.-##%19) $/)%.*&-A-)%)*&(*) 8-#&/') 5&6-6)d!"e:)#3..-##6)K#)

#3.*4)&')/1+-1)$*%$)%'9)2/$-'$&%8)-77-.$)./38+),-).8-%189)/,#-1A-+4)&')-%.*)-?2-1&0-'$4).*&.a#)

;-1-)+&A&+-+)%.1/##)$*-)1%'(-)/7)8-#&/')#3..-##4)#3.*)$*%$)%)$1%+-)/77),-$;--')$*-)'30,-1)/7)

#3,P-.$#) &') -%.*) (1/32) %'+) $*-) 1%'(-) /7) 8-#&/') #3..-##) /A-1) ;*&.*) $*-9) #2%''-+) ;-1-)

./02%1%,8-) %.1/##) -?2-1&0-'$#6) K#) %) 1-#38$4) ;*&8-) $-1$&8-) (1/32#) ;-1-) 3#-+) &')Chapter 7)
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!"#$%&'$&()*+,&(!$-./0('$1(Chapter 8(!2*$3%(!$-450('$1(6)3%(!$-4.0()7$%(87'90:(*$(Chapter 6(

!$#92')(;*%3')(7<679*7$"7:($-=>0:(?3'9&*)7(+9#36%(8797(3%71@(

A))(%&'&*%&*"')('$')B%*%(8'%("'99*71(#3&(*$(CDCC(.E@5@(F*&,*$G'$*2')(!H7))#8(7B70("#26'9*%#$%(

8797( 679H#9271( 3%*$+( 6'*971G%'26)7( &G&7%&%( 8,*)7( '"9#%%( )7%*#$( +9#36( !?3'9&*)7I&79&*)70(

"#26'9*%#$%( 8797( &7%&71( 8*&,( #$7G8'B( AJKLA%( '&( 7'",( 27'%39727$&( &*27( 6#*$&@( M,7(

N'27%GO#87))( 6#%&G,#"( &7%&( 8'%( 3%71( &#( '""#3$&( H#9( 3$7;7$( 1*%&9*P3&*#$( #H( ;'9*'$"7@(

Q$1*;*13')(%'26)7("#997)'&*#$%(8797('$')B%71(8*&,('()*$7'9(97+97%%*#$(2#17)('$1(7<697%%71(

'%(D7'9%#$( "#997)'&*#$( "#7HH*"*7$&%(8*&,*$(6)#&%( '$1(AJKLA%( *$( &,7( &7<&@(D'9'27&9*"( &7%&%(

8797(3%71(*$(&,*%("'%7('%:(')&,#3+,(&,7('%%326&*#$(H#9(7;7$(1*%&9*P3&*#$(#H(;'9*'$"7(8'%($#&(

27&:('%(%,#8$(PB('(%*+$*H*"'$&( )7;7$7R%(&7%&:( &,7('%%326&*#$(H#9($#92')(1*%&9*P3&*#$(#H(&,7(

9'8( 1'&'( 8'%( 27&@( A( %76'9'&7( '$')B%*%( 8'%( "'99*71( #3&( 3%*$+( $#$G6'9'27&9*"( &7%&%:( *@7@(

F*)"#<#$(MG&7%&%('%('(%3P%&*&3&7(H#9(6'*971(&G&7%&%:(8,*",(+7$79'&71('("#26'9'P)7(#3&63&@(Q$(

&,7("'%7(#H(AJKLA%:('(6#%&G,#"(&7%&(&,'&('""#3$&71(H#9(3$7;7$(1*%&9*P3&*#$(#H(;'9*'$"7(8'%(

3%71( '$1( &,7( '%%326&*#$( H#9( &,7( $#92')( 1*%&9*P3&*#$( #H( &,7( 97%*13')%( 8'%( 27&@( S$)7%%(

#&,798*%7(%&'&71(!7@+@(P#<('$1(8,*%T79(6)#&%0:(799#9(P'9%(#$(+9'6,%(17$#&7(%&'$1'91(799#9(#H(

&,7(27'$(!CUV0(.W@((

Fig. 3.4. Stereological analysis of percentage lesion success. Shown are typical examples of 

EA neuron distribution in a chick with a isthmo-optic tract lesion (IOTr) success of >90% (left) and a 

sham operated control (right). Unstacked tracings of 1:3 series! of 50 µm sections are shown 

beneath the stacks with black dots representing EA neuron location. Note the paucity of EA cell 

density in the >90% lesion case. Centrifugal neurons were labeled following intra-vitreal injection of 

wheat-germ agglutinin (WGA) of the eye contralateral to the lesion of the IOTr 3 weeks post surgery 

(i.e. once ocular phenotyping was completed). For details of survival time and injection volume 

optimization see Section 5.6.1.
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4.0 Overview 

#$%&'()%*+(,-& (./&'%)$0/-&/%-1*+2%/& +.& )$+-& 1$(3)%*& *%,()%& )0& %43%*+'%.)-& 1(**+%/&05)& )0&

+.6%-)+7()%& )$%& (.()0'+1(,& 0*7(.+-()+0.& 08& )$%& 9:;<& #$%& 35*30-%& 08& )$+-& -%*+%-& 08&

%43%*+'%.)-&=(-&)0&+.6%-)+7()%&)$%&'+/2*(+.&10..%1)+6+)>&08&)$%&?@A&(./&BC<!

4.1 Animal husbandry 

C/5,)& $0'+.7& 3+7%0.-& =%*%& 02)(+.%/& 8*0'& (& ,01(,& 2*%%/%*& D0*& =$%.& (6(+,(2,%E& (-& *%F5-%&

-52G%1)-& 8*0'& (& /+88%*%.)& *%-%(*1$& 7*053& =+)$+.& 9(*/+88& H.+6%*-+)>I& (./& $05-%/& +.& 3(+*-<&

J00/&(./&=()%*&=%*%&(6(+,(2,%&!"#$%&%'()E&=+)$&)$%&%41%3)+0.&08&KFL&$05*-&3*+0*&)0&+./51)+0.&

08&7%.%*(,&(.(%-)$%-+(<&M5*+.7&)$+-&)+'%E&3+7%0.-&=%*%&800/&/%3*+6%/&25)&-)+,,&$(/&5.,+'+)%/&

(11%--&)0&=()%*<&N+7%0.-&=%*%&O%3)&0.&(&K"&$05*-&0.PKQ&$05*-&088&,+7$)+.7&-1$%/5,%&=+)$&)$%&

+,,5'+.()+0.&()&LRQ&)0&SQQ&,54<&

4.2 Intra-vitreal injection 

T%.%*(,&(.(%-)$%-+(&=(-&+./51%/&D(./&'(+.)(+.%/&(-&.%1%--(*>I&2>&+.)*(F'5-15,(*&+.G%1)+0.&

08&(&O%)('+.%&$>/*01$,0*+/%&DRQ'7PO7I&(./&4>,(U+.%&DS<R&'7PO7I&-0,5)+0.&D+.&8+,)%*&-)%*+,+-%/&

/VL@IE& 10'2+.%/& =+)$& (& 3*%F03%*()+6%& +.)*(F'5-15,(*& +.G%1)+0.& 08& (.(,7%-+1&

DO%)03*08%.&Q<K&'7PO7I<&#$%&%>%,+/&=(-&03%.%/&5-+.7&15-)0'F'(/%&,+/&*%)*(1)0*-&(./&(&3+,0)&

$0,%&=(-&'(/%&+.)0&)$%&/0*-0F.(-(,&-1,%*(E&3*04+'(,&)0&)$%&,+'25-E&5-+.7&(&LRF7(57%&.%%/,%<&

C& RQ& µ,& V('+,)0.& ->*+.7%& =(-& 5-%/& )0& +.G%1)& KQFSQ& µ,& 08& )*(1%*& 1,0-%& )0E& 25)& =+)$05)&

/('(7+.7E& )$%& *%)+.(<& #$%& ->*+.7%& =(-& $%,/& +.& 3,(1%& 80*& SQ& -%10./-E& +.& 0*/%*& )0& (,,0=&

/+-3%*-+0.& 08& )*(1%*& =+)$+.& )$%& 7,02%& 2%80*%& 2%+.7& =+)$/*(=.<& #$%& %>%,+/& =(-& (,,0=%/& )0&

1,0-%&.()5*(,,>E&(./&)$%&(.+'(,&=(-&(,,0=%/&)0&*%106%*&8*0'&)$%&(.(%-)$%)+1&+.&(&)%'3%*()5*%&

10.)*0,,%/& *%106%*>&1$('2%*<&@.1%&(.+'(,-&$(/&*%7(+.%/&2(,(.1%&(./& )$%&(2+,+)>& )0&3%*1$&

D5-5(,,>&KFL&$05*-IE&)$%>&=%*%&*%)5*.%/&)0&)$%+*&3%.<&

!
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4.3 Stereotaxic technique 

!"#$%#&"'()*#$*+#,$-./$+*/0#/(#+$('1.21('0$3(0#.'+$45+$25/0#26$&.735/582#$%.$%"5%$.-$&"(&9+$

:Section 3.2;<$ ".4#1#/$ &*+%.7$ 5,53%5%(.'+$ 4#/#$ /#)*(/#,$ 5&&./,('0$ %.$ %"#$ 7#%".,$

,#+&/(8#,$86$=5/%#'$5',$>.,.+$:?@AB;C$D$+%#/#.%5E(&$+#%*3<$&.'+(+%('0$.-$5$-/57#$5++#7826$

:7.,#2$?BFGH$=.3-<$IJD;<$5$&*+%.7$75,#$3(0#.'$5,53%./<$(C#C$#5/$85/+$4"(&"$4#/#$F$77$('$

,(57#%#/$86$A$77$('$%(3$2#'0%"$4(%"$5$-*22$/5,(*+$.'$%"#$#',$:7.,#2$?BKAH$=.3-<$IJD;<$45+$

*+#,$ -./$ 522$ +*/0#/(#+C$ L./$ 522$ +*/0#/(#+<$ 5$ ?$ µ2$ >57(2%.'$ +6/('0#<$ +#&*/#,$ ('$ 5$

7(&/.75'(3*25%./$:7.,#2$?BBMH$=.3-<$IJD;$45+$*+#,C$!"#$#5/$85/$N#/.$-./$%"#$'##,2#$%(3$45+$

,#%#/7('#,$('$%"#$+57#$456$5+$,#+&/(8#,$('$Section 3.2C$

O'&#$5'5#+%"#%(+#,<$%"#$-#5%"#/+$5/.*',$%"#$#E%#/'52$5*,(%./6$&5'52$.-$%"#$3(0#.'$4#/#$&*%$

5',$%"#$5'(752$45+$325&#,$('$%"#$-/57#<$759('0$+*/#$%"5%$%"#$#5/$85/+$4#/#$#'050#,$4(%"('$

%"#$('%#/'52$5*,(%./6$&5'52C$DP$/.%5%(.'$('$%"#$-/57#$45+$3/#1#'%#,$86$%"#$*+#$.-$5$3(0#.'$

5,53%./$:7.,#2$ ?MQAH$=.3-<$IJD;$%"5%$/#+%#,$.'$%"#$32#*/52$.3#/&*2*7C$L.22.4('0$+*/0#/6<$

%"#$ 3(0#.'$ 45+$ 0#'%26$ /#7.1#,$ -/.7$ %"#$ 5335/5%*+$ 5',$ 522.4#,$ %.$ /#&.1#/$ *',#/$ &2.+#$

7.'(%./('0C$O'&#$5'(752+$"5,$/#05('#,$%"#(/$8525'&#$5',$%"#$58(2(%6$%.$3#/&"<$:*+*5226$?RM$

".*/+;$%"#6$4#/#$/#%*/'#,$%.$%"#(/$3#'C$

4.4 Intra-cranial injection 

S#'#/52$5'5#+%"#+(5$45+$(',*&#,$:5',$75('%5('#,$5+$'#&#++5/6;$86$('%/5R7*+&*25/$('T#&%(.'$

.-$5$9#%57('#$"6,/.&"2./(,#$:KG70U90;$5',$E625N('#$:FCK$70U90;$+.2*%(.'$:('$-(2%#/$+%#/(2(+#,$

,>MO;<$&.78('#,$4(%"$5$3/#R.3#/5%(1#$('%/5R7*+&*25/$('T#&%(.'$.-$5'520#+(&$:9#%.3/.-#'$GC?$

70U90;C$O'&#$,##326$5'5#+%"#%(+#,$:5+$,#%#/7('#,$3/(75/(26$86$5$ 2.4#/#,$/#+3(/5%./6$/5%#$

5',$ 5'$ 58+#'%$ %.#R3('&"$ /#-2#E;<$ +*8T#&%+$4#/#$ 325&#,$ ('$ 5$ +%#/#.%5E(&$ -/57#C$ V'(%(5226<$ %"#$

+&523$45+$('&(+#,$%.$/#1#52$%"#$,./+.R&5*,52$&/5'(*7C$D$&/5'(.%.76$45+$3#/-./7#,$*+('0$5$

,#'%52$ ,/(22<$ /#1#52('0$ %"#$ ,*/5$75%#/C$ D$ +7522$ &*%$ 45+$75,#$ ('$ %"#$ ,*/5$ *+('0$ 5$7(&/.R

+&523#2$5',$5$?$µ2$>57(2%.'$+6/('0#$45+$2.4#/#,$%.$&../,('5%#+$&.//#+3.',('0$%.$%"#$(+%"7.R
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#$%&'()*'+,*-.(/0,(,+,'%1#2,(34-(%0,)(+#3,1,2(4(5*1%0,1(677(µ8(5#1(%01,,(%#(5#*1(8&)*%,-(&)(

#12,1( %#( $,),%14%,( %0,( $&4( 84%,1( #9,1+:&);( %0,( 2#1-4+( 8&2<14&).( /0,( ,+,'%1#2,( 34-( %0,)(

14&-,2( <4'=( %#( %0,( $1,9&#*-( 2#1-#>9,)%14+( $#-&%&#).( ?( $1,--*1,( &)@,'%&#)( #5( <,%3,,)( 7.A( B(

7.!(µ+( C%14',1(2,$,)24)%D(34-(842,(#9,1( %0,( '#*1-,(#5( E>F7(8&)*%,-.(/0,( '14)&#%#8:(34-(

%0,)( 5&++,2( *-&);( <#),>34G( 4)2( %0,( -'4+$( &)'&-&#)( -*%*1,2.( H)',( 1,8#9,2( 51#8( %0,(

-%,1,#%4G&'(5148,I(%0,(4)&84+(34-(4++#3,2(%#(1,'#9,1(51#8(%0,(4)4,-%0,%&'(&)(4(%,8$,14%*1,(

'#)%1#++,2( 1,'#9,1:( '048<,1.(H)',( 4)&84+-( 042( 1,;4&),2( %0,&1( <4+4)',( 4)2( %0,( 4<&+&%:( %#(

$,1'0I(C*-*4++:(F>6(0#*1-D(%0,:(3,1,(1,%*1),2(%#(%0,&1($,).(

4.5 Perfusion/fixation 

?5%,1(4(%14',1>2,$,)2,)%(-*19&94+(%&8,I(,.;.("(24:-(5#1('0#+,14(%#G&)(-*<*)&%(JI(-*<@,'%-(3,1,(

;&9,)(4)(#9,12#-,(#5(-#2&*8($,)%#<41<&%4+( CK*%04%4+D(4)2($,15*-,2( &)%14>'412&4++:(3&%0(E77(

8+(#5(7.F(L($0#-$04%,(<*55,1,2(-4+&),(CMJND(5#++#3,2(<:(E77(8+(#5(6.EO($4145#184+2,0:2,(&)(

7.F(L(MJN.( J14&)-(3,1,( %0,)( ,G'&-,2( 4)2($#-%>5&G,2( &)( %0,( -48,( -#+*%&#)( 5#1( 6A(0#*1-( 4)2(

-*<-,P*,)%+:('1:#$1#%,'%,2(&)(4(67O(-*'1#-,Q7.F(L($0#-$04%,(<*55,1(CMJD(5#1(<,%3,,)(6A(4)2(

AR(0#*1-.((

4.6 Histology 

J14&)-(3,1,(-,'%&#),2(#)(4( 51#S,)>-%4;,(8&'1#%#8,(C8#2,+( (TLAA7KI(LUVWHLI(XN?D(4%(4(

%0&'=),--(#5(E7(µ8(&)(%0,('#1#)4+($+4),.(/01,,(FYZ(-,1&,-(3,1,('#++,'%,2.((

U5( 4( 5+*#1,-',)%( $4%034:( %14',1( 34-( *-,2I( %3#( -,1&,-( 3,1,( 8#*)%,2( 2&1,'%+:( #)%#( 2#*<+,(

;,+4%&)>-*<<,2(-+&2,-I(#),(5#1(9&-*4+&-4%&#)(4)2(#),(5#1(V1,-:+(9&#+,%(-%4&)&);.(N,'%&#)&);(34-(

'411&,2(#*%( &)(2&8(+&;0%(%#($1,9,)%(<+,4'0&);(#5( %0,( 5+*#1,-',)',.(/0,(1,84&)&);(-,1&,-(34-(

'#++,'%,2(&)(4(1,4'%&#)($#%('#)%4&)&);(7.F(L(/JN(4)2(-%#1,2(&)(%0,(241=(4%(A#V(4-(4(<4'=*$.(((

[#1()#)>5+*#1,-',)%( %14',1-I(30&'0(3,1,( %#(<,( 9&-*4+&-,2(*-&);( &88*)#0&-%#'0,8&-%1:I( ,.;.(

\]?I( #),( -,1&,-(34-(8#*)%,2( 2&1,'%+:( #)%#( 2#*<+,( ;,+4%&)>-*<<,2( -+&2,-( 5#1( V1,-:+( 9&#+,%(
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!"#$%$%&'#%('")*'"+,'-*.#$%$%&'!*-$*!'+*-*'$..*-!*('$%'!*/#-#"*'-*#0"$,%'/,"!'0,%"#$%$%&'123'

4'567'8,-'!9:!*;9*%"'$..9%,)$!",0)*.$!"-<2''

4,9%"*('"$!!9*'+#!'#$-=(-$*('#"'-,,.'"*./*-#"9-*'8,-'#"'>*#!"'?@'),9-!'#%('!9:!*;9*%"><'8,-'

A1'.$%9"*!' $%' #' B1,C' ,D*%2'4,9%"*(' !*0"$,%!' +*-*' ")*%' (*)<(-#"*(' $%' #!0*%($%&' #>0,),>'

!,>9"$,%!'EF1GH'IBGH'311GJH'0>*#-*('$%'K<>*%*'#%('0,D*-!>$//*('+$")'LMN'.,9%"#%"2''

4.7 Immunohistochemistry/cresyl violet staining  

M-,",0,>!'8,-'$..9%,)$!",0)*.$0#>'>#:*>$%&'#%('0,9%"*-!"#$%$%&'+$")'C-*!<>'D$,>*"'!,>9"$,%'

+*-*'8,>>,+*('#!'(*!0-$:*('$%'Sections 3.11'#%('3.12H'-*!/*0"$D*><2''

4.8 Imaging 

O$!9#>$!#"$,%',8'"$!!9*'+#!'0#--$*(',9"'9!$%&'#'P*$0#'L4'Q111'6'0,%%*0"*('",'#'.,%,0)-,.*'

0#.*-#'E.,(*>J2'R.#&*!'+*-*'0#/"9-*('9!$%&'P*$0#'S//>$0#"$,%'7,8"+#-*'EPS7H'O*-!$,%J',%'#'

MC2' T,-' 0#!*!' ")#"' $%D,>D*(' #' !$%&>*' 8>9,-*!0*%"' "-#0*-H' $.#&*!' +*-*' 0#/"9-*(' #!'

.,%,0)-,.*' $.#&*!' #%(' $%D*-"*(2' T,-' 0#!*!' $%'+)$0)' U' "-#0*-!'+*-*' 9!*(H' ' $.#&*!'+*-*'

0#/"9-*(' $%' @' :$"V0)#%%*>' WX6' 0,>,9-*(' 8,-.#"' #%(' $8' %*0*!!#-<H' ")*' 0)#%%*>!' ,8' ")*' U'

"-#0*-!'+*-*'")*%'!*/#-#"*('E0)#%%*>'.$K*-'89%0"$,%J'!90)'")#"',%*'"-#0*-'+#!':>#0Y'#%('")*'

,")*-'+)$"*2'5)$!'#(Z9!".*%"'#>>,+*('$./-,D*('D$!9#>$!#"$,%',8'8$%*'.,-/),>,&$0#>'(*"#$>!'#!'

#'-*!9>"',8'")*')$&)*-'0,%"-#!"'+$")'")*':#0Y&-,9%(2'S>>'#(Z9!".*%"!'+*-*'.#(*'9!$%&'S(,:*'

M),",!),/'EO*-!$,%'C7UJ',%'#%'$4#0'0,./9"*-2'''

4.9 Materials 

5)*' /#")+#<' "-#0*-!' 9!*(' $%' ")*' !"9(<' #-*' (*!0-$:*(' :*>,+2' 5)*' !*>*0"$,%' ,8' "-#0*-E!J' ",'

.**"'!/*0$8$0'*K/*-$.*%"#>'-*;9$-*.*%"!'+#!':#!*('9/,%'")*'8,>>,+$%&'/-,/*-"$*!['

#$ %&'()*&+,-+.-*'/,01+'*-

2$ %(3&4('5-6(*7+8-

9$ :1*&6;6-0;'4&4/3-*&6(-
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!" #$%&'()'*)+,-./0,-/%,'1)

4.9.1 Wheat germ agglutinin (WGA)  

• #$%&'(&)&*+),(-(.,)/*'0&+1*+23+)41&/)*56).&*+)01+7&&

• 8(14&92+&:);1:',3&29&01,*+'9<3):&,1<+2,(&92::26',3&',*+)-20<:)+&',=10*'2,&

• >?&µ:&29&@A&#$%&B',&?7@&C&DEF&/G&H7>IJK&(<+L'L):&*'M1N&O"&52<+(&

• P'(<):'()*'2,&*5+2<35&'MM<,25'(*2051M'(*+.&B2$3%,'1)4"56J&

• P10*2+&Q);(F&8R&

4.9.2 Fast blue (FB)  

• S)(*&;:<1&'(&)&M2,2(.,)/*'0&+1*+23+)41&/)*56).&*+)01+7&

• 8(14& *2& '41,*'9.& )991+1,*& ',/<*& *2& 01,*+'9<3):& ,1<+2,(& 92::26',3& TUVWX%& /+1((<+1&

',=10*'2,7&

• ?7?O-?7?!&µ:&29&Y7IA&SE&B',&?7?@&C&DEF&/G&H7>IJK&(<+L'L):&*'M1N&>-!&4).(&

• P'(<):'()*'2,&*5+2<35&9:2+1(01,01&B1M'(('2,&!&OY?&,MJ&

• D2:.(0'1,01(&T,07&8R&

4.9.3 Cholera toxin subunit B conjugated to Alexa Fluor 488 (CtB-488)  

• Z*E-O""&'(&)&M2,2(.,)/*'0&+1*+23+)41&/)*56).&*+)01+7&

• 8(14&92+&:);1:',3&29&01,*+'9<3):&,1<+2,(&92::26',3&',*+)-20<:)+&',=10*'2,&

• @I&µ:&29&@A&Z*E-O""&B',&?7@&C&DEF&/G&H7>IJK&(<+L'L):&*'M1N&[&4).(&

• P'(<):'()*'2,&*5+2<35&9:2+1(01,01&B1M'(('2,&!&I@!&,MJ&

• T,L'*+231,F&8R&

!

&

&

&

)
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5.0 Overview 

#$%&'($)*+,-'*-,&,.+&'+$,'-,&/0+&'12'*-,0%3%.)-4',5*,-%3,.+&'+$)+'6,-,'()--%,7'1/+'+1'2%.,'

+/.,' +$,' ,5*,-%3,.+)0' *)-)3,+,-&' /&,7' +1' ()--4' 1/+' +$,' ,5*,-%3,.+&' 7,&(-%8,7' %.'

Chapters 6-89'

• :$%(;,.'&+-)%.'&,0,(+%1.'<Section 5.4=>'

• :$1%(,' 12' 0,&%1.' +)-?,+@' %>,>' %&+$31A1*+%(' ./(0,/&' <BCD=' 1-' %&+$31A1*+%(' +-)(+'

<BC#-='<Section 5.5=>'

• E,+,-3%.)+%1.'12'0,&%1.'&/((,&&'<Section 5.6=>'

5.1 Experimental design 

5.2 Ocular phenotyping 

F-%1-' +1' &/-?,-4@' ($%(;&'6,-,'*-,A&(-,,.,7' 21-',5%&+%.?')3,+-1*%)').7'6,%?$,7' %.'1-7,-' +1'

)&&,&&'?,.,-)0'$,)0+$>'G+-,);'-,+%.1&(1*4'6)&'*,-21-3,7'+1'3,)&/-,'-,2-)(+%H,',--1-').7'BI'

;,-)+13,+-4'+1'3,)&/-,'(1-.,)0'-)7%/&'12'(/-H)+/-,>'J10016%.?'&/-?,-4@'7,*,.7%.?'/*1.'+$,'

,5*,-%3,.+)0'7,&%?.@'+$,&,'+,($.%K/,&'6,-,'(138%.,7'6%+$'LA&().'/0+-)&1.1?-)*$4@'/&,7'+1'

3,)&/-,' 1(/0)-' (13*1.,.+' 7%3,.&%1.&' )01.?' +$,' 1*+%()0' )5%&>' #$,' +%3,A*1%.+&' )+' 6$%($'

*1&+A+-,)+3,.+'1(/0)-'3,)&/-,3,.+&'6,-,' +);,.'H)-%,7'8,+6,,.',5*,-%3,.+&' ).7')&' &/($'

6%00'8,'1/+0%.,7')+' +$,'8,?%..%.?'12' +$,'-,0,H).+'-,&/0+&'&,(+%1.&@'$16,H,-' +$,' +%3,'*1%.+&'

8,016'&$16'+$,'&+-/(+/-,'(1331.'+1')00'+$-,,',5*,-%3,.+&9'

!" F-,&(-,,.'21-')3,+-1*%)&'<M'7)4&'*1&+'$)+($='

#" N0,(+-104+%('0,&%1.'12'+$,'%&+$31A1*+%('+-)(+'<OPQ'7)4&'*1&+'$)+($='<Section 3.4=>$

%" C(/0)-'*$,.1+4*%.?'+,($.%K/,&9'$

• B.2-)A-,7';,-)+13,+-4''''''<Section 3.5=>'

• G+-,);'-,+%.1&(1*4'''''''''''<Section 3.6=>'

• LA&().'/0+-)&1.1?-)*$4''<Section 3.7=>'
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#$ !"#$%"&'#(")*+,-./(-"+"0&1*1-/.-021*/+-13))2114-56"&-7897:;-5Section 3.8;4%

&$ !2(.31*/+9.*<"#*/+-56"&-7=97>;-- - - ----------5Section 3.9;4%

?+-13@12A32+#-B"(*"#*/+1-/.-#$*1-,2+2("0-2<C2(*D2+#"0-C"("6*,DE-"-021*/+-/.-#$2-?FG(-/(-?FH-

%"1-)/D@*+26-%*#$-"-D"+*C30"#*/+-/.-B*13"0-2<C2(*2+)2E-*+)036*+,I-

• J/+1#"+#-0*,$#--- 5Chapter 7;-

• K&C2(/C*)-62./)31- 5Chapter 9;-

• L&/C*)-62./)31- 5Chapter 9;-

5.3 Animal model 

G$2-+2/+"#"0-)$*)M-*1-"-%200-(2,"(626-"+6-%*620&-3126-D/620-./(-1#36*21-/.-2&2-,(/%#$-"+6-

2DD2#(/C*1"#*/+- 5Section 2.1;4- N#36*21- $"B2- 1$/%+- #$"#- C2(#3(@"#*/+1- *+- 2"(0&- B*13"0-

2<C2(*2+)2- 6*1(3C#- 2DD2#(/C*1"#*/+E- C(/63)*+,- (2.(")#*B2- 2((/(1- #$"#- 1$"(2- )$"(")#2(*1#*)-

.2"#3(21- %*#$- #$/12- +"#3("00&- /))3((*+,- *+- $3D"+14- O/(- 2<"DC02E- D&/C*"- *+63)26- *+- #$2-

)$*)M-#$(/3,$-./(D-62C(*B"#*/+-*1-)$"(")#2(*126-@&-"+-*+)(2"12-*+-#$2-"<*"0-02+,#$-/.-#$2-2&2E-

%$*)$-*1-C(*+)*C"00&-632-#/-"+-20/+,"#*/+-/.-#$2-B*#(2/31-)$"D@2(E-"+6-#$*1-*1-"01/-/@12(B26-

*+-+"#3("00&-/))3((*+,-D&/C*"-*+-$3D"+14--

5.4 Strain selection 

?+-/(62(-#/-2+13(2-#$"#-"+&-C/#2+#*"0-2..2)#-/.-#$2-6*1(3C#*/+-*+63)26-@&-"-021*/+-/.-#$2-?FG(-

)/306-@2-62#2(D*+26E- *#-%"1- *DC2("#*B2- #$"#- "- 1#("*+-/.- )$*)M2+-%"1-3126- #$"#-C(/B*626- "-

)/+1*1#2+#-"+6-(20*"@02-@"120*+2-./(-C/1#'+"#"0-/)30"(-,(/%#$4-G&C*)"00&E-)$*)M2+-1#("*+1-)"+-

@2-6*B*626- *+#/- #$/12-@(26- ./(- 2,,'0"&*+,- "+6- #$/12- ./(-D2"#- )/+13DC#*/+- 5@(/*02(1;4-G$2-

"##(*@3#21- #$"#- "(2- 1202)#26- ./(- *+- @(/*02(- )$*)M2+- 1#("*+1E- *424- ."1#- ,(/%#$- ("#2E- %2(2-

C(2.2("@02-./(-#$*1-1#36&4-K/%2B2(E-+/-@(/*02(-1#("*+1-%2(2-"B"*0"@02-0/)"00&-"#-#$2-#*D2E-"+6-

"1- "- (2130#E- "- 0"&2(- 1#("*+E- %$*#2- 02,$/(+- 5PQ;E- %"1- *+*#*"00&- )$/12+4- ?+- C(20*D*+"(&-

D2"13(2D2+#1-./00/%*+,-#$2-7R'6"&-C/1#-$"#)$-C2(*/6E-*#-@2)"D2-2B*62+#-#$"#-#$2-"D/3+#-/.-
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$%&'%(')'*+,'-,&./&%0*'$.,1*%*.,(2*3,(.*4..-,%-'5%)1,%-6,(.*4..-,*3.,.+.1,2/,*3.,1%5.,%-'5%),

7'8.8,%-'125.*&29'%:,4%1,,;-;1;%))+,3'<3,'-,*3'1,1*&%'-8,,=-,2&6.&,*2,5%>'5'1.,*3.,9211'(')'*+,

2/,/'-6'-<,%,52&.,1;'*%().,.>9.&'5.-*%),1*&%'-?,*42,%)*.&-%*'$.,1*&%'-1?,@.A%)(,B3'*.,7@B:,

%-6,C3%$.&,D)%0A,7CD:?,4.&.,2(*%'-.6,%1,.<<1,%-6,2-0.,3%*03.6?,4.&.,0259%&.6,*2,*3.,BE,

03'0A18,F.%1;&.5.-*1,/2&,&./&%0*'$.,1*%*.,;1'-<,1*&.%A,&.*'-21029+,7Section 3.6:?,%-6,20;)%&,

02592-.-*, 6'5.-1'2-1, ;1'-<, GH10%-, ;)*&%12-2<&%93+, 7Section 3.7:, 4.&., 9.&/2&5.6, 2-,

03'0A1, 2/, CD, %-6, @B, 1*&%'-1, %/*.&, I?, !J, %-6, #!, 6%+1, 921*, 3%*03, '-, 2&6.&, *2, %11.11, *3.'&,

1;'*%(')'*+8,

5.4.1 Refractive state  

K4.-*+H2-., 6%+1, 921*H3%*03?, *3.&., 4%1, -2, 1'<-'/'0%-*, 6'//.&.-0., (.*4..-, *3., 5.%-1, 2/,

%(12);*.,&./&%0*'$.,.&&2&,(.*4..-,*3.,L,1*&%'-1,7M#?#J,N,"8JOP?,9N"8OL!:8,Q24.$.&?,BE,03'0A1,

1324.6,%,<&.%*.&, $%&'%-0., '-, &./&%0*'$., .&&2&, 7I8"RS,@#:, 0259%&.6,4'*3,CD, 7"8"I#,@#:, %-6,

@B,7!8ROO,@#:,1*&%'-1,7Fig 5.1:8,G-'125.*&29'%,4%1,-2*,1'<-'/'0%-*)+,6'//.&.-*,(.*4..-,*3.,

*3&.., 1*&%'-1, 7M#?#J, N, "8L#S?, 9N"8I#L:?, (;*, *3.,BE, 1*&%'-, 1324.6, 3'<3.&, $%&'%-0., '-,5.%-,

%-'125.*&29'%,7"8R#R,@#:,*3%-,*3%*,/2;-6,'-,*3.,@B,7#8!#I,@#:,1*&%'-?,1;<<.1*'-<,*3%*,(2*3,

9&2<&.11'2-,*24%&61,.55.*&29'%,%-6,6.$.)295.-*,2/,&./&%0*'$.,1*%*.,1+55.*&+,(.*4..-,*3.,

.+.1,2/,%-,'-6'$'6;%),03'0A,'-,*3.,BE,1*&%'-,4.&.,(2*3,'59%'&.6,7Fig. 5.2 %-6 Table 5.1:8,

=-*.&.1*'-<)+?, I, 6%+1, 921*, 3%*03, CD, 03'0A1, 1324.6, %, 1'<-'/'0%-*)+, <&.%*.&, %52;-*, 2/,

%-'125.*&29'%, 7*!R, N, H#8"RL?, 9N"8"#J:, , 43.-, 0259%&.6, *2, *3., @B, 1*&%'-, 7Table 5.1:8,

Q24.$.&?, %/*.&, !J, %-6, #!, 6%+1, 921*, 1;&<.&+?, -2, 1'<-'/'0%-*, 6'//.&.-0., '-, *3., 5.%-,

%-'125.*&29'%,2/,*3.,*42,1*&%'-1,4%1,2(1.&$.6,7%)),9T"8#PR:8,,
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Fig. 5.1. Strain comparison: Absolute refractive state. Mean refractive state across three strains 

of chicken, 1, 2 and 3 weeks post-hatch. White leghorn (WL) measurements were taken after 3 

weeks only. Three weeks post-hatch, the WL strain showed a great degree of variability in absolute 

refractive state, while Shaver Black (SB) and Dekalb White (DW) strains were found to exhibit a 

more stable baseline. This greater within-strain variability in the WL chicks reduced the likelihood 

that, what would potentially be a small lesion effect, would be detected. As such the WL strain was 

excluded as a possible model. In the above graph, refractive state measurements are not corrected 

for working distance. Error bars represent upper and lower 25% of the sample, the box length 

represents the interquartile range of the sample, while the line across the box represents the 

median value of the sample. Circles represent outlier values greater than one and a half box 

lengths from the boundary of the box, while asterisks represent outlier values greater than 3 box 

lengths away from the upper or lower boundary of the box.  
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Fig. 5.2. Strain comparison: Anisometropia. Mean anisometropia across three strains of chicken, 

1, 2 and 3 weeks post-hatch. White leghorn measurements were taken after 3 weeks only. At the 3 

week post hatch time point, the inter quartile range of anisometropia in the 3 strains of chick were 

comparable, however, the White Leghorn strain showed an overall wider range in anisometropia. 

Error bars represent upper and lower 25% of the sample, the box length represents the interquartile 

range of the sample, while the line across the box represents the median value of the sample. 

Circles represent outlier values greater than one and a half box lengths from the boundary of the 

box, while asterisks represent outlier values greater than 3 box lengths away from the upper or 

lower boundary of the box.  

5.4.2 Ocular component dimensions 

$%&'()*+&,-.'/%012&+'3&4*%' 56789',:' *%&';<'.*+0)=' .%,>&3'?+&0*&+'(0+)0=/&' 5"@A!!'11A9'

>%&='/,140+&3'*,'BC'5"@"D"'11A9'0=3'8;'5"@"E#'11A9''.*+0)=.'0:*&+'A!'30F.'4,.*G%0*/%H'

%,>&(&+H' *%&+&' >0.' =,' .)?=):)/0=*' 3)::&+&=/&' 2&*>&&=' *%&)+' (0I-&.' 5JAHAK' L' A@DDAH' 4L"@"M!9'

5Fig. 5.39@' J-+*%&+1,+&H' =,' .)?=):)/0=*' 3)::&+&=/&' )=' 678' 0.F11&*+F' >0.' :,-=3' 2&*>&&='

?+,-4.'0*'*%).'*)1&'4,)=*'5JAHAK'L'"@A"#H'4L"@E!N9'5Fig. 5.49@'O,'.)?=):)/0=*'3)::&+&=/&.')='*%&'
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!"#$%&'#(')*+'!,-"".&/-'0.&1..%'23'!%4'+5',&/!6%,'1!,'(#$%4'!&'7'#/'89'4!-,':#,&';!&<;'

&6".':#6%&,'=!>>':?@A897B'=Fig. 5.4BA'

'

Fig. 5.3. Strain comparison: Absolute vitreous chamber depth (VCD). Mean VCD 

measurements across three strains of chicken, 1, 2 and 3 weeks post-hatch (WL measurements 

were taken after 3 weeks only). White leghorn (WL) chicks showed greater within-strain variability in 

VCD measurements than Shaver Black (SB) or Dekalb White (DW) strains at the 3 weeks post-

hatch time point. At 1 and 2 weeks post hatch, SB and DW strains showed similar within-strain 

variability.  Error bars represent upper and lower 25% of the sample, the box length represents the 

interquartile range of the sample, while the line across the box represents the median value of the 

sample. Circles represent outlier values greater than one and a half box lengths from the boundary 

of the box, while asterisks represent outlier values greater than 3 box lengths away from the upper 

or lower boundary of the box. Corresponding data can be found in Table 5.1. 
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Fig. 5.4. Strain comparison: Vitreous chamber depth asymmetry. Mean vitreous chamber 

depth asymmetry (R-L) across three strains of chicken, 1, 2 and 3 weeks post-hatch. White leghorn 

measurements were taken after 3 weeks only. At 1 and 2 weeks post-hatch, Shaver Black (SB) and 

Dekalb White (DW) exhibited a similar degree of within-strain variability, although the VCD 

asymmetry in the SB strain was closer to zero at both time points. Three weeks post-hatch, the DW 

strain showed the greatest amount of within-strain variability in VCD asymmetry, while the inter 

quartile range of the SB strain was narrower than that of both the WL and DW strains. Error bars 

represent upper and lower 25% of the sample, the box length represents the interquartile range of 

the sample, while the line across the box represents the median value of the sample. Circles 

represent outlier values greater than one and a half box lengths from the boundary of the box.  

 

 

 

 

 



Anatomy and Function of the CVS 

! !"#!

Table 5.1. Strain comparison: Anisometropia and vitreous chamber depth (VCD) asymmetry. 

Anisometropia and vitreous chamber depth asymmetry (±SD) across three strains of chicken over a 

period of 3 weeks post-hatch. While the mean anisometropia and VCD asymmetry of the 3 strains 

of chicks shown below provide a stable baseline from which a potential lesion effect could be 

gauged, the variability in the mean absolute refractive state of the White Leghorn strain suggested 

that these chicks had an impaired ability to emmetropise (Fig. 5.1). 

Anisometropia !"#$%&'()*+,#'(

Days post-hatch $%&'()*+,&-.(-'./0( /(.&,0*1%23((-'.10(

'.0-'.0-'.0(

1%23(*4(5%6)7(-'.230((

4(5,6)(-70( 89:;;±9:;4( (9:24±9:;/( <=*(>&,)?+&5(

2@(5,6)(-70( (9:23±9:1/( 89:3;±9:@A( <=*(>&,)?+&5(

A2(5,6)(-70( (9:A/±9:;;( (9:2@±2:@;( (9:B3±9:4A(

VCD asymmetry 

4(5,6)(->>0( (9:92/±9:9B@( (9:9;9±9:9B1( <=*(>&,)?+&5(

2@(5,6)(->>0( (9:9@1±9:2@9( (9:9/@±9:942( <=*(>&,)?+&5(

A2(5,6)(->>0( (9:9/9±9:294( (9:93/±9:2B;( (9:9@B±9:911(

(

5.4.3 Strain selection summary 

C"&(DE( )*+,#'(F,)( G=?'5( *=( &H"#I#*( "#J"&+( K,+#,'$&( #'( I=*"( ,I)=L?*&( +&G+,$*#K&( )*,*&( ,'5(

,'#)=>&*+=M#,N()"=F#'J(,'(#>M,#+&5(,I#L#*6(*=(&>>&*+=M#)&:(O>M=+*,'*L6N(*"&(I,)&L#'&(#'*&+8

P?,+*#L&( +,'J&( =G( ,'#)=>&*+=M#,( #'( *"&(DE( )*+,#'( F,)( ?'&HM&$*&5L6( F#5&( -Fig. 5.10N( *"?)(

$='G#+>#'J( *"&( 5&$#)#='( *",*( #*( F,)( ,'( ?')?#*,IL&( )*+,#':( QR( ,'5( 7D( )*+,#')( I=*"(

5&>=')*+,*&5( $=>M,+,IL&( M+=J+&))#='( #'( +&G+,$*#K&( )*,*&( *=F,+5)( &>>&*+=M#,( F#*"( *#>&:(

S=+&=K&+N('&#*"&+(QR(=+(7D()*+,#')(F&+&(G=?'5(*=(",K&(,("#J"(,>=?'*(=G(,'#)=>&*+=M#,(=+(

T!7( ,)6>>&*+6:(U,K#'J( ),#5( *",*N( *"&( ,>=?'*( =G( K,+#,I#L#*6( )"=F'( I6( *"&(7D( )*+,#'( #'(

T!7( ,)6>>&*+6( F,)( >?$"( J+&,*&+( *",'( I=*"( *"&( QR( ,'5( 7D( )*+,#'):( O'( ,55#*#='N(

*"+=?J"=?*(*"&(3(F&&%(>&,)?+&>&'*(M&+#=5N(*"&(>&,'(T!7(,)6>>&*+6(#'(*"&(QR()*+,#'(F,)(

$=')#)*&'*L6( $L=)&+( *=( V&+=( *",'( *",*(=G( *"&(7D()*+,#'( -Fig. 5.40( ,'5( *"&+&G=+&(M+=K#5&5( ,(
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$%&'&%()*&+)(,&*-.&+/0+12-32+(+ *&,-0.+&''&3/+304*5+)&+6&(,4%&57+8,+,4329+ /2&+:;+,/%(-.+1(,+

30.,-5&%&5+/0+)&+60%&+,4-/()*&+/2(.+&-/2&%+/2&+<=+0%+=>+,/%(-.,7+

5.5 Lesion target 

?.+0%5&%+/0+5-,%4$/+0%+&*-6-.(/&+3&./%-'4@(*+&''&%&./+'-)&%,+'%06+/2&+?ABCD89+0.&+3(.+&-/2&%+

5&,/%0E+/2&+,06(+0'+/2&+&''&%&./+$%0F&3/-0.9+-7&7+/2&+?AB+(.5+,4%%04.5-.@+D89+0%+5-,%4$/+/2&+

(G0.,+ /2&6,&*H&,9+ -7&7+ /2&+ ?AI%7+8+.46)&%+0'+ '(3/0%,+ (%&+ -6$0%/(./+12&.+ 30.,-5&%-.@+ /2&+

*&,-0.+/(%@&/+(.5+/2&+,4),&J4&./+-./&%$%&/(/-0.+0'+5(/(+0)/(-.&5+-.+,432+(+,/45E7++

5.5.1 Size of lesion  

!"#$%&'(+=2-*&+/2&+?AB+-,+(+,6(**9+30.'-.&5+,/%43/4%&9+(%04.5+!"""+µ6+-.+-/,+*0.@&,/+(G-,+

KL01(.+ (.5+ M01&**9+ !NOPQ9+ /2&+ D8+ -,+ ,$(%,&*E+ 5-,/%-)4/&59+ &G/&.5-.@+ (+ '4%/2&%+ !"""+ µ6+

%0,/%(**E+(.5+3(45(**E+'%06+/2&+?AB+(,+1&**+(,+306$(%()*&+5-,/(.3&,+H&./%(**E+(.5+6&5-(**E+

KR-3&*-+&/+(*79+!NNNQ7++

!")*' (+I2&+ ?AI%+ '0%6,+(+ /-@2/+)4.5*&+0'+ '-)%&,+ (/+ /2&+ %00'+0'+ /2&+6-5)%(-.+ (.5+ /2&%&'0%&+

%&$%&,&./,+(+,6(**&%+*&,-0.+/(%@&/+KST""+µ6+-.+3%0,,+,&3/-0.Q7+

5.5.2 Collateral damage to nearby regions 

!"#$%&' (+8+ *&,-0.+0'+ (+ *(%@&+ %&@-0.+ ,432+(,+ /2(/+12-32+ /2&+D8+0334$-&,+104*5+ -.&H-/()*E+

*&(5+/0+5(6(@&+0'+$%0G-6(*+,/%43/4%&,+KFig. 5.5Q7+>(/&%(*+/0+/2&+?ABCD8+-,+.43*&4,+-,/264,+

$(%H03&**4*(%-,+K?$3Q9+$(%/+0'+/2&+ -,/26-3+.43*&-+306$*&G+/2(/+&G2-)-/,+(+2-@2*E+/0$0@%($2-3+

%&3-$%03(*+ -.2-)-/0%E+ -.'*4&.3&+ 4$0.+ %&/-.0%&3-$-&./+ *(E&%,+ 0'+ /2&+ 0$/-3+ /&3/46+ KI&AQ7+

U&./%0V*(/&%(**E+-,+/2&+.43*&4,+*&6.-,3-+*(/&%(*-,9+$(%,+50%,(*-,9+(.+(45-/0%E+.43*&4,7+U&./%0V

6&5-(**E+ -,+ >034,+ 3&%4*&4,+ K>0LQ9+ (+ %&@-0.+ -.H0*H&5+ -.+ %&@4*(/-0.+ 0'+ (%04,(*+ (.5+ /2(/+ -,+

5&.,&*E+ -./&%,$&%,&5+ 1-/2+ &3/0$-3+ 3&./%-'4@(*+ .&4%0.,7+ R&5-(**E9+ -,+ /2&+ ,4),/(./-(+ @%-,&(+

3&./%(*-,+KWLIQ+K0%+$&%-(J4&543/(*+@%&EQ9+(+.03-3&$/-H&+3&./%&+0'+/2&+6-5)%(-.+12-329+(@(-.9+

-,+-./&%,$&%,&5+1-/2+&3/0$-3+.&4%0.,7+
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Fig. 5.5. Lesion target selection: Surrounding regions. The highlighted region of the midbrain 

placed in context by the red box in the accompanying brain map shows the position of regions and 

structures surrounding the ION/EA. The ION/EA complex is proximal to 4 important regions, 

nucleus isthmi parvocellularis (IPC) of the isthmic complex, nucleus lemnisci lateralis pars dorsalis 

(LLD), locus ceruleus (LoC) and substantia grisea centralis (GCT) while the isthmo-optic tract is 

nestled within the dorsal apex of the optic tectum, a region that, if targeted with a lesion is unlikely 

to cause damage to unintended structures. CNIV, trochlear nerve; EA, ectopic area; TeO, optic 

tectum; ION, isthmo-optic nucleus; IOTr, isthmo-optic tract; nIV, trochlear nucleus.  

$%&'()("#$%&'!()!*+%!,-.&!/(0&'%!/102(3&('*&1445!6#*+#7!*+%!2(&'(38%2#14!1'9%/*!()!*+%!:;"!

415%&'!()!*+%!.%-<!=%2#14!*(!*+%!,-.&>!*+%!*%/*14!/(88#''0&%!%?*%72'!1'!1!)41*!'+%%*!1/&(''!

*+%!8#24#7%>! )(&8#7@! *+%!2(&'14! &(()! ()! *+%! /%&%$&14! 1A0%20/*<! .+%!.%-!%?*%72'! 41*%&1445>!

6+#4%!B%7*&1445!*(!*+%!,-.&!1&%!*+%!2(&'(38%2#14!19%?!()!2%%9!415%&'!()!*+%!.%-<!!
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5.5.3 Damage to nerve tracts 

#!"#$%&# '# $%&#'&(&)*&+%,-.*# /0,)*%# 12# 3%&# 30.4&'.),-# )&05&# +,((&(# 3%0164%# 3%&#'&7.,-#

,(+&*3#12#89:;#<.(06+3.1)#12#3%.(#30,*3#.)#3%&#+.4&1)#%,(#/&&)#(%1=)#31#(&5&0&->#.'+,.0#3%&#

+01*&((#/>#=%.*%#40,.)#.(#40,(+&7#/>#3%&#3.+#12#3%&#/&,?#,)7#'15&7#31#3%&#/,*?#12#3%&#'163%#

@A&.4-&0#,)7#B.--&0C#!DEFG;##

5.5.4 Damage to blood vessels 

$%&# 89:# ,)7# +01H.',-# IJ# ,0&# (.36,3&7# .)# ,'1)4(3# ,# 7&)(&# 5,(*6-,360&# @Fig. 5.6G;# J)>#

7,',4&# 31# (6*%# /-117# 5&((&-(# %,(# 3%&# +13&)3.,-# 31# ,22&*3# 0&4.1)(# 3%,3# (6*%# /-117# 5&((&-(#

(6++->;#<.,(*%.(.(#@.;&;#(6/76&7#)&60,-#,*3.5.3>GC#*16-7#0&(6-3#.)#,22&*3&7#0&4.1)(#@K*%1&)2&-7#

,)7#L,'.-31)C#!DEEG#@Section 6.3G;##

5.5.5 Lesion target summary 

M.5&)# 3%&# 2,*310(# 7&(*0./&7# ,/15&C# *1'+,0&7# =.3%# 3%,3# 12# 3%&# 89:C# ,# -&(.1)# 12# 3%&# 89$0#

=16-7# /&# -&((# -.?&-># 31# *,6(&# 7,',4&# 31# (60016)7.)4# +01H.',-# (306*360&(C# +0&71'.),)3->#

76&# 31# 3%&# (',--&0# -&(.1)# 0&N6.0&7# ,)7# 3%&# '.).',-# 7,',4&# 31# 5,(*6-,360&# ,)7O10#

6).)3&)7&7#)&60,-#+,3%=,>(;##

P)7&0# 3%&# ,((6'+3.1)# 3%,3# .+(.-,3&0,-#IJ#&22&0&)3(# 0&',.)#6)*01((&7# ,3# 3%&#1+3.*# *%.,('C#

21--1=.)4#,#-&(.1)#12#3%&#89:O89$0#3%&#*1)30,-,3&0,-#Q30&,3&7R#&>&#=16-7#*1)3.)6&#31#0&*&.5&#

.+(.-,3&0,-#*&)30.264,-#.)+63;#S603%&0'10&C#3%&#.+(.-,3&0,-# Q*1)301-R#&>&#=16-7#(3.--#0&*&.5&#.3(#

)10',-#*1)30,-,3&0,-#.)+63#/63#)13#.+(.-,3&0,-#IJ#&22&0&)3(;#$%6(C#3%&#TUK#*1))&*3.5.3>C#(6*%#

3%,3#.3#.(C#71&(#)13#,--1=#,#(30.*3#Q30&,3&7R#,)7#R*1)301-R#&>&#7.5.(.1);##

S10#3%&#+60+1(&(#12#3%&#&H+&0.'&)3(#0&+103&7#.)#Chapters 6 31 8C#3%&#&>&#*1)30,-,3&0,-#31#3%&#

-&(.1)#=.--# /&# 0&2&00&7# 31# ,(# 3%&# Q30&,3&7# &>&R# ,)7# 3%&# &>&# .+(.-,3&0,-# 31# 3%&# -&(.1)#=.--# /&#

0&2&00&7# 31# ,(# 3%&# Q*1)301-R# &>&# @Fig. 5.7G;# 8)# ,--# *,(&(C# 3%&# -&(.1)#=,(# .)# 3%&# -&23#'.7/0,.)#
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Fig. 5.6. Lesion target: Vasculature of the ION/EA complex to emphasize the likelihood of 

ischemia or diaschisis to unintended targets. Lesioned induced damage to vasculature has the 

potential to induce changes in the neuronal activity of other regions that share a common blood 

supply, thus potentially complicating the behavioral or physiological interpretation of the surgery. 

The florescent micrograph of a 50 µm coronal section of the pigeon midbrain in (A) clearly shows 

the dense vasculature within the isthmo-optic nucleus (ION) (Taken from experiments in Chapter 

9). In addition, (B) shows a tracing of the ION and surrounding ectopic area (EA) with the blood 

vessels that pass through the EA, proximal to the ION denoted by circled asterisks (taken from 

O!Leary et al. (1982). Scale bar = 100 µm  
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Fig. 5.7. Semi-schematic representation of the effect on retinal innervation of a lesion of the 

isthmo-optic tract (IOTr). The isthmo-optic nucleus (ION) projects via the isthmo-optic tract (IOTr) 

to the contralateral retina via the optic tract and optic nerve, respectively. In addition, small numbers 

of centrifugal fibers innervate the ipsilateral retina. In the above schematic, showing a coronal slice 

through relevant components of the centrifugal visual system, a unilateral lesion of the IOTr 

(Lesion) disrupts the path of centrifugal efferents (red dashed line), leaving the ION intact, but 

limiting the retina contralateral to the lesion to ipsilateral centrifugal input (narrow solid green line) 

(from the intact IOTr). Conversely, the eye ipsilateral to the lesion has the major contralateral 

centrifugal input intact (solid green line) but the ipsilateral centrifugal input is disrupted (narrow 

dashed red line). It is important to note that the presence of the ipsilateral centrifugal pathway 

precludes a straightforward treated eye/control eye division. A1.75 - the anterior-posterior (AP) 

location of the ION/ectopic area (EA). A2.20 – the AP position of the region of the IOTr targeted by 

the electrolytic lesion. The co-ordinates used are based upon those of Masson and Kuenzel (1968).   
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5.6 Determination of lesion success 
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"2#6761'%-%2&67'(&')%&'-%"'%2&%4%&DE&)(0-1&9-6(-&'(&9%-:016(7&@Section 5.6.1CF&67&(-2%-&'(&5"3%5&
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5.6.1 Wheat germ agglutinin (WGA) optimisation 
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Fig. 5.8. Distribution of centrifugal cell number in sham-operated control cases. Percentage 

isthmo-optic tract lesion success was determined through comparison of the combined remaining 

wheat-germ agglutinin labeled isthmo-optic nucleus (ION) neuron and ectopic neuron cell count with 

the mean combined cell counts of sham-operated subjects from each of the emmetropization 

studies (i.e. lesion only, constant light and lens manipulation studies). The above histogram shows 

the distribution of total combined centrifugal cells in sham-operated controls. The mean to which 

lesion subjects were compared was 3940 ± 394 across 23 sham-operated control cases. Note that 

cell counts were taken from 1:3 series! of brain sections and have not been adjusted. As such, they 

represent roughly a third of the total number of centrifugal cells in the Shaver Black strain of chick.  

+
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Fig. 5.9. Optimisation of injection volume and survival time parameters for intravitreal 

injection of wheat-germ agglutinin (WGA). The above figure shows the results of the 

optimisation of injection volume and survival time parameters for retrograde labeling of ION/EA 

using wheat-germ agglutinin (WGA). The bar chart above shows the number of centrifugal neurons 

labeled following an intra-vitreal injection volume of 10-40 µl WGA and survival time of 12-72 hours. 

The highest bar corresponds to the established optimum conditions (30 µl injection volume and 48 

hour survival time). The retrograde labeling of centrifugal neurons resulting from this combination is 

shown in the photomicrographs below. Cell counts are taken from 1:3 series of brain sections and 

thus represent roughly a third of the total cell counts. Scale bar = 250 µm. #
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5.6.2 Effect of IOTr lesion 
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Fig. 5.10. The effect of IOTr lesions on the number and distribution of centrifugal neurons. 

Photomicrographs taken from the red region of the corresponding schematic show labeled 

centrifugal cells following intravitreal injection of wheat-germ agglutinin (WGA) in chicks with of 

varying degrees of IOTr lesion success (0%, 60% and >90%). In control sham animals, the ION and 

surrounding EA region shows typical dense labeling while histology from a chick with a partial lesion 

(60%) had a shrunken nucleus with regions of decreased labeled cell density. The decreased size 

of the nucleus in the partial and the >90% lesion success cases is presumably due to retrograde 

degeneration following lesion of the isthmo-optic tract. Scale bar (applies to all 

photomicrographs) = 250 µm. 
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Fig. 5.10. (see previous page for figure legend) 

#
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5.7 Summary 
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6.0 Introduction  
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6.1 Methods and experimental design 
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+Section 3.884*Q0330M%(>*).'/'030>%#23*-'.'/1%(2.%0(*09*3')%0(*)G##'))*+Section 3.1385*)GFW'#.)*

M'/'*)L3%.*GL*%(.0**/2(&*0/-'/'-*XG2/.%3'*>/0GL)*+Y!*.0*YJ8*M%.$*Y!*#0//')L0(-%(>*.0*.$0)'*

#$%#&)* M%.$* .$'* 30M').* 3')%0(* )G##'))* +2(-* )$21* 0L'/2.'-* #0(./03)* +Section 5.68* 2(-* YJ*

.$0)'*#$%#&)*M%.$*.$'*$%>$').*+Fig. 6.184!!
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Fig. 6.1. Lesion success: normal visual experience. Histogram showing the distribution of 

percentage lesion success of individual subjects (n=54) and subsequent division into quartile 

groups of lesion success (Q1-4) (vertical red dashed lines). Examples of IOTr lesions from the 

above distribution are shown in Figure 6.2. 

6.2 Results 

6.2.1 Refractive state changes 

!"# $%&'())# )&*+$"# &,,&-.# $"# ("+*$/&.'$0+(# 1(*# ,$2"3# 4# 3(5*# 0$*.# *2'6&'5#

789:;<#=#4>?<@:#0A<><<?B>#!,.&'#4#3(5*#0$*.#*2'6&'5:#.'&(.&3#&5&*#7+>&>#-$".'()(.&'()#.$#.C&#)&*+$"B#

$,# *2DE&-.*# +"# .C&#F@# 6'$20# $,# -C+-G*# *C$1&3# (#/&("# C50&'$0+-# *C+,.# '&)(.+%&# .$# -$".'$)#

7+0*+)(.&'()B#&5&*#7H>9?#I#±#H>@J:#0A<><<;B>#F?#.$#F9#6'$20*#$,#-C+-G*#1&'&#"$.#*+6"+,+-(".)5#

("+*$/&.'$0+-# 7())# 0K<>;JLB># 82'.C&'/$'&:# ("+*$/&.'$0+(# +"# .C&# F@# 6'$20# $,# -C+-G*# 1(*#

*+6"+,+-(".)5# 6'&(.&'# .C("# .C(.# +"# .C&# F?# ("3# FH# M2('.+)&# 6'$20*# $,# -C+-G*# 7F@NF?O#

H>HJ#I#±#<>JJ:#F@NFHO# H>??#I#±# <>4?:#D$.C#0A<><;B# 7Fig. 6.2 ("3 Table 6.1B>#P$1&%&':#1C&"#

-$/0('&3# 1+.C# .C&# F9# 6'$20# $,# -C+-G*:# .C&# 3+,,&'&"-&# 3+3# "$.# '&(-C# *+6"+,+-("-&:#

7?>LQ#I#±#<>4@:#0=<><L?B#7$%&'())!(-'$**#M2('.+)&#6'$20#&,,&-.O#89:;<#=#4>?<@:#0K<><<?B>!#

!.# H?# 3(5*# 0$*.N*2'6&'5:# "$# $%&'())# (-'$**N6'$20# )&*+$"# &,,&-.# 1(*# ,$2"3:#

789:;<#=#H>9@<:#0=<><L;B>#RC&#+"+.+())5#$D*&'%&3#("+*$/&.'$0+(#+"#.C&#F@#6'$20#$,#-C+-G*#1(*#
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$%& '%$()*& +,,+*)$-& ./01!2&3&±& 01#45& ,601"!#75&89:')&;"& +$<&;=&(*%>,?&%@& A9:AB?& ?:C:'+*'D&

?9%8)<&$%& ?:($:@:A+$-& +$:?%C)-*%,:+& .E%-9& ,F01G"071&;!& -*)+-)<& )D)?& ?9%8)<& +& ?C+''& E>-&

?-+-:?-:A+''D& ?:($:@:A+$-& 9D,)*%,:+& *)'+-:H)& -%& @)''%8& A%$-*%'& )D)?& .01!2&3&±&01"25& ,I010G75&

9%8)H)*5&+?&?-+-)<&-9:?&<:@@)*)$A)&8+?&$%-&*)@')A-)<&ED&+&?:($:@:A+$-&)@@)A-&E)-8))$&J>+*-:')&

(*%>,?&%@&A9:AB?&.Fig. 6.2 +$< Table 6.171&
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&
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&

&

&
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Fig. 6.2. Examples of IOTr lesions: Normal visual development. The isthmo-optic tract (IOTr) 

courses anteriorly at the dorso-medial aspect of the optic tectum before merging with the optic tract. 

In these coronal sections of the chick midbrain, electrolytic lesions of the IOTr were made 

unilaterally, consistently on the left side of the midbrain (A-F). The right side of the midbrain was left 

untreated (G-H). In the bottom left hand corner of each example are details of the case from which 

the photomicrographs were taken, along with the corresponding lesion success percentage as 

determined by retrograde WGA labeling following intra-vitreal injections in the eye contralateral to 

the lesion prior to sacrifice. Scale bar = 250 µm 
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Fig. 6.2. (See previous page for figure legend) 



Chapter 06 – Normal Visual Experience 

! !"#!

Table 6.1. Anisometropia across quartile groups of lesion success. Anisometropia (T-C) 

(±SD) in groups of differing IOTr lesion success.  

$%&'()*+,(-&./01234/054//

!"/0%6!74/ !#/0%6!84/ !$/0%6!84/ !%/0%6!74/

At 7 days post surgery  /9:9;±9:8#/ /9:"9±9:<#/ /9:7"±!:"!/ /#&$"±#&%'((()

At 21 days post-surgery  /9:!=±9:"=>/ /9:98±9:"7/ 29:9;±9:87/ 29:!=±9:7?/

Statistical test results relate to within group analyses (i.e. Treated eye vs. control eye differences). 

Between quartile group comparisons are shown in Fig. 6.2. *p<0.05, **p<0.01, ***p<0.005 (paired 

t-tests). 

6.2.2 Ocular component dimension changes 

$@+*,/ =/ A.B'/ -('+/ 'C,D*,BE/ +F*/ +,*.+*A/ *B*'/ (@/ +F*/ G7/ D,(C-/ (@/ HF&HI'/ F.A/ '&D%&@&H.%+JB/

'F(,+*,/K35/.%A/$LM/H()-(%*%+'/+F.%/@*JJ(N/H(%+,(J/*B*'/0O(+F/-P9:9!4/0Table 6.24:/K35/

.%A/ $LM/ N&+F&%2.%&).J/ .'B))*+,B/ .J'(/ ,*.HF*A/ '&D%&@&H.%H*/ &%/ +F*/ G!/ D,(C-/ (@/ HF&HI':/

3()-.,&'(%/ (@/ (HCJ.,/ H()-(%*%+/ A&)*%'&(%/ .'B))*+,B/ O*+N**%/ J*'&(%/ 'CHH*''/ QC.,+&J*/

D,(C-'/'F(N*A/.%/(R*,.JJ/'+.+&'+&H.J/*@@*H+/&%/O(+F/+F*/K35/0S8E;9/6/?:!7<E/!"#$##%4/.%A/$LM/

0S8E;9/6/?:78"E/!"#$##%4/H()-(%*%+'E/NF&J*/$35/.%A/M1/A&)*%'&(%'/A&A/%(+/0O(+F/-T9:;884:/

1F*/ (O'*,R*A/ G!/ +,*.+*A/ R':/ @*JJ(N/ *B*/ K35/ .%A/ $LM/ .'B))*+,B/ N.'/ %(+/ @(C%A/ +(/ O*/

'&D%&@&H.%+JB/A&@@*,*%+/ @,()/+F.+/(O'*,R*A/ &%/ +F*/G"/(,/G8/D,(C-'/ 0.JJ/-T9:9<;4:/U(N*R*,E/

'&D%&@&H.%+/A&@@*,*%H*'/.H,(''/QC.,+&J*/D,(C-'/N*,*/@(C%A/&%/K35/0S8E;9/6/?:!7<E/-P9:99!4/.%A/

$LM/0S8E;9/6/?:78"E/-P9:99!4//.'B))*+,&*':/V%/+F*/H.'*/(@/O(+F/K35/.%A/$LM/.'B))*+,BE/+F*/

G7/ D,(C-/ N*,*/ '&D%&@&H.%+JB/ A&@@*,*%+/ @,()/ +F('*/ '**%/ &%/ O(+F/ G!/ 0O(+F/ -P9:9!4/ .%A/ G"/

0O(+F/-P9:9;&E/OC+/A&A/%(+/,*.HF/'&D%&@&H.%H*/NF*%/H()-.,*A/N&+F/+F*/G8/D,(C-/(@/HF&HI'/

0K35E/ -69:9#9W/ $LME/ -69:9?74/ 0Fig. 6.24:/ $/ F&DFJB/ '&D%&@&H.%+/ %*D.+&R*/ ,*J.+&(%'F&-/ N.'/

@(C%A/ O*+N**%/ .%&'()*+,(-&./ .%A/ K35/ .'B))*+,B/ 0S!E;"/ 6/ "8?:!#8E/ -P9:99!4E/ '+,(%DJB/

'CDD*'+&%D/ +F.+/ +F*/ (O'*,R*A/ J*'&(%2&%ACH*A/ .%&'()*+,(-&./ N.'/ R&+,*(C'/ HF.)O*,/ A*-+F2

A*-*%A*%+/ 0Fig. 6.34:/ 1N*%+B2(%*/ A.B'/ -('+2'C,D*,BE/ %(/ '&D%&@&H.%+/ A&@@*,*%H*/ N.'/ @(C%A/

O*+N**%/+,*.+*A/.%A/@*JJ(N/H(%+,(J/*B*'/&%/*&+F*,/$35/(,/M1/H()-(%*%+':/1,*.+*A/*B*'/&%/
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!"#$%&$ !'$%($ )*'+,-$ '.$ /"0/1-$ "23$ -0)40.0/24!56$ 5'4)#*$789$243$:;<$ /'=,'4#4!-$>"#4$

/'=,2*#3$!'$.#55'>$/'4!*'5$#6#-$?255$,@ABACD$?Table 6.2DB$E"#*#$>2-$4'$-0)40.0/24!$30..#*#4/#$

04$ !"#$ 2='+4!$ '.$ 2-6==#!*6$ #F"0G0!#3$ 04$ 246$ '.$ !"#$ =#2-+*#3$ '/+52*$ /'=,'4#4!-$

?255$,HAB&II!$?Fig. 6.4 243 Table 6.2DB$

6.2.3 Corneal radius of curvature changes 

J'$/5#2*$!*#2!=#4!$#..#/!$>2-$#K03#4!$.'*$8LB$M"05#$/'=,2*0-'4$'.$8L$32!2$G#!>##4$.#55'>$

#6#-$ ?EN8D$ -"'>#3$ -0)40.0/24!$ .52!!#404)$'.$ !*#2!#3$#6#-$ 04$G'!"$ !"#$%O$ ?ABAOC$==$±$ ABACPQ$

"#$%$&D$ 243$ !"#$ %($ ?ABA(C$ ==$ ±$ ABARCQ$ "#$%$&D$ )*'+,-$ 2!$ 326N&S$ ,'-!N5#-0'4Q$ !"#-#$

30..#*#4/#-$>#*#$ 4'!$ .'+43$ !'$ G#$ -0)40.0/24!$>"#4$ /'=,2*#3$ 2/*'--$ )*'+,-$ 2!$ P$ 326-$ ,'-!$

-+*)#*6$?TOQ(I'($SBRIA')',UABSVSD$'*$&S$326-$,'-!$-+*)#*6$?TOQCA'($ABSOIQ'',UABIORD%'*Fig. 6.4DB$
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Table 6.2. Ocular component dimension asymmetry across tertile groups of lesion success 

Ocular component asymmetry (T-C) (±SD), 7 days and 21 days post surgery. 

$ %&'()*$&+,-+./.0$)12,,/0*2$$34567$3,,7$

7 days post-surgery  !"$3.8!97$ !#$3.8!:7$ !$$3.8!:7$ !%$3.8!97$

;.0/*<+*$&=),>/*$?/-0=$$ $@A@@:±@A@!9$ $@A@@"±@A@!B$ $@A@@@±@A@!C$ $@A@@D±@A@"9$

E/.1$0=<&F./11$$ $@A@@B±@A@""$ 5@A@@:±@A@":$ 5@A@@D±@A@""$ 5@A@@:±@A@!#$

G<0*/+'1$&=),>/*$?/-0=$$ $@A@"9±@A@:!H$ $@A@@C±@A@C@$ 5@A@!@±@A@B!$ &'("#$±'("%#))*

;I<)($(/.J0=$$ *'('$$±'('#+)))* $@A@@B±@A@C@$ 5@A@!D±@A@B:$ &'("#"±'("%"))*

6+*./)($*)?<'1$+K$&'*L)0'*/$$ $@A@@9±@A@9M$ 5@A@@C±@A@D@$ 5@A@!@±@A@:M$ $@A@"M±@A@B!$

21 days post-surgery 

;.0/*<+*$&=),>/*$?/-0=$$ 5@A@@@±@A@!C$ 5@A@@!±@A@!D$ $@A@@!±@A@""$ 5@A@!"±@A@"D$

E/.1$0=<&F./11$$ $@A@!@±@A@":$ $@A@@B±@A@!M$ $@A@@C±@A@"B$ $@A@@#±@A@":$

G<0*/+'1$&=),>/*$?/-0=$$ $@A@!"±@A@D@$ $@A@"M±@A@9:H$ $@A@"M±@A@:DH$ $@A@:#±@A@DMH$

;I<)($(/.J0=$$ $@A@""±@A@9#$ $@A@:9±@A@9CH$ $@A@:B±@A@:9HHH$ $@A@::±@A@B"$

6+*./)($*)?<'1$+K$&'*L)0'*/$$ $@A@:!±@A@D#$ $@A@:9±@A@C!$ $@A@:D±@A@DCH$ $@A@9D±@A@BDH$

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 6.4. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests). 
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Fig. 6.3. Anisometropia and vitreous chamber depth in quartile groups. Anisometropia 

(right) and vitreous chamber depth asymmetry (left) 7 days (grey), and 21 days post-surgery 

(white). At 7 days post surgery, the amount of anisometropia (treated minus control eye) in the Q4 

group of chicks was significantly greater than those in Q1 and Q2, i.e. Treated eyes of chicks in 

the Q4 group were significantly more hyperopic than those in Q1 and Q2. This difference was 

reflected in the results of the A-scan ultrasonography, which showed that chicks in the Q4 group of 

chicks had significantly more VCD asymmetry (treated minus control eye) when compared to 

chicks in the Q1 and Q2 groups of lesion success. Thus treated eyes of chicks in the Q4 group 

were significantly shorter than those in the Q1 and Q2 groups of chicks. 21 days post surgery, the 

initial asymmetry in both refractive state and VCD asymmetry were no longer evident. Error bars 

denote SEs. *p<0.05, **p<0.01, ***p<0.005 (One-way ANOVA with Games Howell post-hoc test). 
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Fig. 6.4. Anisometropia vs. vitreous chamber asymmetry. Seven days post surgery, a strong 

correlation existed between anisometropia and VCD asymmetry, a trend that suggests the 

hyperopia exhibited by treated eyes of chicks in the Q4 group of lesion success was the result of a 

relative shortening of the VCD. Twenty-one days post surgery, the lesion induced anisometropia 

and VCD asymmetry observed after 7 days post surgery was no longer apparent and this was 

mirrored in the non-significant relationship observed in the right facet above.  

Fig. 6.5. Ocular dimension asymmetry in quartile groups (T-C) 7 days and 21 days post-

surgery. No significant asymmetry was evident in ACD, LT and CR components after 7 or 21 days 

post surgery however chicks of the Q4 group of lesion success exhibited significant VCD 

asymmetry relative to Q1 and Q2 groups as characterised by a relative shortening of the treated 

eye. Similarly this trend in VCD asymmetry is reflected in the significant AXL asymmetry in the Q4 

group of chicks when compared with Q1 and Q2 groups of chicks. At 21 days post surgery, no 

significant asymmetry in any of the ocular component dimensions between quartile groups of lesion 

success. Error bars denote SEs. *p<0.05, **p<0.01, ***p<0.005 (One-way ANOVA with Games 

Howell post-hoc test). 
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Fig. 6.5. (see previous page for figure legend)!
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6.3 Discussion 

$%&'&()&'*+,'(-./-01,&(,%1,(*.-+1,&)1+(/-')*2,-3.(34(0&.,)-4*51+(678(1./(9:(&44&)&.,'(,3(,%&(

)&,-.1(34(,%&(03.,)1+1,&)1+(&;&(-.-,-1++;(-./*0&/(1(<3/&)1,&(%;2&)32-1(1,(=(/1;'(23',>'*)5&);(

?-1()&/*0&/(?-,)&3*'(0%1<@&)(/&2,%(-.(,%&(,)&1,&/A(03.,)1+1,&)1+(&;&()&+1,-?&(,3(,%1,(34(,%&(

03.,)3+A( -2'-+1,&)1+( &;&B( :4,&)( #!( /1;'( 23',>'*)5&);A( ,%&( 3@'&)?&/( 32,-01+( 1./( 2%;'-01+(

1';<<&,);(C1'()&'3+?&/B($%-'!'*55&','(,%1,(,%&(/-<-.-'%&/((D100*)10;E(34(&<<&,)32-'1,-3.(

'&&.(-.(2)&?-3*'(C3)FA(&B5B(,%)3*5%(78G(',*/-&'A(C1'(1,(+&1',(-.(21),(/*&(,3(,%&('&?&)-.5(34(

0&.,)-4*51+(1H3.'B((

:.(&+&0,)3+;,-0(+&'-3.(34(,%&(678(3)(67$)(@3,%(&+-0-,(,%&('1<&(&./()&'*+,A(-B&B(,%1,(0&.,)-4*51+(

-.2*,( ,3( ,%&( )&,-.1( -'( @+30F&/A( &-,%&)( ,%)3*5%( /&',)*0,-3.( 34( 678( 1./( 9:( '3<1,1( 3)(

'&?&)1.0&( 34( ,%&( 1H3.( @*./+&( I,%1,( -.( -,'&+4( C3*+/( <3',( +-F&+;( 01*'&( )&,)35)1/&( '3<1,1(

/&5&.&)1,-3.(C-,%-.(,%&(,-<&>03*)'&(34(,%&(&H2&)-<&.,JB(K3C&?&)A(C%&.(3.&(03.'-/&)'(,%&(

-2'-+1,&)1+(9:(2)3L&0,-3.A(03<2+&H-,-&'(1)-'&B($%&(.*<&)-01++;(<-.3)(-2'-+1,&)1+(9:(,)10,(%1'(

@&&.(1''*<&/(,3()&10%(-,'(/&',-.1,-3.(@;()&<1-.-.5(*.0)3''&/(1,(,%&(32,-0(0%-1'<B(64(,)*&A(1(

+&'-3.(34(&-,%&)( ,%&( 678(3)( ,%&( 67$)(C3*+/(.3,(3.+;(/-')*2,(03.,)1+1,&)1+(&44&)&.,'( ,3( ,%&(

,)&1,&/( &;&( @*,( 1+'3( ,%&( -2'-+1,&)1+( &44&)&.,'( ,3( ,%&( 03.,)3+( &;&B( M*),%&)<3)&A( ,%&(

03.,)1+1,&)1+( ,)&1,&/( &;&( C3*+/( ',-++( @&( )&0&-?-.5( -,'( .3)<1+( -2'-+1,&)1+( 9:( -..&)?1,-3.(

IFig. 5.7JB(:'(1()&'*+,(34(,%-'(1<@-5*-,;(-.(,%&(/-',-.0,-3.(@&,C&&.(D,)&1,&/E(1./(D03.,)3+E(&;&'A(

-,(-'(4-)',(-<23),1.,(,3(1//)&''(,%&(N*&',-3.(34(C%&,%&)(,%&(-./*0&/()&+1,-?&(%;2&)32-1(-.(,%&(

,)&1,&/( &;&( C1'( /*&( ,3( ,%&( ,)&1,&/( &;&( @&03<-.5( )&+1,-?&+;( '%3),&)( 3)( ,%&( 03.,)3+( &;&(

@&03<-.5( +3.5&)( ,%1.( .3)<1+B( $%&)&( C1'( 1( %-5%+;( '-5.-4-01.,( 3?&)1++( ,)&1,&/( &;&( &44&0,(

IM"AOP(Q(OBR#RA(2QPBPP#J( C%-+&( ,%&( 03.,)3+( &;&( &44&0,( C1'( .3,( '-5.-4-01.,(

IM"AOP(Q(PBS##A(2QPBSPTJB($%-'('*55&','(,%1,(-,(C1'(-.(+1)5&(21),(1(,)&1,&/(&;&(&44&0,(IFig. 6.5J(
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Fig. 6.6. Absolute refractive state in quartile groups of treated (top) and control (bottom) eyes 

after 7 days post surgery. Crucially, these data show that the asymmetry in refractive state 

(anisometropia) evident 7 days following lesion of the isthmo-optic tract was due to relative treated 

eye hyperopia, while the control eye refractive state was not significantly different to those of the 

Q1-Q3 groups of chicks. *p<0.05, **p<0.01, ***p<0.005 (One-way ANOVA with Games Howell 

post-hoc test). Error bars represent upper and lower 25% of the sample, the box length represents 

the interquartile range of the sample, while the line across the box represents the median value of 

the sample. Circles represent outlier values greater than one and a half box lengths from the 

boundary of the box, while asterisks represent outlier values greater than 3 box lengths away from 

the upper or lower boundary of the box 
15

.  
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$%&'()*+,-.)+*&//)*%)'+%,-%+(*01-%(02+03+%,)+4)%(2-+3405+%,)+64-(2+5-7+-1%)4+%,)+*)%890(2%+03+

)55)%409(-+ :;(1'*0)%<+ =>>"?+ @)9)1&*+ -2'+ $A,-)33)1<+ =>!>BC+ D2')4+ 0%,)4E(*)+ 2045-1+

A02'(%(02*<+-*+-14)-'7+5)2%(02)'<+FG$+)7)*+').)109+50')4-%)+%0+*).)4)+,79)409(-+:@40(10+

)%+-1C<+!HIJBC+;,)2+FG$+)7)*+-4)+3045+')94(.)'+%,40&/,+%,)+&*)+03+0AA1&')4*<+*05)+*%&'()*+

*&//)*%+ %,-%<+ A059-4)'+ %0+ )7)*+E(%,+ -2+ (2%-A%+ 09%(A+ 2)4.)<+ *&6*)K&)2%+ 4)A0.)47+ :3405+-2+

0%,)4E(*)+ 2045-1+ %4)-%5)2%+ 4)*902*)B+ 1)-'*+ %0+ -2+ -L(-1+ ,79)409(A+ 0.)4*,00%<+ (C)C+ -2+

0.)4A044)A%(02+03+%,)+(2'&A)'+4)34-A%(.)+)4404+:;(1'*0)%<+=>>"BC+M%+(*+%,)4)304)+(5904%-2%+%0+

20%)+ %,-%<+ -%+ %,)+ )2'+ 03+ %,)+ =!8'-7+ 1)*(028%4)-%)'+ 9)4(0'<+ 20%+ 0217+ ,-'+ %,)+ -L(-1+

-2(*05)%409(-+ 6))2+ 4)*01.)'<+ 6&%+ -1*0+ %,-%+ %,)+ -6*01&%)+ 4)34-A%(.)+ *%-%)+ -2'+ 0A&1-4+

A05902)2%+ '(5)2*(02*+ 03+ *&6N)A%*+ %,-%+ ,-'+ ').)109)'+ -L(-1+ ,79)409(-+ E(%,(2+ %,)+ 3(4*%+ J+

'-7*+ 03+ %4)-%5)2%<+ E)4)+ 20%+ *(/2(3(A-2%17+ '(33)4)2%+ %0+ %,0*)+ (2+ *&6N)A%*+ %,-%+ ,-'+ 20%<+ (C)C+

%,)4)+E-*+20+5709(A+0.)4*,00%+-3%)4+MF@4+1)*(02C+

@79(A-117<+ 1)*(02+ *&AA)**+ (*+ K&-2%(3()'+ %,40&/,+ .01&5)%4(A+ )*%(5-%(02*+ 3405+G(**1+ *%-(2)'+

%(**&)+ :)C/C+ O2(91(2/<+ !HJIB<+ 04+ 3405+ -+ A08(2A(')2%-1+ 6),-.(04-1+ ')3(A(%+ %,-%+ 4)*&1%*+ 3405+ -+
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Table 6.3. A-scan ultrasonography measurement error. Evidence based upon past 

experimentation using the same ultrasonography equipment that an apparatus based 

measurement error was present. Mean inter-ocular differences (right – left) in untreated White 

leghorn chicks (Chen et al., 2011b) and the asymmetry found in Q1 (sham control and low lesion 

success group of this study) measured using the same apparatus. 

C2-$&-(D(,.*&7)Ocular component dimension (mm) 

Asymmetry (Right-Left)!! "#$%&!'&(#)*+!,+-.///0!

@7EF!GGGA)

1#23&*!4'256))@7E#A)

@7E!<A)H7,-.&3.)$%*=?-.)0-2,%)@==A) )GBGG") )GBGG")

I-7(),%&$'7-(()) 4GBGG:) )GBGGJ)

K&,.-35()$%*=?-.)0-2,%)@==A) )GBG"<) )GBG:<)

HL&*8)8-76,%)) )GBG"M) )GBG"")

!

6.4 Conclusion 
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7.0 Introduction 
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$*61%))%3B( !IIU<( 104( )3-*+-1+2/0,( 20( 20+'1V'%+2013( 4/.1520%( 3%&%3,( 9W1'+5100( %+( 13>B( !II"<>(

X04%'( 0/'513( */042+2/0,B( 4/.1520%( 3%&%3,( 1'%( 6276%,+( 4-'207( +6%( 418>( ?-'+6%'5/'%B( %8%(

%3/071+2/0(20(+6%(4%&%3/.207(*62*H(61,(=%%0(,6/@0(+/(+1H%(.31*%($%"&'4-'207(+6%(418B(@2+6(1(

4%7'%%(/)(,6'20H17%B(2)(108+6207B(4-'207(+6%(0276+>(O6%'%)/'%B(20(/'4%'(+/()-'+6%'(%3-*241+%(+6%(

20)3-%0*%(/)(+6%(:Y$(/0(%55%+'/.2,1+2/0B(+6%(125(/)(+62,(.1'+(/)(+6%(,+-48(@1,(+/(20&%,+271+%(

+6%( %))%*+( /)( -0231+%'13( 42,'-.+2/0( /)( +6%( :Y$( )%%4=1*H( +/( +6%( '%+201( /0( %55%+'/.2,1+2/0(
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!"#$% &$'()*(#'&$)+% ,#-")$&.,.% /0&1#1% 23% 1&0($)+% ("3'",.% !#(#% (#,45#16% &7#7% 0$1#(% 89%

-4$1&'&4$.7%

7.1 Methods and experimental design 

:%'4')+%4;%<=%>")5#(%?+)-@%A>?B%-"&-@.%!#(#%0.#1%&$%'"&.%C)('%4;%'"#%.'0137%:++%.02D#-'.%!#(#%

()&.#1%;(4,%")'-"%&$%-4$.')$'%+&/"'%A<E%"40(F1)3B7%G"#%&++0,&$)'&4$%&$%'"#%2(441#(%)$1%;+44(%

C#$%!).%<=H%'4%IHH%+0J7%%

K$#% /(40C% 4;% )/#% ,)'-"#1% -4$'(4+% -"&-@.% A$LMB% !#(#% 0.#1% '4% )..#..% '"#% $4(,)+6% .C#-&#.%

.C#-&;&-%2).#+&$#%4-0+)(%/(4!'"%C)''#($%0$1#(%-4$.')$'%+&/"'%-4$1&'&4$.%A$LMB6%;4(%-4,C)(&.4$%

!&'"%'"#%4-0+)(%/(4!'"%C)''#($%4;%.02D#-'.%()&.#1%0$1#(%$4(,)+%1&0($)+%+&/"'%AN9B%-4$1&'&4$.%

A$LOEB%APO%-"&-@.%;(4,%'"#%Chapter 6B7%:%.#-4$1%/(40C%A$LOQB%#&'"#(%0$1#(!#$'%RKG(%+#.&4$%

'4% 1&.(0C'% -#$'(&;0/)+% #;;#(#$'.% '4% '"#% (#'&$)% 0$&+)'#()++3% A$LO<B% 4(% )% ."),%C(4-#10(#% A$L=B%

ASection 3.46%Fig. 7.1B7% >'(#)@% (#'&$4.-4C3% ASection 3.6B%!).% C#(;4(,#1% Q% )$1% <O% 1)3.% C4.'*

.0(/#(36%!"&+#%:*.-)$%0+'().4$4/()C"3%ASection 3.7B%,#).0(#,#$'.%!#(#%')@#$%)'%<O%1)3.%C4.'%

.0(/#(37%%

 

Fig. 7.1. Lesion success: Constant light. Histogram showing the distribution of percentage lesion 

success of individual subjects (n=17) into ranked tertile groups (T1-3). Red dashed Dotted lines  

tertile group boundaries. See Fig. 7.2. for histological examples of IOTr lesions.!
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$%&'%()*+%, -%./0(, .1''%.., 2*., 3%)%&4/(%3, 56, 7*)82*6, )&*'/(+, 9Section 3.8:;, <0--02/(+,

.)%&%0-0+/'*-,3%)%&4/(*)/0(,0=, -%./0(,.1''%..>, .15?%').,2%&%, .7-/),17, /()0, )%&)/-%,+&017., 9@!A

@B:>,2/)8,@!,'0&&%.70(3/(+,)0,)80.%,2/)8,)8%,-02%.),-%./0(,.1''%..,9*.,2%--,*.,.8*4A07%&*)%3,

'0()&0-.:,*(3,@B,)8%,8/+8%.);,

,

,

 

 

 

 

 

 

 

 

 

Fig. 7.2. Examples of IOTr lesions: Constant light. The isthmo-optic tract (IOTr) courses anteriorly 

at the dorso-medial aspect of the optic tectum before merging with the optic tract. Tn these coronal 

sections of the chick midbrain, electrolytic lesions of the IOTr were made unilaterally, consistently on 

the left side of the midbrain (A-F). The right side of the midbrain was left untreated (G-H). In the 

bottom left hand corner of each example are details of the case from which the photomicrographs 

were taken, along with the corresponding lesion success percentage as determined by retrograde 

WGA labeling following intra-vitreal injections in the eye contralateral to the lesion prior to sacrifice. 

Scale bar = 250 µm 
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Fig. 7.2. (See previous page for figure legend) 
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7.2 Results 

7.2.1 Constant light effect on non-lesioned chicks 

#$%&'()*+%,*-. #/. 0$1023. 4%3. 5*+161*-. $13,(7(810%779:. ,$%,. $%-. ;**<. +%13*-. 1<. =>. ?*+*.

318<1610%<,79.&(+*.&9()10. 4,@A. B. @CD@!E. )FACAG:. ,$%<. 0$1023. +%13*-. 1<.H>. @!. -%93. 6(77(?1<8.

3$%&. 3I+8*+9C. =>. 0$1023. -*5*7()*-. %. 318<1610%<,79. 3$(+,*+. %<,*+1(+. 0$%&;*+. 4,"@. B. DGCJ!@E.

)FACAA!:.?1,$.%.7(<8*+.51,+*(I3.0$%&;*+.4,"@.B.!DCK"AE.)FACAA!:.%<-.%L1%7.7*<8,$..4,"@.B."CDAGE.

)FACAA!:.0(&)%+*-. ,(.3$%&'()*+%,*-.#/.0$1023. +%13*-.I<-*+.<(+&%7. !".$(I+3.(<M!A.$(I+3.

(66.718$,.0(<-1,1(<3.4N!.0$1023.6+(&.,$*.)+*51(I3.*L)*+1&*<,:C.O(?*5*+E.I<*L)*0,*-79E.7*<3.

,$102<*33.?%3.<(,.318<1610%<,79.-166*+*<,.;*,?**<.,$*.,?(.8+(I)3.4Table 7.1:C..

Table 7.1. Normal light vs. constant light effect on ocular phenotype. Mean absolute ocular 

measurements for sham-operated chicks, comparing those raised under normal diurnal conditions 

(NL) and those in constant light (CL). 

Absolute phenotyping 

measurements  

!"#$%&'('")*+(4H>:(

4±.!":.4<B!":.

,-%.+&%+('")*+(4=>:(

4±..!":.4<BK:.

/01,0(((

4±.!#:.

P*6+%0,15*.3,%,*.4Q:. .DCJJ.±.ACJ!. .@CRD.±.!CDS. .ACKG.±.ACDJT.

U<,*+1(+.0$%&;*+.-*),$.4&&:..

44&&:.

.!CJ!S.±.ACASA. .!C!A.±ACA"G. .ACS!G.±.ACA!JTTT.

>*<3.,$102<*33.4&&:. .@C"JG.±.ACAGK. .@C"G.±.ACA@S. .ACA@G.±.ACA!D.

V1,+*(I3.0$%&;*+.-*),$.4&&:. .GCRKJ.±.AC@AJ. .SCRJA.±.AC@GR. 'ACRKD.±.ACAJ!TTT.

UL1%7.7*<8,$.4&&:. .!AC!JK.±.AC@JA. .!ACG@!.±.AC@@D. 'ACD"".±.ACAKATTT.

Statistical test results relate to within group analyses (i.e. Is treated eye different to. control eye) 

*p<0.05, **p<0.01, ***p<0.005 (independent sample t-tests). 

(

(

(

(
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7.2.2  Refractive state changes in CL chicks with IOTr lesion 

!"#"$%&'()%*+),-)./0"/(1%$+%)20$2324'$,%&233"/"$4"%5')%3+.$&%2$%,6"%7"'$%'8)+9.,"%/"3/'4,2#"%

),',"%+3% ,6"% ,/"',"&%"(")%'4/+))% ,"/,29"%0/+.*)%+3% 9")2+$% ).44"))% :;<1=>%?% =@ABC1%*?A@CD<E@%F6"%

)'7"%5')% ,/."% 3+/% ,6"% /"3/'4,2#"% ),',"% +3% 4+$,/+9% :;<1=>% ?% A@=CG1% *?A@GD<E@% ;./,6"/7+/"1% $+%

)20$2324'$,% '$2)+7",/+*2'% :2@"@% 52,62$-'$27'9% &233"/"$4"E% "H2),"&% '4/+))% ,"/,29"% 0/+.*)% +3%

4624I)%:;<1=>%?%=@J<B1%*?A@=G<E@%

F5"$,(-+$"% &'()% *+),% )./0"/(1% '0'2$1% $+% )20$2324'$,% &233"/"$4"% 2$% ,6"% 7"'$% :'8)+9.,"E%

/"3/'4,2#"%),',"%+3%"2,6"/%"("%+/%'$2)+7",/+*2'%5')%"#2&"$,%:'99%*KA@AJLE%:See Table 7.1 '$&%

Fig. 7.2E@%%

Table 7.2. Constant light: Refractive error and anisometropia following IOTr lesion. Mean 

absolute refractive state of the treated (T) and control (C) eyes and anisometropia in the tertile 

groups of different lesion success (T1-3). For reference, data are presented for sham-operated 

chicks raised in normal diurnal lighting at corresponding time-points. 

% M8)+9.,"%/"3/'4,2#"%"//+/%:NE%

$ %!%:$?BE% %&%:$?LE% %'%:$?BE% (!%:OPE%:$?=>E%

At 7 days – Control  eye %>@CC%±%=@L=% %>@G=%±%C@AA% %L@=C%±%C@=C% %C@DL%±%A@DC%

At 7 days – Treated eye %C@>B%±%=@L<% %>@GA%±%C@C=% %L@DL%±C@<L% %C@GA%±%A@D<%

At 21 days – Control eye  %<@L>%±%A@B<% %>@=C%±%C@LB% %L@LA%±%C@<<% %<@=G%±%A@>B%

At 21 days – Treated eye %<@BL%±%A@LC% %>@AL%±%C@GB% %>@><%±%C@LJ% %<@CL%±%A@BL%

 M$2)+7",/+*2'%:F-QE%:NE%%

At 7 days post surgery -A@GG%±%A@B=R% -A@A=%±%A@LG% %A@BD%±%<@=>% %A@AL%±%A@CB%

At 21 days post surgery %A@=A%±%A@D<% -A@AG%±%A@CJ% -=@AG%±%=@CC% %A@=D%±%A@<D%

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 7.2. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests) 
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Fig. 7.3. Refractive state and anisometropia in tertile groups of chicks raised in constant 

light. Mean refractive state and anisometropia (T-C) of chicks (raised in constant light) in different 

tertile groups of lesion success, 7 (left) and 21 days (right) post surgery. No significant difference 

was apparent in either the absolute refractive state (top 2 panels) or anisometropia (bottom panel) 

in chicks compared between tertile groups of lesion success. Treated eyes of chicks in the T3 group 

showed a trend towards increased amount of hyperopia after 7 days, while control eyes showed a 

trend towards an increased amount of hyperopia after 21 days post surgery. However, as stated, 

these trends  were not statistically significant (Table 7.2). Error bars denote SEs.  

!

!
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7.2.3 Ocular component dimensions changes in CL chicks with IOTr lesion 

!"#$%&'($#)*+&,)-(,%',./0#/&1)$(),20$2324+$%)"2%52$'+$26+7)*233#/#$4#)"+,)3(.$*)2$)+$%#/2(/)

45+68#/) 4(6-($#$%,1) 29#9) +$%#/2(/) 45+68#/) *#-%5) :;<=>) +$*) 7#$,) %524?$#,,) :@!>) :8(%5)

-AB9CDE>9)F(/#(G#/1) $() ,20$2324+$%) *233#/#$4#) 2$) ;<=) (/) @!) 4(6-($#$%) +,&66#%/&) :!'<>)

"+,)#G2*#$%)8#%"##$)0/(.-,):8(%5)-AB9CBE>):Fig. 7.4a>9)))

H527#)%5#/#)"+,)$(),20$2324+$%)*233#/#$4#)2$)%5#)I<=)4(6-($#$%)(3)!"#$!#%):4($%/+7+%#/+7>)

#&#,) +4/(,,) %#/%27#) 0/(.-,) :JK1LD) M) L9KNO1) -MB9ELN>1) +) ,20$2324+$%) 8#%"##$'0/(.-) *233#/#$4#) 2$)

&'(!"')*) 2-,27+%#/+7) #&#) I<=) "+,) +--+/#$%) :JK1LD) M) E9OPE1) -MB9BDC>9) !5#) 6#+$) I<=) (3) %5#)

4($%/(7) #&#,) 2$) %5#)!E)0/(.-)"+,) ,20$2324+$%7&) ,5(/%#/) %5+$) %5+%)(3)!L) :'B9EQO)66)±) B9LKO1)

-MB9BKO>):Fig. 7.3 +$* 7.4b>9))

!52,)/#*.4%2($)2$)%5#)I<=)(3)%5#)4($%/(7)#&#)"+,)/#37#4%#*)8&)%5#),20$2324+$%)*233#/#$4#) 2$)

I<=)+,&66#%/&):JK1LD)M)C9OQE1)-)M)B9BBO>)+$*);R@)+,&66#%/&):JK1LD)M)P9OBC1)-MB9BBN>) %5+%)

"+,) 3(.$*)8#%"##$)0/(.-,9) S$)%5#)4+,#)(3)I<=)+,&66#%/&1) %5#)!E)0/(.-)"+,),20$2324+$%7&)

7($0#/)%5+$)%5+%)(3)%5#)!K)0/(.-):B9KCP)66)±)B9BPO1)-MB9BED>)8.%)*2*)$(%)/#+45),20$2324+$4#)

"5#$) 4(6-+/#*) %()!L) :-MB9LBK>9) T2627+/7&1);R@) +,&66#%/&) 2$)!E)"+,) ,20$2324+$%7&) 0/#+%#/)

%5+$) %5+%) (3) !K) :B9KOK)66)±) B9BPQ1) -MB9BEL>) 8.%) $(%)"5#$) 4(6-+/#*) %() !L) :B9KKE)66)±)

B9BOC1)-MB9BPO>):Fig. 7.4b>9))
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Table 7.3. Constant light: Ocular component dimension asymmetry following IOTr lesion. 

Mean ocular component dimension asymmetry (T-C) in tertile groups of different lesion success 

(T1-3). For reference, data for sham-operated chicks raised in normal diurnal lighting at 21 days 

post-surgery. 

$%&'()*%+,-+./.0*12,/.32+.*(34,,/0)4*56789*5,,9*21 days post-surgery 

!"*5.:;9* !#$5.:<9* !%*5.:;9* &"*5=>9*5.:!"9*

?.0/)2+)*%@(,A/)*1/-0@** 7BCBB#*±*BCBB#* 7BCB!D*±*BCB!E** *BCBB!*±*BCBDF* *BCBBB*±*BCB!G*

>/.3*0@2%H./33** *BCBB#*±*BCBB#* *BCB!#*±*BCBF#* *BCB!E*±*BCBF<* *BCB!B*±*BCBFD*

I20)/+&3*%@(,A/)*1/-0@** *BCB#G*±*BCBEG* *BCBFF*±*BCB";* *BCFEB*±*BC!#"J* *BCB!F*±*BCB<B*

?K2('*'/.L0@** *BCB#G*±*BCBEF* *BCBF#*±*BCBDG* *BCDBE*±*BC!#EJ* *BCBFF*±*BCB<#*

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 7.4a (.1 7.4b. *p<0.05, **p<0.01, ***p<0.005 (paired 

t-tests). 
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Fig. 7.4. Absolute vitreous chamber depth (VCD) in tertile groups and the relationship 

between VCD and anisometropia. (Top) Absolute vitreous chamber depth (VCD) of treated 

(white bars) and control eyes (grey bars) as a function of isthmo-optic tract disruption 21 days 

post-surgery. (Bottom) Anisometropia (T-C) plotted against VCD asymmetry (T-C). The graphs 

above convey two major points; firstly, the vitreous chamber depth that was evident in the T3 group 

of chicks was a product of a shorter vitreous chamber in the control eye, not, as one would expect 

the treated eye. Secondly, in contrast to the results of Chapter 6, the observed VCD asymmetry 

was not strongly correlated with anisometropia (scatter plot), which is likely to be a reflection of the 

corneal flattening that results from constant light rearing. One explanation is that disruption of 

centrifugal efferents inhibited VCD compensation (i.e. elongation) to constant light induced corneal 

flattening in the control eye. *p<0.05, **p<0.01, ***p<0.005 (one-way ANOVA with Games Howell 

post-hoc test). Error bars represent upper and lower 25% of the sample, the box length represents 

the interquartile range of the sample, while the line across the box represents the median value of 

the sample.  
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Fig. 7.5a. Anterior chamber depth (ACD) and lens thickness (LT) in tertile groups. Absolute 

ACD and LT dimensions and asymmetry between fellow eyes (T-C) of chicks (raised in constant 

light) in different tertile groups of lesion success, 21 days post surgery. No significant difference in 

ACD or LT components was evident between tertile groups of lesion success.  Error bars denote 

SEs.  
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Fig. 7.5b. Vitreous chamber depth (VCD) and axial length (AXL) in tertile groups. Absolute 

VCD and AXL dimensions and asymmetry between fellow eyes (T-C) of chicks (raised in constant 

light) in different tertile groups of lesion success 21 days post surgery. Significant VCD and AXL 

asymmetry was apparent in the T3 group of chicks when compared with the T2 group. The absolute 

mean VCD or AXL of the treated eyes of T3 chicks showed no apparent elongation relative to T1 

and T2 groups and instead this significant VCD and AXL asymmetry was in fact due to a relative 

shortening of the VCD and AXL of the control eye. Error bars denote SEs. *p<0.05 (one-way 

ANOVA with Games Howell post-hoc test). 

#

#

#
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7.3 Discussion 

$%&'&( )&'*+,'( -./-01,&( ,%1,( *.-+1,&)1+( /-')*2,-3.( 34( 0&.,)-4*51+( &44&)&.,'( -./*0&'( 1( )&+1,-6&(

6-,)&3*'( 0%178&)( /&2,%( '%3),&.-.5( -.( ,%&( !"#$%"&9( -2'-+1,&)1+( &:&( *./&)( 03.',1.,( +-5%,(

03./-,-3.';($%&(71<3)(4-./-.5'(34(,%-'(',*/:(=&)&(1'(43++3='>((

!; ?%-+&( ,%&( ,)&1,&/( &:&'9( -;&;( 03.,)1+1,&)1+( ,3( ,%&( +&'-3.( 34( $@( 0%-0A'( &B%-8-,&/( 1.(

30*+1)( 2%&.3,:2&( ,:2-01+( 34( CD( ,)&1,7&.,9( 03.,)3+9( -2'-+1,&)1+( &:&'( %1/( 1( 7&1.(

6-,)&3*'(0%178&)(/&2,%(,%1,(=1'('-5.-4-01.,+:('%3),&);((

#; E.(03.,)1',(,3(,%&(4-./-.5'(4)37(,%&(4-)',(&B2&)-7&.,(FEG$)(+&'-3.(-.(.3)71+(/-*).1+(

+-5%,-.5H9(=%&)&(-./*0&/(03.,)1+1,&)1+(%:2&)32-1(=1'($%'#()*#$+FChapter 6H9(,%&(&44&0,(

-.(CD(2&)'-',&/(,%)3*5%3*,(,%&(&B2&)-7&.,1+(,-7&(4)17&;(

@; E.(03.,)1',(,3(4-./-.5'(34(D-(&,(1+;(F!II"H9(CDJ-./*0&/(%:2&)32-1(=1'(.3,(1221)&.,(-.(

,%&( KL( ',)1-.;(?%-+&( -./-6-/*1+( '*8<&0,'(=-,%-.($#( 1./($@( /&6&+32&/( ,%&( &B2&0,&/(

/&5)&&( 34( %:2&)32-19( -;&;( M( N( 1./( !O( N( 14,&)( P( 1./( #!( /1:'9( )&'2&0,-6&+:( FD-( &,( 1+;9(

!II"1H9(,%&()&71-.-.5(0%-0A'(=&)&(&-,%&)(&Q*1+(,3(3)(73)&(7:32-0(,%1.(15&J71,0%&/(

RD(0%-0A'(FTables 6.1 1./ 6.2H;(

7.3.1 Circadian rhythms regulate ocular growth 

N-')*2,-3.(34(0-)01/-1.()%:,%7'( -.(,%&(0%-0A(01.(8&(10%-&6&/(8:(71-.,1-.-.5(#S(%3*)T/1:(

+-5%,(03./-,-3.'(3)(8:( 43)7(/&2)-61,-3.(F?&-''(1./(K0%1&44&+9( !II@U(L1),71..(&,(1+;9( !IISH;(

$%&( &B2)&''-3.(34( 1(.*78&)(34( 01,&0%3+17-.&)5-0( 1./( -./3+&17-.&)5-0(2)3,&-.'( ,%1,(%16&(

8&&.( -72+-01,&/( 1'( %16-.5( 1( )3+&( -.( 30*+1)( 5)3=,%( 7&0%1.-'7'( 1)&( 73/-4-&/( *./&)( ,%&(

-.4+*&.0&( 34( CD9( &;5;( /3217-.&( FL1),71..( &,( 1+;9( !IISH9( '&)3,3.-.( FL1),71..( &,( 1+;9( !IISU(

K0%1&44&+(&,(1+;9(!IISH(1./(7&+1,3.-.(FV1/1(1./(?-&0%71..9(#OOWH;(E.,)12&)-,3.&1+(-.<&0,-3.(

34(7&+1,3.-.(-.(0%-0A'(3.(1(.3)71+(!#%(+-5%,T!#(%3*)(/1)A()%:,%7'(%1'(8&&.('%3=.(,3(+&1/(

,3(1.,&)-3)(0%178&)(1./(6-,)&3*'(0%178&)(&+3.51,-3.(-.(*.,)&1,&/(0%-0A'9(X3=&6&)(-.(43)7(



Anatomy and Function of the CVS 

! !"#!

!"#$%&"!' ()%(*+,' -)"' ./-"$%0$' ().12"$' !"#-)' %+' +)0$-"$' 34.!.' ./!' 5%"()1.//,' 67789:'

;0$"0&"$,'1"<.-0/%/,'=)%()'%+'+>/-)"+%+"!'?2%@?%-0?+<>'%/'0(?<.$'-%++?"+'35%"()1.//'./!'

A?11"$+,' 677B9,' ).+' 2""/' %1#<%(.-"!' .+' ).&%/C' ?/' ?#+-$".1' $0<"' %/' -)"' $"C?<.-%0/' 0D'

!0#.1%/"'+>/-)"+%+'3E?20(0&%(),'FGBH9:'$

7.3.2 Why would centrifugal disruption cause reduced axial growth? 

I)"'#$"+"/("'0D'/%-$%('0J%!"'%/'/"?$.<'-%++?"'%+'%/'K./-%L#).+"M'=%-)'1"<.-0/%/'+>/-)"+%+,'%:":'

)%C)'<"&"<+'0D'NO'./!'<0='<"&"<+'0D'1"<.-0/%/'.$"'#$"+"/-'!?$%/C'-)"'<%C)-'./!'-)"'0##0+%-"'

+%-?.-%0/'0((?$+' %/'-)"'!.$*:' P/'-)"'.2+"/("'0D'!%?$/.<'$)>-)1+,'":C:'!?$%/C'QR,'1"<.-0/%/'

%/)%2%-+'-)"'.(-%&.-%0/'0D'"J(%-.-0$>'#.-)=.>+'2>'NO:'I)?+,'%/'QR'(0/!%-%0/+,'<0='1"<.-0/%/'

<"&"<+' <".!' -0' )%C)' <"&"<+' 0D' NO' %/' /"?$.<' -%++?"+' 3S?"$$"$0' "-' .<:,' FGG89:' T+' ("/-$%D?C.<'

"DD"$"/-+'.$"'*/0=/'-0'+>/-)"+%+"'NO,'0/"'#0-"/-%.<'"J#<./.-%0/'D0$'-)"+"'D%/!%/C+'%+'-).-'.'

(0/+-./-'<%C)-'%/!?("!'$"!?(-%0/'0D'1"<.-0/%/'+>/-)"+%+'1.>').&"'<"!'-0'-)"'!"#"$%"&"'"($'0D'

NO'+>/-)"+%+:')"*'-)%+'1"()./%+1,'./'POI$'<"+%0/'%/!?("!'%/($".+"'%/'NO'+>/-)"+%+'(0?<!,'

%/'-?$/,').&"'%/!?("!'()0$0%!.<'-)%(*"/%/C'3N%(*<.'"-'.<:,'677G9'./!'$"+?<-"!'%/'.'$"!?(-%0/'

%/' -)"' $.-"'0D'0(?<.$'"<0/C.-%0/:'U.&%/C' +.%!' -).-,' -)"'.20&"'"J#<./.-%0/'!0"+'/0-'"J#<.%/'

-)"'(?$%0?+'.+>11"-$>'().$.(-"$%+"!'2>'.'$"<.-%&"'+)0$-"/%/C'0D'-)"'%#+%<.-"$.<'(0/-$0<'">":'

7.3.3 Control eye effect: Inter-ocular communication? 

I)"'10+-'?/"J#"(-"!'D%/!%/C'0D'-)%+'"J#"$%1"/-'=.+'-).-,'=)%<"'0(?<.$'C$0=-)'%/'-)"''+,*',!'

">"' $"+?<-"!' %/' .' #)"/0->#"' -).-' =.+' /0-' +%C/%D%(./-<>' !%DD"$"/-' -0' .C"' 1.-()"!' (0/-$0<'

./%1.<+,' -)"' -($'+(.' ">"+' 0D' IH' ()%(*+' ).!' +%C/%D%(./-<>' +)0$-"$' &%-$"0?+' ().12"$+' =)"/'

(01#.$"!'.($0++'-"$-%<"'C$0?#+'0D'()%(*+'3V6,FW'X'H:BYH,'#X7:7W89:'P/'-)%+'(.+",'(0/-$0<'">"+'0D'

-)"' IH' C$0?#'="$"' +%C/%D%(./-<>' +)0$-"$' -)./' (0/-$0<' ">"+' 0D' IF' 3L7:HGB'±' 7:F6B,' #X7:76B9,'

=)%<"'-)"'ZQE'0D'-$".-"!'">"+'="$"'/0-'+%C/%D%(./-<>'!%DD"$"/-'=)"/'(01#.$"!'.($0++'C$0?#+'

3V6,FW'X'F:6[B,'#X7:HF[9'3Fig. 7.39:'''
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.)72',+)* /1&&)32',1.* )9,5')-*:)';)).* '()* 2:513%')*<=>*10* '()* '&)2')-* )4)* 2.-*8)&/).'27)*

3)5,1.* 5%//)55* @$!A!"* B* CDCFGA* 8BFD!"KHA*;(,/(* 272,.*;25* /1.5,5').'*;,'(* 2* /1.'&13* )4)* )00)/'*

@Fig. 7.5HD*

*

Fig. 7.6. Treated and control eye vitreous chamber depth vs. lesion success. Absolute 

vitreous chamber depth values plotted against percentage lesion success for control (left) and 

treated eyes (right). Twenty-one days post surgery, chicks in the T3 group of chicks exhibited 

significant VCD asymmetry when compared to chicks of the T2 group. A highly significant negative 

correlation between the control eye absolute VCD and percentage lesion success (bottom) 

suggests that this asymmetry was due to a relative shortening of the control eye and not as would 

be expected, the treated eye which did not show a significant relationship between absolute VCD 

and percentage lesion success (top).   
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!"#$#%&#$'()$*%)+,#)"#&%-.)"%)"+$#%./%Chapter 6*%$',,#$)%)"0)%)"#%1+/)&0(0)#&0(%0/2%.3$.(0)#&0(%

1#/)&.4',0(%30)"-05$%6+)"%01)%)+%&#,'(0)#%#77#)&+3.$0).+/*%3#&"03$%8.0%$#30&0)#%30)"-05$9%
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#5#$%.$%/+)%#/).&#(5%./2#3#/2#/)%<=1"0#44#(%0/2%>+-(0/2*%?@@?A%:#.$$%0/2%=1"0#44#(*%?@@BC*%.)%
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>08./,% #$)06(.$"#2% ./% )"#% 3&#8.+'$% #;3#&.7#/)% <Chapter 6C% )"0)% 1#/)&.4',0(% #44#&#/)%

2.$&'3).+/%./2'1#$%0%)&0/$.#/)%"53#&+3.0%./%)"#%1+/)&0(0)#&0(%#5#%<D%205$%3+$)%$'&,#&5C%)"0)%

&#$+(8#$%65%E?%205$%3+$)F$'&,#&5*%.)%.$%-+&)"5%+4%/+)#%)"0)%2.$&'3).+/%./%2.'&/0(%&"5)"7$%<0$%

2#$1&.6#2%"#&#C%3&#8#/)$%)"#%06+8#%#44#1)9%G/%401)*%-"#/%+/#%1+/$.2#&$%)"#%#5#$%./%.$+(0).+/*%
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-0$%/+%(+/,#&%$.,/.4.10/)%04)#&%E?%205$%3+$)%$'&,#&5%<H?*?I%J%E9IL@*%3JM9?BMC9%O+/8#&$#(5*%D%205$%
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<Fig. 7.6C9%
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Fig. 7.7. Treated and control eye refractive state vs. lesion success. Absolute refractive state 

values plotted against percentage lesion success for treated (top) and control eyes (bottom) at 2 

time points, 7 days (left) and 21 days (right) post surgery. At 7 days post surgery, the refractive 

state of treated eyes exhibited a strong positive correlation with percentage lesion success, 

suggesting that, similar to the findings of Chapter 6, lesion of the IOTr induces an initial hyperopic 

shift and the parallels with the previous experiment continue to 21 days post surgery where the 

positive correlation no longer reached significance. However, in contrast to Chapter 6, at 21 days 

post surgery, the control eye exhibited a significant positive correlation with percentage lesion 

success suggesting that disruption of centrifugal efferents led to a switch from an initial treated eye 

hyperopic shift after 7 days to a control eye hyperopic shift after 21 days.    

!
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7.3.4 Strain differences and CL induced hyperopia 

!"#$%&'#$&($)#'*+&,-,$-.$*'.&$/&+#,+-*''0$*$.-1,-(-2*,+$(*2+&%$-,$+"#$%#342#3$%#./&,.#$&($+"#$

56$ .+%*-,$ +&$78$ -,342#3$"0/#%&/-*9$ 8-$ *,3$:&;'*,3$ <=>>?@$ .+43-#3$ +"#$ %&'#$ &($ +"#$/-,#*'$

1'*,3A$*$)-3'-,#$.+%42+4%#$+"*+$%#14'*+#.$.0.+#)-2$)#'*+&,-,$#B/%#..-&,A$&,$+"#$#((#2+.$&($789$

C)/&%+*,+'0A$+"#0$(&4,3$+"*+$D0$2&E#%-,1$+"#$/&%+-&,$&($+"#$"#*3$&E#%'0-,1$+"#$/-,#*'$1'*,3$

-,$*$3-4%,*'$%"0+")A$/%&+#2+#3$2"-2F.$(%&)$+"#$#((#2+.$&($789$$

!"#$ 56$ .+%*-,$ -.$ *$ /%#3&)-,*,+'0$ D'*2F$ (#*+"#%#3$ .+%*-,$ ;-+"$ *$ "-1"$ D#+;##,G*,-)*'$

E*%-*D-'-+0$-,$+"#$3#1%##$&($0#''&;$&%$;"-+#$(#*+"#%$/*+2"-,#..9$!"4.A$+"&.#$2"-2F.$;-+"$3*%F$

(#*+"#%.$ &E#%'0-,1$ +"#$ /-,#*'$ 1'*,3$)*0$ "*E#$ &((#%#3$ 1%#*+#%$ /%&+#2+-&,$ +&$ +"#$ #((#2+.$ &($

2&,.+*,+$ '-1"+$ +"*,$*$;"-+#$ .+%*-,$&%$56$2"-2F.$;-+"$;"-+#$ (#*+"#%$/*+2"#.$&,$ +&/$&($ +"#-%$

"#*3.9$ !"*+$ D#-,1$ .*-3A$ *.$ 3-.24..#3$ -,$Section 5.7A$ 3-((#%#,+$ .+%*-,.$ &($ 2"-2F.$ "*E#$ D##,$

."&;,$+&$3#)&,.+%*+#$.-1,-(-2*,+$E*%-*D-'-+0$-,$D&+"$,&%)*'$3#E#'&/)#,+$*,3$-,$%#./&,.#$+&$

#B/#%-)#,+*'$)*,-/4'*+-&,.$ <!%&-'&$ #+$ *'9A$ HIIJ@9$ C+$ -.$ '-F#'0$ +"*+$ -,+#%G.+%*-,$ E*%-*D-'-+0$ -.$

-)/&%+*,+$ -,$ +"-.$ -,.+*,2#9$ K&%$ #B*)/'#A$ ;"-'#$ 8-$ #+$ *'9$ <HIIJ@$ (&4,3$ +"*+$ 78$ 2&,3-+-&,.$

-,342#3$ .#E#%#$ "0/#%&/-*$ -,$ 2"-2F.A$ +"#0$ 3-3$ ,&+$ (-,3$ *,$ &E#%*''$ .-1,-(-2*,+$ *B-*'$ '#,1+"$

#'&,1*+-&,$*.$*$%#.4'+$&($+"#$2&)D-,#3$#((#2+$&($*$."&%+#,#3$L7M$*,3$*,$#'&,1*+#3$N7M9$C,$

+"#.#$%#.4'+.A$.-1,-(-2*,+$LO8$#'&,1*+-&,$!"#$&D.#%E#3A$.411#.+-,1$+"*+A$4,'-F#$-,$+"#$2*.#$&($

+"#$2"-2F$.+%*-,$4.#3$D0$8-$#+$*'9$ <HIIJ@A$ +"#$%*+#$&($N7M$#'&,1*+-&,$ -,$56$2"-2F.$;*.A$ +&$*$

3#1%##A$ .4((-2-#,+$ +&$ 2&4,+#%$ 78G-,342#3$ "0/#%&/-*9$ C,$ *33-+-&,A$ ;"-'#$ 8-$ #+$ *'9$ <HIIJ@$

%#/&%+#3$ '#,.$ +"-,,-,1$ -,$ %#./&,.#$ +&$ 78$ 2&,3-+-&,.A$ +"-.$ #((#2+$ ;*.$ ,&+$ &D.#%E#3$ -,$ 56$

2"-2F.9$$$

7.4 Conclusion 

C,$2&,2'4.-&,A$4,3#%$2&,.+*,+$'-1"+$2&,3-+-&,.A$4,-'*+#%*'$3-.%4/+-&,$&($2#,+%-(41*'$CPQ$*,3$
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8.0 Introduction 

$%&'()*&+,-+.&( .&')&)(-/&(*.-+&0( 1'( 2/3',(32( ,%&(&4&)(32(+%1+5)6( ,/&&()%/&7)6(83'5&4)(-'0(

+-,)( 9-83':( 3,%&/);( 9Chapter 2;6( ,%&( )1:'( 32( ,%&( /&2/-+,1<&( &//3/( 1'0=+&0( >4( ,%&( .&')( 1)(

?=1+5.4(/&+3:'1)&0(>4(1',/-@/&,1'-.(8&+%-'1)8)(9A%=(&,(-.B6(C##D;(-'0()=>)&?=&',(+%-':&)6(

21/),(1'(+%3/310-.(,%1+5'&))(-'0(,%&'(1'()+.&/-.(:/37,%(/-,&6(-+,(,3('&=,/-.1)&(,%&(0&23+=)(>4(
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-++38830-,&0(),-,&;B((
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/&:=.-/.4( ,%/3=:%3=,(0&<&.3*8&',(71,%( ,%&(KLM( ,3N1'6( +3.+%1+1'&6(7%1+%(+-=)&)(&N+&))1<&(

3+=.-/(:/37,%(71,%('3/8-.(<1)=-.(&N*&/1&'+&(9J1)+%&/(&,(-.B6(!OOO>;6(-/&(->.&(,3(+38*&')-,&(

23/( 0&23+=)( 1'0=+&0( >4( *.=)( .&')( 7&-/6( >=,( '3,( 23/(81'=)( .&')( 7&-/( 9M%3%( &,( -.B6( C##P;B(

Q-<1':(&),->.1)%&0(,%-,(971,%('3/8-.(<1)=-.(&N*&/1&'+&;6(='1.-,&/-.(01)/=*,13'(32(-'(&22&/&',(

*/3R&+,13'(,3(,%&(/&,1'-(2/38(EFG(-'0(ST(1'0=+&0(-(830&/-,&6(,/-')1&',(-N1-.(%4*&/3*1-(1'(

,%&( &4&( +3',/-.-,&/-.( ,3( ,%&( .&)13'&0( %&81)*%&/&( 32( ,%&( 810>/-1'( 9Chapter 6;6( ,%1)(

&N*&/18&',( )3=:%,( ,3( ,&),( 21/),( ,%&( +-*->1.1,4( 32( +%1+5)( 71,%( ='1.-,&/-.( 01)/=*,13'( 32(

+&',/12=:-.(&22&/&',)(23..371':(EFU/(.&)13'(,3(21/),(+38*&')-,&(23/(&1,%&/(*.=)(3/(81'=)(.&')(
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8.1 Methods and experimental design 
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Fig. 8.1. Lesion success: Minus lens treatment. Histogram showing the distribution of 

percentage lesion success of individual subjects (n=20) into ranked tertile groups (T1-3). Dashed 

red lines show the division of subjects into tertile groups of lesion success. See Fig. 8.3 for 

histological examples of IOTr lesions.$

Fig. 8.2. Lesion success: Plus lens treatment. Histogram showing the distribution of percentage 

lesion success of individual subjects (n=21) into ranked tertile groups (T1-3). Dashed red lines 

show the division of subjects into tertile groups of lesion success. See Fig. 8.3 for histological 

examples of IOTr lesions. 
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Fig. 8.3. (See overleaf for figure legend) 
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Fig. 8.3. Examples of IOTr lesions: Lens manipulation. The isthmo-optic tract (IOTr) courses 

anteriorly at the dorso-medial aspect of the optic tectum before merging with the optic tract. In these 

coronal sections of the chick midbrain, electrolytic lesions of the IOTr were made unilaterally, 

consistently on the left side of the midbrain (A-F). The right side of the midbrain was left untreated 

(G-H). In the bottom left hand corner of each example are details of the case from which the 

photomicrographs were taken, along with the corresponding lesion success percentage as 

determined by retrograde WGA labeling following intra-vitreal injections in the eye contralateral to the 

lesion prior to sacrifice. Scale bar = 250 µm 

!

8.1.1 Lens holder fitting 

$%%&'()*&+,- ./++/0(12- 3452&5,- */- +&3(/1- *6&- $785- 94*- 06(+&- *6&- 9(5'- 0)3- 3*(++- 41'&5-

)1)&3*6&3():-)-;43*/%-%)'&-+&13-6/+'&5-0)3-.(**&'-/<&5-*6&-&,&-;/1*5)+)*&5)+-*/-*6&-+&3(/1=-

>&13-6/+'&53-;/13(3*&'-/.-)-"?!@-%%-+/12-3&;*(/1-/.-!A-%%-(1*&51)+-'()%&*&5-5499&5-*49(12-

2+4&'-*/-)-A?B-%%-0('&-)114+43-%)'&-.5/%-5(2('-C+)3*(;=-D(+/*-6/+&3-0&5&-%)'&-)*-5&24+)5-

(1*&5<)+3- )5/41'- *6&- 5('2&- 3/-)3- */-)++/0- .5&&'/%- (1- 34*45&-C+);&%&1*=-865&&-1/*;6&3- ;4*-

(1*/-*6&-9)3&-/.-*6&-5499&5-*49(12-*/-)++/0-./5-*0(;&?')(+,-5&%/<)+-)1'-;+&)1(12-/.-*6&-+&13=-

$1-)''(*(/1:-*6&-1/*;6&3-)++/0&'-)(5-;(5;4+)*(/1=-E,+/1-34*45&3-F#?@:-G*6(+/1:-HIJ-0&5&-43&'-

*/-3&;45&-*6&-+&13-6/+'&5-(1-C/3(*(/1:-34CC+&%&1*&'-9,-;,)1/);5,+)*&-)'6&3(<&-F(.-5&K4(5&'J=-

L1(%)+3- 0&5&- )++/0&'- */- 5&;/<&5- .5/%- 2&1&5)+- )1)&3*6&3()- (1- )- *&%C&5)*45&- ;/1*5/++&'-

5&;/<&5,-;6)%9&5:- )1'-/1;&- *6&,-6)'- 5&2)(1&'-)+&5*1&33:-9)+)1;&-)1'- *6&-)9(+(*,- */-C&5;6-

F434)++,-"@?M@-%(14*&3J:-*6&,-0&5&-5&*451&'-*/-*6&(5-C&1=-N6(;O3-36/0&'-1/-(++-&..&;*3-.5/%-

0&)5(12- *6&- +&13-6/+'&5:- &)*(12- )1'-'5(1O(12- )3-1/5%)+=- P/5*,?&(26*-6/453-C/3*?3452&5,:- )-

C+43-FQ!@-R:-1SA!J:-%(143-F?!T-R:-1SA@J-/5-C+)1/-+&13-F1S!BJ-FTable 8.1-)1'-8.3J-0)3-.(**&'-(1-

*6&-+&13-6/+'&5=-N6(;O3-0&5&-)33(21&'-)-+&13-*,C&-)*-5)1'/%=->&13&3-0&5&-5&%/<&'-F./5-+&33-

*6)1-)-%(14*&J-*0(;&-')(+,-*/-)++/0-./5-;+&)1(12=-R45(12-*6(3-*(%&:-&<&5,-&../5*-0)3-%)'&-*/-

9+/;O-<(34)+-&UC&5(&1;&=-L.*&5-B-)1'-V-'),3-+&13-0&)5:-(=&=-*6&-%('C/(1*-)1'-.(1)+-'),-/.-+&13-
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!"#$%& '"#()$"'"*+(& ,-& $"-$#.+/0"& (+#+"& #*1& .,$*"#2& $#1/)(& ,-& .)$0#+)$"& 3456& !"$"&

7"$-,$'"1%&$"8)/$/*9&$"',0#2&,-&+:"&2"*(;&:,!"0"$%&<,+:&+".:*/8)"(&!"$"&7"$-,$'"1&/*&+:"&

1#$=& #*1& )()#22>& +,,=& 2"((& +:#*& ?@& '/*)+"(& +,& .,'72"+"A& B"*("(& #*1& 2"*(& :,21"$(& !"$"&

$"',0"1&#-+"$&C&1#>(&,-&2"*(&!"#$&)*1"$&9"*"$#2&#*#"(+:"(/#A&

&

Fig. 8.4. Lens holder design. A Shaver Black chick during the lens-wearing phase of the 

experiment. Note the custom-made lens holder and disc used to protect the scalp incision site once 

the wound had been sutured closed. Notches at the base of the lens holder allowed for easy removal 

of the lens for twice-daily cleaning of the lenses and for measuring refraction and corneal curvature.  

8.2 Results 

8.2.1 Minus lens wearing phase  

8.2.1.1 Refractive state changes 

D+& <,+:& E& #*1& C& FGH%& '/*)(& 2"*(& +$"#+"1& ">"(& ,-& "#.:& +"$+/2"& 9$,)7& ,-& .:/.=(& (:,!"1& #&

(/9*/-/.#*+&'>,7/.&(:/-+& $"2#+/0"& +,&.,*+$,2& 3-"22,!6&">"(& 3Fig. 8.4 #*1 Table 8.16A&I,!"0"$%&

+:"&#',)*+&,-&#*/(,'"+$,7/#&7$"("*+&#-+"$&<,+:&E&#*1&C&FGH&!#(&*,+&(/9*/-/.#*+2>&1/--"$"*+&

#.$,((& +"$+/2"& 9$,)7(& ,-& .:/.=(& 3#22& 7JKALLM6A& H:"& #',)*+& ,-& #*/(,'"+$,7/#& /*&'/*)(& 2"*(&

!"#$/*9&()<N".+(&!#(&(/9*/-/.#*+2>&9$"#+"$&/*&#22&+"$+/2"&9$,)7(&,-&.:/.=(&!:"*&.,'7#$"1&!/+:&

(:#'O,7"$#+"1%&72#*,&2"*(&!"#$/*9&.:/.=(&3#22&7PKAK?Q6A&&
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8.2.1.2 Ocular component dimension changes 

#$%&'()* +&* ,(-,%./+0(* )/%/(* 1(,(* 2+,,3,(4* 56* 0+/,(37)* .$%25(,* (83&'%/+3&* %-/(,* 9:;<=*

<,(%/(4*(6()*$%4*)+'&+-+.%&/86*83&'(,*>#:*%&4*?@A*.32B3&(&/)*1$(&*.32B%,(4*/3*-(8831*

(6()*%&4*/3*B8%&3*8(&)*1(%,+&'*)75C(./)*D53/$*BEF=FF!!"DTable 8.2G=*H31(0(,I*&3*)+'&+-+.%&/*

4+--(,(&.(* +&* %&6* 3-* /$(* 3.78%,* .32B3&(&/)*2(%)7,(4* 1%)* -37&4* %.,3))* /(,/+8(* ',37B)* 3-*

.$+.J)*D%88*BKF=L9MG*DFig. 8.4G=*

*

*

*

!

*



Anatomy and Function of the CVS 

! !"#!

Fig. 8.5. Minus lens: Change in refractive state over time in tertile groups. Absolute refractive 

error (D) of the treated (dashed black) and fellow control (solid black) eyes of subjects over the 

21-days following lens treatment (DPT). Anisometropia (T-C) (D) is represented by the solid red 

trace. Arrows denote lens wearing phase, i.e. day 0-7. The three main points to note from these 

data are firstly, that compensation to the power of the minus lens (-15 D), as represented by the 

horizontal red line was partial in all groups. Secondly, there was no difference in the amount of 

compensation to the lens across any of the tertile groups of lesion success. Thirdly, upon removal 

of the lens, recovery from the induced functional myopia was not affected by disruption of 

centrifugal efferents to the retina.  Error bars represent SE. 

8.2.1.3 Corneal radius of curvature changes 

!"#$%&'&()*&+&,-./&)0&123)2"24()#&*2""$%$)4$&2)&(51067#$&89&:(1&"07)*&5$#:$$)&#%$(#$*&()*&

40)#%06&$;$1&<(66&=>?@?A+B@&C7%#D$%E0%$/&#D$%$&:(1&)0&123)2"24()#&*2""$%$)4$&2)&#D$&(E07)#&0"&&

89&(1;EE$#%;&:D$)& 40E=(%$*&5$#:$$)& #$%#26$& 3%07=1F& '&,-.& <CG/H?& I& G@HHJ/& =I?@H+HB& ()*& +&

,-.&<CG/H?&I&?@K?+/&=I?@A+AB&<Fig. 8.7B@&

8.2.2 Minus lens recovery phase 

8.2.2.1 Refractive state changes 

L;&#D%$$&*(;1&("#$%&E2)71&6$)1&%$E0M(6/&#D$&%$"%(4#2M$&1#(#$1&0"&#D$&#%$(#$*&$;$1&D(*&6(%3$6;&

%$40M$%$*&"%0E&#D$&2)*74$*&E;0=2(@&ND26$&#D$&()210E$#%0=2(&0"&4D24O1&2)&3%07=1&.H&()*&.'&

3%07=1& %$E(2)$*& 123)2"24()#& <Table 8.1B/& #D$& (E07)#& 0"& ()210E$#%0=2(& 40E=(%$*& 5$#:$$)&

3%07=1&0"&=$%4$)#(3$& 6$120)&1744$11&:(1&)0#&123)2"24()#6;&*2""$%$)#& <CG/HJ&I&?@?HG/&=I&?@PQQB@&

.D$&(E07)#&0"&()210E$#%0=2(&2)&E2)71&6$)1R#%$(#$*&4D24O1&2)&(66&#$%#26$&3%07=1&M1@&=6()0&6$)1&

#%$(#$*&1D(ER0=$%(#$*&40)#%06&4D24O1&%$E(2)$*&123)2"24()#&<#'+&I&J@APA/&=S?@??HB@&&

L;& +& ()*& HK& *(;1& ("#$%& E2)71& 6$)1& %$E0M(6/& #D$& %$"%(4#2M$& 1#(#$1& 0"& #%$(#$*& $;$1& :$%$& )0&

60)3$%&1#(#21#24(66;&*2""$%$)#&"%0E&"$660:&40)#%06&$;$1&<Table 8.1B@&C7%#D$%E0%$/&#D$%$&:(1&)0&
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$%&&'(')*'+ %)+ ,-'+ ./01),+ 0&+ .)%20/',(03%.+ .*(022+ ,'(,%4'+ 5(0132+ 0&+ 4'2%0)+ 21**'22+ 6.44++

3789!8!:;+0(+<-')+*0/3.('$+,0+34.)0+4')2=,('.,'$+2-./=03'(.,'$+*0),(042+6Table 8.1:9++

8.2.2.2 Ocular component dimension changes 

>'?')+ $.@2+ &0440<%)5+ /%)12+ 4')2+ ('/0?.4;+ ,-'('+ <.2+ )0+ 2%5)%&%*.),+ $%&&'(')*'+ %)+ 0*14.(+

*0/30)'),+ .2@//',(@+ .*(022+ ,'(,%4'+ 5(0132+ 0&+ *-%*A2+ 63789"BC:;+ .4,-015-+ .,+ ,-%2+ 2,.5'+

2%5)%&%*.),+ <%,-%)=.)%/.4+ 6&'440<+ *0),(04+ '@':+ $%&&'(')*'2+ <'('+ 2,%44+ .33.('),+ 6Table 8.2:9+

D0('0?'(;+)0+$%&&'(')*'+ %)+0*14.(+*0/30)'),+.2@//',(@+<.2+'?%$'),+E',<'')+/%)12+ 4')2+

<'.(%)5+.)$+34.)0+4')2+<'.(%)5+2-./=03'(.,'$+*0),(04+E%($2+6.44+3789FCF:9++

G01(,'')+ $.@2+ &0440<%)5+ /%)12+ 4')2+ ('/0?.4;+ 2%5)%&%*.),+ &'440<+ '@'+ $%&&'(')*'2+ ('/.%)'$+

6Table 8.2:9+ H0<'?'(;+ 0)4@+ $%&&'(')*'2+ %)+ IJK+ .2@//',(@+ .*(022+ ,'(,%4'+ 5(0132+ 0&+ *-%*A2+

<'('+&01)$+,0+E'+2%5)%&%*.),+6GL;!B+M+N9LB8;+3M898!B:+6Table 8.2:9+IJK+.2@//',(@+%)+OL+6,!L+M+=

F9!C#;+3M8988#:+.)$+OF+5(0132+6,!F+M+L9CCL;+3M898F8:+<'('+ +2,.,%2,%*.44@+$%&&'('),+&(0/+34.)0+

4')2=,('.,'$;+ 2-./=03'(.,'$+ *0),(0429+ H0<'?'(;+ .2@//',(@+ %)+ ,-'+ ('/.%)%)5+ 0*14.(+

*0/30)'),+ $%/')2%0)2+ 6%9'9+ PO;+ QJK+ .)$+ IRP:+ 2-0<'$+ )0+ 21*-+ $%&&'(')*'+ 6.44+ 37898SB:+

6Table 8.2:9++

8.2.2.3 Corneal radius of curvature changes 

T@+ !C+ $.@2+ &0440<%)5+ 4')2+ ('/0?.4;+ ,-'+JU+0&+ ,('.,'$+ '@'2+ 0&+ ,-'+OF+ 5(013+ 0&+ *-%*A2+<'('+

2%5)%&%*.),4@+ &4.,,'(+ ,-.)+ &'440<+*0),(04+ '@'+ 6,C+ M+ F9L"8;+3M898F!:9+V0+ 2%5)%&%*.),+ ,('.,'$+ ?29+

*0),(04+'@'+$%&&'(')*'2+<'('+2%5)%&%*.),+%)+.)@+5(0132+.,+.)@+0,-'(+,%/'+30%),29+G1(,-'(/0(';+

,-'('+<.2+)0+2%5)%&%*.),+$%&&'(')*'+%)+,-'+./01),+0&+JU+.2@//',(@+<-')+*0/3.('$+.*(022+

,'(,%4'+5(0132+0&+*-%*A2+.,+.)@+,%/'=30%),+&0440<%)5+4')2+('/0?.4+6Fig. 8.7:9+

+

+
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Fig. 8.6. Minus lens: Ocular component dimension asymmetry in tertile groups and sham 

operated plano lens wearing chicks (T-C) shown for 7, 14 and 21 DPT time-points. Consistent 

ACD elongation resulted from lens wear across tertile groups and sham operated plano wearing 

control chicks. In addition, vitreous chamber-dependent axial elongation was evident from minus 

lens wear after 7 DPT however there was no difference in the amount of elongation between tertile 

groups of lesion success. Upon removal of the minus lens after 7 DPT, the VCD and AXL 

asymmetry was reduced such that, again, no significant difference in asymmetry between tertile 

groups at either 14 or 21 DPT. Error bars represent SE.!
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Fig. 8.6. (See previous page for figure legend) 
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Fig. 8.7. Minus lens: Corneal radius of curvature (CR) asymmetry in tertile groups. No obvious 

or statistically significant lesion effect was apparent between tertile groups of lesion success. CR 

asymmetry (T-C) shown for minus lens-treated chicks at 0, 3, 7, 10, 14 and 21 DPT time-points. Error 

bars represent SE.!
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Table 8.1. Minus lens: Refractive state and anisometropia across tertile groups of lesion 

success. Absolute refractive state and anisometropia (T-C), (D±SD), for both minus lens wearing 

chick groups of differing ION/IOTr lesion success (%) and plano lens treated sham-operated 

controls. 

$ %&'()*+,-&$.+)+&$/01$

Pre-screen !"$/23"1$ !#$/2341$ !%$/23"1$ &'()*$+,(-$

5(&)+&6$&7&$$ $89:;±<9;=$ $89#;±<9;:$ $:9;:±<9";$ $89##±<9="$

>?2+(?@$&7&$$ $8984±!9!8$ $89#;±!9<;$ $:9;4±<94=$ $89:=±<9A=$

B2,.?C&+(?D,)$/5E>1$$ E<9"!±<9:"$ $<9<<±<9A"$ E<9<8±<9:"$ E<9!"±<98=$

3 days post- initial lens fitting (3 DPT) 

5(&)+&6$&7&$$ E89=;±:9!=$ E#9"A±89!=$ E:9:4±#9=:$ $:9A:±<9#!$

>?2+(?@$&7&$$ $89!!±<9A;$ $894:±<98!$ $89:;±<98=$ $89!<±<9::$

B2,.?C&+(?D,)$/5E>1$$ E;9<<±:9#"FFF$ E"9:=±89:=FF$ E"9"A±#9AAFFF$ E<94<±<9::FFF$

7 days post- initial lens fitting (7 DPT) 

5(&)+&6$&7&$$ E=98:±!98:$ EA9;4±:98:$ E=9<8±!9::$ $!9=#±!9:#$

>?2+(?@$&7&$$ $:9:;±<94;$ $:94"±<94:$ $:984±<9=4$ $#9;<±<94#$

B2,.?C&+(?D,)$/5E>1$$ E!!9=#±!9AAFFF$ E;94:±:9<4FFF$ E!!9A<±!9:<FFF$ E!9!<±!9!8$

End of lens wearing phase  

3 days post- lens removal (10 DPT) 

5(&)+&6$&7&$$ $!94=±!9<!$ $!9A4±!9<"$ $!9A8±!9!8$ $:9<#±<9"A$

>?2+(?@$&7&$$ $:9!!±<9A<$ $:9<4±<98:$ $:9<8±<9:"$ $#9=A±<94#$

B2,.?C&+(?D,)$/5E>1$$ E!98:±<9="FF$ E!9A<±!9#4$ E!9A<±<9=;FFF$ $<9!"±<9=!$

7 days post- lens removal (14 DPT) 

5(&)+&6$&7&$$ $#9!=±<9":$ $#9"!±<9A!$ $#9!8±<9A"$ $#9!<±<98=$

>?2+(?@$&7&$$ $#9!=±<9#=$ $#94:±<9#!$ $#9:#±<9A:$ $#9<A±<9"8$

B2,.?C&+(?D,)$/5E>1$$ $<9<<±<9A8$ $<9<=±<9A#$ E<9!=±<9A!$ $<9<A±<9:#$

14 days post- lens removal (21 DPT) 

5(&)+&6$&7&$$ $#9<8±<9:<$ $#9::±<9:<$ $!9=#±<98<$ $!9=<±<98=$

>?2+(?@$&7&$$ $!9=;±<9:=$ $#9!"±<98!$ $#9!8±<9A<$ $#9!<±<9::$

B2,.?C&+(?D,)$/5E>1$$ $<9!8±<9A<$ $<9!"±<98;$ E<9:#±<9#=F$ E<9:#±<9!"$

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 8.4. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests). 
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Table 8.2. Minus lens: Ocular component dimension asymmetry across tertile groups of 

lesion success. The mean inter-ocular differences in ocular component dimensions (T-C) (±SD) for 

both minus lens wearing chick groups of differing ION/IOTr lesion success (%) and plano lens 

treated sham-operated controls. 

!"#$%&'"()*(+,+-'./),+0/(+'%01)),-&1'23456'2))6'7 days post- initial lens 

fitting (7 DPT) $!'2+786' $%'2+796' $#'2+786' &'()*+,-(.+

:+-,&/(&'";%)<,&'.,*-;'

2))6'

'=>?@A±=>?@BC' '=>?@@±=>?ADC' '=>AAB±=>=8?CCC' '=>AEE±=>?=9CCC'

F,+0'-;/"G+,00'' 4=>==@±=>=A=' 4=>=EB±=>=@9' 4=>=A=±=>=H8' 4=>=?D±=>=AE'

I/-&,(#0'";%)<,&'.,*-;'

2))6'

'=>EEB±=>?E8CCC' '=>EAH±=>?=ECCC' '=>EE?±=>A?=CCC' 4=>=@?±=>?DD'

:J/%$'$,+K-;'' '=>9H=±=>AH9CCC' '=>D8H±=>?@9CCC' '=>9E@±=>?9HCCC' '=>?HB±=>?=ACC'

End of lens wearing phase 

7 days post- lens removal (14 DPT) 

:+-,&/(&'";%)<,&'.,*-;'

2))6'

'=>?HA±=>?DH' '=>=88±=>=8AC' '=>??H±=>=B8C' '=>??@±=>=BHCC'

F,+0'-;/"G+,00'' 4=>=DA±=>=D9C' 4=>=E8±=>=ED' 4=>=9E±=>=HDCCC' 4=>=DH±=>=E9C'

I/-&,(#0'";%)<,&'.,*-;'

2))6'

'=>=AE±=>?AB' ''=>=BD±=>=8=C' '=>=9@±=>?@H' '=>=EB±=>?8A'

:J/%$'$,+K-;'' '=>?=E±=>=B=C' ''=>??9±=>=HBCCC' '=>??B±=>?8=' '=>??E±=>?H@'

14 days post- lens removal (21 DPT) 

:+-,&/(&'";%)<,&'.,*-;'

2))6'

'=>??E±=>=8@CC' '=>=A?±=>=A?' '=>=B8±=>=HDCCC' '=>=DH±=>=?BCCC'

F,+0'-;/"G+,00'' 4=>=D?±=>=H8C' 4=>==@±=>=HH' 4=>=ED±=>=E?C' 4=>=AD±=>=?BCC'

I/-&,(#0'";%)<,&'.,*-;'

2))6'

'=>=EB±=>=@=' '=>=9H±=>=9B' '=>?A9±=>?A=C' '=>?=8±=>=9ECCC'

:J/%$'$,+K-;'' '=>???±=>=9DCCC' '=>=8D±=>=D=C' '=>?9B±=>?E?C' '=>?HD±=>=B=CCC'

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 8.5. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests). 

+

+

+

+

+
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8.2.3 Plus lens wearing phase  

8.2.3.1 Refractive state changes 

$%& '(%)& %*+,-.(*/%0& 12& 3/4& "&5678& 49:*/;& %),& .<90& <,/0& %:,3%+,/%& .)30,=& %:,3%,4& ,>,0& (?&

@)*@A0& */& ,3@)& %,:%*<,& ;:(9.& 0)(B,4& 3& 0*;/*?*@3/%& )>.,:(.*@& 0)*?%& :,<3%*C,& %(& @(/%:(<& ,>,0&

1Fig. 8.8 and Table 8.38D& E(B,C,:& %),:,& B30& /(& 0*;/*?*@3/%& 4*??,:,/@,& */& %),& 3+(9/%& (?&

3/*0(+,%:(.*3&',%B,,/&%,:%*<,&;:(9.0&(?&@)*@A0&3%&%),&2&567&1FG=!H&I&JDK#L=&.IJDM2#8&(:&"&567&

1FG=!H&I&!DKJ"=&.IJDGGH8&%*+,&.(*/%0D&F9:%),:+(:,=&%),&3+(9/%&(?&3/*0(+,%:(.*3&*/&.<90& <,/0&

B,3:*/;&@)*@A0&B30&0*;/*?*@3/%<>&;:,3%,:&*/&3<<&%,:%*<,&;:(9.0&(?&@)*@A0&%)3/&%)3%&('0,:C,4&*/&

0)3+-(.,:3%,4=& .<3/(& <,/0& B,3:*/;& @)*@A0& '(%)& 2& 567& 1%#2& I& G#D!"M=& .NJDJJ!8& 3/4&

"&567&1%#J&I&!2DG"M=&.NJDJJ!8&&1Table 8.38D&&

8.2.3.2 Ocular component dimension changes 

$%&"&567=& %),&OP5&3/4&$QR&(?& %:,3%,4&,>,0&B,:,&0*;/*?*@3/%<>&0)(:%,:& %)3/& ?,<<(B&@(/%:(<&

,>,0& */&7G&3/4&72&;:(9.0&(?&@)*@A0&'9%&/(%& */&7!& 1Table 8.4!"#S*+*<3:<>=& %),&OP5&3/4&$QR&

@(+.(/,/%0& (?& .<90& <,/0& %:,3%,4& ,>,0& B,:,& 0*;/*?*@3/%<>& 0)(:%,:& %)3/& .<3/(& <,/0& B,3:*/;=&

0)3+-(.,:3%,4& @(/%:(<& ,>,0& */& 7G& 3/4& 72& ;:(9.0& 13<<& .NJDJ#M8& (?& @)*@A0& '9%& /(%& */& 7!&

1.TJD!!#8& 1Fig. 8.98D& U(& 0*;/*?*@3/%& 4*??,:,/@,& */& OP5& 1FG=!H& I& JDKKK=& .IJDMGK8& (:&

$QR&30>++,%:>&1FG=!H&I&JDK#2=&.IJDM2"8&B30&?(9/4&3@:(00&%),&%,:%*<,&;:(9.0&(?&@)*@A0D&

8.2.3.3 Corneal radius of curvature changes 

$%& 2& 3/4& "&567=& /(& 0*;/*?*@3/%& 4*??,:,/@,& */& 3'0(<9%,&PV&B30& ?(9/4& ',%B,,/& %:,3%,4& 3/4&

@(/%:(<&,>,0&13<<&.TJD2KJ8D&F9:%),:+(:,=&%),:,&B30&/(&0*;/*?*@3/%&4*??,:,/@,&*/&%),&3+(9/%&(?&&

PV&30>++,%:>&B),/&@(+.3:,4&3@:(00& %,:%*<,&;:(9.0&(?& @)*@A0&,*%),:&.:*(:& %(& 09:;,:>=&3%& 2&

567&1FG=K&I&JD!2M=&.IJDH"K8&(:&3%&"&567&1FG="&I&JD2!K=&.IJD"2L8&1Fig. 8.108D&

&
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Fig. 8.8. Plus lens: Change in refractive state over time in tertile groups. Absolute refractive 

state of the treated (dashed black), untreated control (solid black) eyes of subjects over the 21-day 

experiment duration. Anisometropia (T-C) is represented by the solid red trace. Arrows denote lens 

wearing phase. As with the results of minus lens treatment, the three main points to note from these 

data are firstly, that compensation to the power of the plus lens (+10 D), as represented by the 

horizontal red line was partial in all groups. Secondly, there was no difference in the amount of 

compensation to the lens across any of the tertile groups of lesion success. Thirdly, in contrast to 

the recovery from minus lens wear, recovery from plus lens wear resulted in an overshoot of the 

induced functional hyperopia to relative significant myopia. Error bars represent SE. 

8.2.4 Plus lens recovery phase 

8.2.4.1 Refractive state changes  

!"#$$% &'()% *+,,+-./0% 1,2)% ,$/)% #$3+4',5% 6#$'6$&% $($)% "'&% #$7+4$#$&% *#+3% 6"$% ./&27$&%

"(1$#+1.'5% '/&%/+% ).0/.*.7'/6%'/.)+3$6#+1.'% #$3'./$&% 8Table 8.39:% ;.3.,'#,(5% 6"$#$%-')%/+%
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$%&'%(%)*'+, -%((./.')., %', +0., *123'+, 2(, *'%$21.+/24%*, %', 453$, 5.'$6+/.*+.-, )0%)7$, *)/2$$,

+./+%5.,&/234$,89:;!",<,=>=#:;,4<=>?@=A,2/,B0.',+./+%5.,&/234$,B./.,)214*/.-,B%+0,45*'2,5.'$,

B.*/%'&;,$0*1624./*+.-,)2'+/25,)0%)7$,8*55,4C=>!=!A>,,

D.E.', -*F$, (2552B%'&, 5.'$, /.12E*5;, *'%$21.+/24%*, %', +0., GH, &/234, 2(, )0%)7$, $02B.-, *,

'31./%)*55F,$1*55,I3+,$+*+%$+%)*55F,$%&'%(%)*'+,2E./$022+,%',/.)2E./F,B0.',)214*/.-,+2,I2+0,

(.552B, 3'+/.*+.-, .F.$, 86=>@#,J,±, =>H?;, 4<K=>=L=A, 8Fig. 8.8A, *'-, 45*'2, 5.'$, +/.*+.-;, $0*16

24./*+.-, )2'+/25$, 86=>#=, J, ±, =>!?;, !"#$#%A>, G0., *'%$21.+/24%*, %', GH, B*$, $%&'%(%)*'+5F,

-%((./.'+,B0.',)214*/.-,+2,+0.,G:,&/234,2(,)0%)7$,86=>#M,J,±,=>::;,!"#$#&#A,I3+,'2+,B0.',

)214*/.-,+2,G!,86=>H#,J,±,=>::;,4<=>H"HA>,,

923/+..',-*F$,(2552B%'&,5.'$,/.12E*5;,+0%$,*44*/.'+,2E./$022+,%',/.(/*)+%E.,$+*+.,4./$%$+.-,%',

+0., GH, &/234, 86=>#L, J, ±, !>="A;, 02B.E./, %+, B*$, '2, 52'&./, $+*+%$+%)*55F, $%&'%(%)*'+, B0.',

)214*/.-,B%+0,8!A,(.552B,)2'+/25,.F.$,86=>LL,J,±,=>?!;,!'#$%(&A;,8"A,45*'2,5.'$,+/.*+.-;,$0*16

24./*+.-, )2'+/25$, 86=>HL, J, ±, =>H@;, !'#$)&#A, 2/, 8#A, 2+0./, +./+%5., &/234$, 2(, )0%)7$,

89:;!M,<,:>!!?;,!'#$%*+A,8Fig. 8.8A>,

8.2.4.2 Ocular component dimension changes 

D.E.',-*F$,(2552B%'&,453$,5.'$,/.12E*5;,$%&'%(%)*'+,B%+0%'6*'%1*5,8(.552B,.F.A,-%((./.').$,%',

NOJ,8G!,*'-,GHA,;,POJ,8GHA,*'-,NQR,8GHA,B./.,*44*/.'+,8Table 8.4A>,S2B.E./;,+0./.,B*$,'2,

-%((./.').,%',2)35*/,)2142'.'+,*$F11.+/F,*)/2$$,+./+%5.,&/234$,8POJT,9:;!M,<,:>=?:;,4<=>!L:T,

NQRT, 9:;!M, <, !>":!;, 4<=>:="A>, U2+0, NOJ, 8+M>!@H, <, 6H>!@#;, 4<=>=!HA, *'-, RG, *$F11.+/F,

8+!H,<,:>?#?;,4<=>=!!A, %', +0.,GH, &/234,2(, )0%)7$,B./., $%&'%(%)*'+5F, -%((./.'+, (/21,45*'2, 5.'$,

+/.*+.-;, $0*1624./*+.-, )2'+/25$, 8Fig. 8.9A>,S2B.E./;, +0., -%((./.').$, %'E25E.-,B./.;, *&*%';,

E./F,$1*55>,

O214*/%$2',2(,+/.*+.-,.F.$,B%+0,(.552B,)2'+/25,.F.$,",-*F$,(2552B%'&,5.'$,/.12E*5,$02B.-,*,

$%&'%(%)*'+5F,52'&./,POJ,8=>!H@,11,±,=>=M?;,4K=>=!A,*'-,NQR,8=>!L?,11,±,=>!=!;,4K=>=!A,%',
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!"#$ !%#&!#'$ #(#)$ *+$ ,-$ .%*/0$ *12(3$ 4*/%!##1$ '&()$ +*22*561.$ 2#1)$ %#7*8&29$ !"#$ &00&%#1!$

*8#%)"**!$ 61$ :*%%#:!6*1$ +%*7$ !"#$ 616!6&2$ 2#1)$ #++#:!$ 0#%)6)!#'$ 61$ !"#$ ,-$ .%*/0$ *+$ :"6:;)$

<=>?@$A3BAC$77$±$ A3ADA9$EFG@$A3BHB$77$±$ A3ADD9$I*!"$0JA3AAKL$ <Table 8.4L3$M*5#8#%9$1*$

)6.16+6:&1!$ '6++#%#1:#)$ 61$ =>?$ *%$ EFG$ &)(77#!%($ 5#%#$ +*/1'$ &:%*))$ !#%!62#$ .%*/0)$

<=>?@$4N9BO$P$B3QQO9$0PA3BDD@$EFG@$4N9BO$P$N3OKB9$0PA3AQNL$<Fig. 8.9L3$

8.2.4.3 Corneal radius of curvature changes 

R*$)6.16+6:&1!$!%#&!#'$8)3$:*1!%*2$#(#$'6++#%#1:#)$61$>S$5#%#$+*/1'$61$&1($.%*/0)$&!$&1($!67#$

0*61!)3$4/%!"#%7*%#9$ !"#%#$5&)$1*$ )6.16+6:&1!$'6++#%#1:#$ 61$ !"#$&7*/1!$*+$ $>S$&)(77#!%($

:*70&%#'$&:%*))$ !#%!62#$.%*/0)$&!$&1($!67#$0*61!$ +*22*561.$ 2#1)$%#7*8&2$ <&22$0TA3BHKL$ <Fig. 

8.10L3$

$

$

$

$

$

Fig. 8.9. Plus lens: Ocular component dimension asymmetry in tertile groups and sham 

operated plano lens wearing chicks (T-C) shown for 7, 14 and 21 DPT time-points. A lower 

amount of ACD elongation was evident in plus lens treated chicks than was observed in chicks 

treated with minus lenses. Vitreous chamber-dependent axial shortening was evident from plus lens 

wear after 7 DPT however there was no significant difference in the amount of VCD compensation 

between tertile groups of lesion success. Upon removal of the plus lens after 7 DPT, the VCD and 

AXL asymmetry was reduced such that, again, no significant difference in asymmetry between 

tertile groups at either 14 or 21 DPT, however there was a trend towards an overcorrection in the T3 

group of chicks. Error bars represent SE.$
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Fig. 8.9. (See overleaf for figure legend) 
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Fig. 8.10. Plus lens: Corneal radius of curvature (CR) asymmetry in tertile groups. By 21 

DPT, the CR asymmetry (T-C) of chicks in the T3 group of lesion success showed significant within-

subject CR asymmetry with the treated eyes exhibiting relatively flatter corneas. Mean CR shown 

for plus lens-treated chicks at 0, 3, 7, 10, 14 and 21 DPT time-points. Error bars represent SE. $
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Table 8.3. Refractive state and anisometropia (T-C), (±SD) in groups of differing ION/IOTr lesion 

success (%) for plus lens treated chicks and plano lens treated sham-operated controls.  

 "#$%&'()*#!+(&(#!,-.!

Pre-screen !"!,/01.! !#!,/01.! !$!,/01.! %&'()*+,'-*

2%#&(#3!#4#!! !5678±961:! !567;±96<<! !56=1±96=8! !56>>±96;1!

?@/(%@A!#4#!! !56;>±967<! !5678±8697! !56=1±9671! !56:;±96=;!

B/)+@C#(%@D)&!,2E?.!! E96>8±9651! !9691±96:=! !9699±96:>! E9681±965;!

3 days post- initial lens fitting (3 DPT) 

2%#&(#3!#4#!! !8868;±8698! !886:<±8651! !8868;±86:7! !:6=:±96>8!

?@/(%@A!#4#!! !56:7±96>9! !5688±961>! !561=±96<7! !5689±96::!

B/)+@C#(%@D)&!,2E?.!! !76;>±8697FFF! !16><±8658FFF! !765:±867<FFF! E9679±96::FFF!

7 days post- initial lens fitting (7 DPT) 

2%#&(#3!#4#!! !;67;±>6=>! !<61<±8679! !896:<±>695! !86;>±86:>!

?@/(%@A!#4#!! !:67;±965:! !:67;±967<! !:657±967;! !>6<9±967>!

B/)+@C#(%@D)&!,2E?.!! !=699±>611FFF! !7688±8657FFF! !76<:±86=7FFF! E8689±8685!

End of lens wearing phase  

3 days post- lens removal (10 DPT) 

2%#&(#3!#4#!! !5699±86>5! !:6=9±86:5! !56:<±>695! !:69>±961=!

?@/(%@A!#4#!! !:695±9679! !>6=5±9659! !:685±96=7! !>6;=±967>!

B/)+@C#(%@D)&!,2E?.!! !96<7±86=8! !96<7±86=8! !86>=±>6:;! !9681±96;8!

7 days post- lens removal (14 DPT) 

2%#&(#3!#4#!! !>6=5±96=8! !>6:>±9675! !>688±9671! !>689±965;!

?@/(%@A!#4#!! !>675±965:! !>688±9675! !>6=1±96=8! !>69=±9615!

B/)+@C#(%@D)&!,2E?.!! E9688±96>;! !96>8±96=:! E9657±96:<F! !969=±96:>!

14 days post- lens removal (21 DPT) 

2%#&(#3!#4#!! !>68:±96=7! !8678±96==! !86>5±9679! !86;9±965;!

?@/(%@A!#4#!! !>69>±965>! !8611±9671! !861<±96:<! !>689±96::!

B/)+@C#(%@D)&!,2E?.!! !9688±96:=! E9687±96:7! E96==±96<8! E96:>±9681!

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 8.8. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests). 
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Table 8.4. Ocular component dimensions asymmetry (T-C) (±SD) in groups of differing ION/IOTr 

lesion success (%) for plus lens treated chicks and plano lens treated sham-operated controls. 

"#$%&'!#()*(+,+-!&./)),-'/!01234!0))4!7 days post-initial lens 

fitting (7 DPT) !"!0+564! !#!0+564! !$!0+564! %&'()*0+574!

8+-,'9('!#:&);,'!<,*-:!! !!=>??@±=>?A7! !=>??6±=>?A6! !=>=B6±=>=C=! !=>DAA±=>?=EFFF!

G,+.!-:9#H+,..!! !!=>==@±=>=DE! !=>==E±=>=@@! 2=>==B±=>=@B! 2=>=?B±=>=DA!

I9-',($.!#:&);,'!<,*-:!! 2=>D6D±=>ADC! 2=>A67±=>?EDFFF! 2=>A=?±=>@EDF! 2=>=C?±=>?BB!

8J9&%!%,+K-:!! 2=>?BE±=>A7?! 2=>@BB±=>D@@FF! 2=>@AC±=>@EBF! !=>?@7±=>?=DFF!

End of lens wearing phase 

7 days post- lens removal 

8+-,'9('!#:&);,'!<,*-:!! !!=>=6=±=>=E@F! !=>=7B±=>=CA! !=>=D@±=>=DDF! !=>??C±=>=7@FF!

G,+.!-:9#H+,..!! 2=>=D@±=>=AD! 2=>=@@±=>=EA! !=>==D±=>=?6! 2=>=B@±=>=AEF!

I9-',($.!#:&);,'!<,*-:!! !!=>=DD±=>?D7! !=>=@=±=>?DA! !=>?@A±=>=7CFF! !=>=A7±=>?6D!

8J9&%!%,+K-:!! !!=>=E7±=>=C=! !=>=7@±=>?=A! !=>?BC±=>?=?FF! !=>??A±=>?@C!

14 days post- lens removal 

8+-,'9('!#:&);,'!<,*-:!! !=>=B?±=>=DCFF! !=>=AA±=>=AAF! !=>=D@±=>=?AFFF! !=>=B@±=>=?7FFF!

G,+.!-:9#H+,..!! 2=>=@?±=>=@E! 2=>=?E±=>=BB! !=>=??±=>=?C! 2=>=DB±=>=?7FF!

I9-',($.!#:&);,'!<,*-:!! !=>=B@±=>=BB! !=>=6?±=>=@AFFF! !=>?=7±=>=E=FFF! !=>?=6±=>=EAFFF!

8J9&%!%,+K-:!! !=>=6@±=>=B@F! !=>=CC±=>=@6FFF! !=>?A?±=>=EEFFF! !=>?@B±=>=7=FFF!

Statistical test results relate to within group analyses (i.e. Is treated eye different to control eye). 

Between group comparisons are shown in Fig. 8.9. *p<0.05, **p<0.01, ***p<0.005 (paired t-tests). 

8.3 Discussion 

8.3.1 Lens wear effect 

!"#$%&'()*"&+ )"+ ,%&'+ *#$"'%-+ -%."/0'+ *'+ $1*#(1*,2+ (/3*%4%-+ )31"053+ (&+ *&/1%('%+ 6#*&0'+

,%&'+7%(18+"1+-%/1%('%+6$,0'+,%&'+7%(18+*&+9!:;+<"1+%=(#$,%>+)3%+#%(&+9!:+".+#*&0'+,%&'+

)1%()%-+ /3*/?'+ .",,"7*&5+ @+ -(2'+ ".+ ,%&'+ 7%(1+ 7('+ !"#$%&+ 6A;BC@+ ##+ ±+ A;BCD8+ )3(&+ .%,,"7+

0&)1%()%-+%2%';+!"&4%1'%,2>+)3%+)1%()%-+%2%'+".+/3*/?'+)3()+3(-+7"1&+$,0'+,%&'%'+."1+@+-(2'+

3(-+ (+ #%(&+ 9!:+ )3()+ 7%1%+ '("&)%&+ 6EA;FAF+ ##+ ±+ A;FBA8+ )3(&+ + .%,,"7+ 0&)1%()%-+ %2%';+

G,)3"053+ )3%+ ,%&'+ $"7%1+ ".+ )3%+ #*&0'+ (&-+ $,0'+ ,%&'%'+ 0'%-+ 7%1%+ EHI+ :+ (&-+ JHA+ :>+

1%'$%/)*4%,2>+."1+"$)*/(,+1%('"&'+)3%+%..%/)*4%+$"7%1+".+)3%+,%&'%'+-01*&5+)1%()#%&)+7('+,%'';+
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$%&'( )%&( *&'+)%( ,-( )%&( ./*/0,'&( .*&&1&( 2/)%/'( 2%/0%( )%&( *&'.&.( 2&3&( -/))&4( /.( )56&'( /'),(

500,7')(8"9!:(;;<(5'4(5==*/&4(),()%&(&>75)/,'(?&*,2(8@&/3*(5'4(A%3/.)/&B(#::C<D((

E&(F(EG8!(H(4(I(E<((

!"#$%#&&#'()*#%+#,-%./0#12%"$%3'(43+%+#,-%./0#12%5$%(46#%7/+5#1%5)-(3,'#8%

)%&(&--&0)/1&(*&'.(=,2&3(5)()%&(&J&(25.D(

Minus lens!"#$%!&'(((9!KL:M(N(),(9!KLKO(N((

Plus lens!!!!!")$*!&'(((H!:L"C((N(),(H!!L!!(N((

P1&'( )56/'+( )%/.( 54Q7.)&4(=,2&3( /'),(500,7')B('&/)%&3( )%&(;/'7.( *&'.(,3(=*7.( *&'.( )3&5)&4(

0%/06.(%54(-7**J(0,;=&'.5)&4(-,3()%&(/;=,.&4(4&-,07.L(R%&(;&5'(3&-350)/1&(.)5)&(,-(;/'7.(

*&'.()3&5)&4(&J&.(0,;=53&4(),(-&**,2(0,')3,*(&J&.(5-)&3(C(45J.(*&'.(2&53(25.(9!!L:S(N(±(#L!CB(

.%,2/'+( "ST( 0,;=&'.5)/,'( ),( )%&( 9!S( N( *&'.L( U/;/*53*JB( )%&( 3&-350)/1&( .)5)&( ,-( =*7.( *&'.(

)3&5)&4( &J&.( 0,;=53&4( ),( -&**,2( &J&( 0,')3,*.( 5)( )%&( .5;&( )/;&( =,/')( 25.( VL:!( N( ±( #L:"B(

.%,2/'+(5(SVT(0,;=&'.5)/,'(),()%&(H!:(N(*&'.L(W')&3&.)/'+*JB(/'()%&(R!(5'4(R#(+3,7=.B()%&(

=&30&')5+&(0,;=&'.5)/,'(),(=*7.(*&'.(2&53(25.(+3&5)&3(5)(K(NER(8VST<()%5'(5)(C(NER(8S!T<L(

A,'1&3.&*JB()%&(0,;=&'.5)/,'(,-()%&(RK(+3,7=(25.(=3,+3&../1&B(-3,;(SOT(5)(K(NER(),(VMT(5)(

C(NERL(
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Fig. 8.11. Lens holder effect on visual fields. Form deprivation (FD) in the peripheral retina, from 

lens holder wear, could cause equatorial expansion (asterisks) and the eye to develop a more 

oblate shape (blue shaded regions). On the left image, the position of the lens holder in front of 

the treated eye, i.e. the eye contralateral to the lesion of the IOTr is shown. In addition note the 

position of the heat-molded plastic cap used to cover the scalp incision. The inset on the right 

shows in schematic form how the deprivation of the peripheral retina may have induced localised 

axial elongation and caused an abnormal ocular shape to result. Such an effect may have acted to 

mask any potential IOTr lesion effect. 

"#$%&! #'%(! )*'$)'+,! (-$./&0'*$)'+! 1&%)*&#! '2'(! +'3'#&0'+! (45%4641$%)#2! +''0'*! $%)'*4&*!

1-$.7'*(!$%+!'#&%5$)'+!$84$#!#'%5)-(!9-'%!1&.0$*'+!)&!)-'4*!6'##&9!:%)*'$)'+!'2'(!;Table 

8.2<,!9-41-!*'(:#)'+!4%!)-'.!7'1&.4%5!(#45-)#2!.2&041!4%!1&.0$*4(&%!;=>"?@!/ABAC!>!±!ABAD<!

;Table 8.1<B!E&.0$*'+!)&!1&%)*&#!'2'(!&6!1-41F(! 4%!)-'!64*()! #'(4&%!():+2!;Chapter 6<,!0#$%&!

#'%(! 9'$*4%5! '2'(! '8-474)'+! (45%4641$%)#2! #&%5'*! GE>! $%+! (-&*)'*! HE>! ;Fig. 8.12<B! I&!

+466'*'%1'!4%!&1:#$*!1&.0&%'%)!+4.'%(4&%(!'84()'+!7')9''%!$5'!.$)1-'+!1&%)*&#(!;Chapter 

6<!$%+!)-'!6'##&9!:%)*'$)'+!'2'(!&6!0#$%&/#'%(!9'$*4%5!1-41F(B!?-'('!'66'1)(!$*'!4%!1&%)*$()!
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$%&$'(&)*+,*+-.&%)&.$/,*(.&$'0$&/.(,&0&.*1*203&2(+.&'%2,(3&0330+-(1(+$&0+,&3(4%3$(,&0&.'%3$(3&

567&*+&420+%&2(+.&8(03*+-&9'*9:.&;6'(+&($&02<=&>?!!0@<&A%$'&9%142($(&0+,&'(1*3($*+02&)%31&

,(43*B0$*%+&'0B(&C((+&.'%8+& $%&90/.(&0+$(3*%3&9'01C(3&(2%+-0$*%+& ;D%$$2*(C&($&02<=& !E"F@<&

G'/.=& %+(& (H420+0$*%+& )%3& $'(& 0C%B(& ())(9$& ;0+,=& *+,((,=& )%3& 42/.& 0+,&1*+/.& 2(+.& $3(0$(,&

9'*9:.@& *.& $'0$& 403$*02& ;*<(<& 4(3*4'(302@& )%31& ,(43*B0$*%+=& 8'*9'& 3(./2$(,& )3%1& $'(& .*2*9%+(&

.2((B(& %)& $'(& 2(+.& '%2,(3& (H$(+,*+-& *+$%& $'(& 4(3*4'(302& B*./02& )*(2,& %)& $'(& $3(0$(,& (I(.&

;Fig. 8.11@=& 10I& '0B(& 90/.(,& 567& (2%+-0$*%+<& J+& 0,,*$*%+=& $'(& %C.(3B(,& .*-+*)*90+$&

.'%3$(+*+-&%)& $'(&K67&%)&420+%& 2(+.& $3(0$(,&(I(.&9%1403(,& $%&0-(L10$9'(,&9%+$3%2.& ;Fig. 

8.12@&9%/2,&(M/022I&C(&(H420*+(,&0.&$'(&3(./2$&%)&9%14(+.0$*%+&$%&1I%4*9&,()%9/.&*14%.(,&

CI& $'(& ,((4(3& 0+$(3*%3& 9'01C(3& 0+,& .$((4(3& 9%3+(02& 9/3B0$/3(<& N0B*+-& .0*,& $'0$=& *+& $'*.&

*+.$0+9(=& 0+& *+93(0.(& *+& 567& 80.& +%$& 3()2(9$(,& CI& 0& .*-+*)*90+$& .$((4(+*+-& %)& 9%3+(02&

9/3B0$/3(& *+& 420+%& 2(+.& $3(0$(,& (I(.& 3(20$*B(& $%& )(22%8=& %3& 0-(L10$9'(,& 9%+$3%2& (I(.&

;O>=P#&Q&?<#"F=&4Q?<R!E@<& 52$(3+0$*B(2I=& .*+9(& (I(& -3%8$'& *.& :+%8& $%& C(& 9%+$3%22(,& CI& 2%902&

B*./02& (H4(3*(+9(& ;S02210+& ($& 02<=& !E"F@=& 2%902& 4(3*4'(302& )%31& ,(43*B0$*%+& 3(./2$*+-& )3%1&

2(+.& '%2,(3& 8(03& 10I& '0B(& 90/.(,& (M/0$%3*02& (H40+.*%+& ;Fig. 8.11@=& 90/.*+-& $'(& (I(& $%&

,(B(2%4&0&1%3(&%C20$(&.'04(&0+,&3(20$*B(2I&.'%3$(3&K67&0.&%C.(3B(,& *+&420+%& 2(+.& $3(0$(,&

9'*9:.&;Fig. 8.12@<&&
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Fig. 8.12. Lens wear effect on ocular component dimensions. Absolute ocular component 

dimensions for plano lens treated eyes and age-matched control eyes (Chapter 6) at 7 DPT. Lens 

holder wear induced highly significant anterior chamber depth elongation combined with significant 

vitreous chamber shortening. Error bars represent SE. *p<0.05, **p<0.01, ***p<0.005 (independent 

t-tests). 

8.3.2 IOTr lesion induced hyperopia in plano lens wearing chicks 

"#$! %$&'()*$! #+,$%-,)'! (#'(! .$*$&-,$.! )/! (#$! 01! 2%-3,! -4! 5#)567! )/! Chapter 6! 8'7! /-(!

%$,&)5'($.! )/! 9:"%! &$7)-/$.! ,&'/-! &$/7! 8$'%)/2! 5#)567;! <'*)/2! 7').! (#'(=! '&(#-32#! ,&'/-!
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$%&'()%*+,&-( %.%'( )%+%( !"##( /.0%+10,2( 3/*&( 4%$$1)( 21&3+1$( %.%'( 56+,&-( 3/%( $%&'( )%*+,&-(

0/*'%(7Table 8.389(3/%(3+%*3%5(%.%'(14(2/,2:'(),3/(/,-/%+($%',1&('622%''()%+%($%&"(/.0%+10,2(

,&(21;0*+,'1&(31(3/1'%(),3/($1)%+(0%+2%&3($%',1&('622%''(<.(=(>?@(7Fig. 8.138A(B3('/16$5(<%(

&13%59( /1)%C%+9( 3/*3( 3/%( 0%+2%&3*-%( $%',1&( '622%''( ,&( 3/%( 0$*&1( $%&'( )%*+,&-( -+160( )*'(

$1)%+( 3/*&( %D0%23%59( +%'6$3,&-( ,&( 1&$.( E( 2/,2:'( ),3/( *( F=GH( $%',1&A( I%C%+3/%$%''9( *(

',-&,4,2*&3( &%-*3,C%( 21++%$*3,1&( %D,'3%5( <%3)%%&( 0%+2%&3*-%( $%',1&( '622%''( *&5( JKL(

*'.;;%3+.( *43%+( =(>?@( '6--%'3,&-( 3/*39( ,&( :%%0,&-(),3/( 3/%( 4,&5,&-'( 14(Chapter 69( 3/1'%(

2/,2:'(),3/(*(-+%*3%+($%',1&('622%''(0%+2%&3*-%(/*5(+%$*3,C%$.('/1+3%+(3+%*3%5(%.%'(+%$*3,C%(31(

4%$$1)( %.%'( 7+M( NGA#!G9( 0MGAGO#8A( @/%+%( )*'( *$'1( *( 3+%&5( 31)*+5'( *( &%-*3,C%( +%$*3,1&'/,0(

<%3)%%&(0%+2%&3*-%($%',1&('622%''(*&5(JP>(*'.;;%3+.9('6--%'3,&-(3/*3(3/1'%(2/,2:'(),3/(*(

-+%*3%+( $%',1&( '622%''( 0%+2%&3*-%( '/1)%5( *( $%''%+( 5%-+%%( 14( JP>( *'.;;%3+.( +%$*3,C%( 31(

4%$$1)(%.%'((+M(NGAQQO9(0MGAG==8A(

(

Fig. 8.13. Plano lens: Anisometropia vs. lesion success. Anisometropia (T-C) as a function of 

ION/IOTr lesion success in plano lens-wearing chicks at 0, 3 and 7 DPT time points.  Error bars 

represent SE. 
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8.3.3 Centrifugal efferent disruption and lens compensation 

!"#$#% &#$'()$% *+,*-.)#% )".)%,*$&'/)*0+%01% -#+)&*1'2.(% #11#&#+)$% )0% )"#% &#)*+.%,0#$%+0)% .11#-)%

)"#% .3*(*)4% 01% #*)"#&% )"#% )&#.)#,% 0&% -0+)&0(% #4#% )0% -05/#+$.)#% )0% 540/*-% 0&% "4/#&0/*-%

,#10-'$6%70&#08#&9% 10((0:*+2% &#508.(% 01% )"#% (#+$% )&#.)5#+)9% )"#% .3*(*)4% 01% #4#$% )0% &#-08#&%

1&05%(#+$%*+,'-#,%"4/#&0/*.%0&%540/*.9%&#$/#-)*8#(49%:.$%(.&2#(4%'+.11#-)#,6%

;*(,$0#)% <=>>?@% $"0:#,% )".)% &#1&.-)*8#% -05/#+$.)*0+% )0% 5*+'$% (#+$% )&#.)5#+)% :.$% +0)%

.11#-)#,%10((0:*+2%ABC6%D"*-E$%,#8#(0/%.%3.$#(*+#%"4/#&0/*-%&#1&.-)*8#%$).)#%10((0:*+2%ABC%

)&#.)5#+)6%F()"0'2"%)"#%.3$0(')#%&#1&.-)*8#%$).)#%01%ABC%-"*-E$%10((0:*+2%-05/#+$.)*0+%)0%

5*+'$%(#+$%:#.&%:.$%10'+,%)0%3#%50&#%540/*-%&#(.)*8#%)0%-"*-E$%:*)"%*+).-)%0/)*-%+#&8#$9%)"#%

08#&.((%&#1&.-)*8#%-05/#+$.)*0+%)0%)"#%(#+$%1&05%3.$#(*+#%8.('#$%:.$%'+-".+2#,6%G*8#+%)".)%

,*$&'/)*0+%01%-#+)&*1'2.(%#11#&#+)$%.($0%*+,'-#$%.+%*+*)*.(%"4/#&0/*-%$"*1)% *+%&#1&.-)*8#%$).)#9%

0+#%5*2")%".8#%#H/#-)#,%$*5*(.&%&#$/0+$#$%)0%0--'&%:"#+%-053*+*+2%-#+)&*1'2.(%,*$&'/)*0+%

.+,% "4/#&0/*-% ,#10-'$6% I0:#8#&9% 54% &#$'()$% $"0:#,% +0% ,*11#&#+-#% *+% -05/#+$.)*0+% )0%

5*+'$%(#+$%:#.&%*+%JA!&%(#$*0+#,%3*&,$6%%

D0+8#&$#(49% '+,#&% )"#% $.5#% (02*-9% 0+#% -0'(,%/&#,*-)% )".)% -05/#+$.)*0+% )0%/('$% (#+$%:#.&%

:0'(,%&#$'()% *+%.+%#8#+%50&#%"4/#&0/*-%.3$0(')#%&#1&.-)*8#%$).)#% *+%ABC%0&% JA!&% (#$*0+#,%

-"*-E$6%F()"0'2"%)"#%!?%2&0'/%01%-"*-E$%,*,%$"0:%)"#%2&#.)#$)%.50'+)%01%-05/#+$.)*0+%)0%

540/*-% ,#10-'$9% .% -05/.&*$0+% .-&0$$% )#&)*(#% 2&0'/$% $"0:#,% )"#&#% )0% 3#% +0% $).)*$)*-.(%

,*11#&#+-#%*+%)"#%.50'+)%01%.+*$05#)&0/*.%*+%/('$%(#+$K)&#.)#,%-"*-E$6%B#8#&)"#(#$$9%.-&0$$%

)#&)*(#%2&0'/$%01%/('$% (#+$%:#.&*+2%-"*-E$9% .% $5.((%3')% $).)*$)*-.((4% $*2+*1*-.+)%08#&$"00)% *+%

)"#% &#-08#&4% /".$#%:.$% .//.&#+)9% :"*-"% (#,% )0% )&#.)#,% #4#$% 3#-05*+2%540/*-% &#(.)*8#% )0%

1#((0:%-0+)&0(%#4#$% *+% )"#%!?%2&0'/%01%-"*-E$% <Fig. 8.14@6%!"*$%08#&$"00)% *+% &#1&.-)*8#%$).)#%

:.$%5*&&0&#,%34%LDM%.$455#)&49%*6#6%)"#%5#.+%)&#.)#,%8$6%-0+)&0(%#4#%,*11#&#+-#%*+%LDM%01%

-"*-E$%*+%)"#%!?%2&0'/%:.$%2&#.)#&%)".+%)".)%01%)"#%!N%.+,%!=%2&0'/$%<:*)"%)"#%5#.+%)&#.)#,%

#4#% LDM% (0+2#&% )".+% )".)% 01% )"#% -0+)&0(% #4#$@6% M#$/*)#% )"#$#% $*2+*1*-.+)% :*)"*+K2&0'/%
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#$%&'()*$+*,- ./0(0- 1'*- +$- *.'.)*.)#'223- *)4+)5)#'+.- 6)550(0+#0- 70.100+- 4($8&*-

9:;<=->?,!"-@-?ABC?,-&@BA!D?EA-

 

Fig. 8.14. Plus lens: Absolute refractive state 14 days post lens treatment (DPT). Absolute 

refractive state of treated (white) and control (grey) eyes 7 days following lens removal. A 

significant fellow eye difference in refractive state was evident in the T3 group of chicks suggesting 

a relative overshoot in correction from the plus lens induced hyperopia to relative myopia. Error 

bars represent SE. Error bars represent SE. *p<0.05, **p<0.01, ***p<0.005 (independent t-tests). 

F/)20- ./0- /3&0($&)#- */)5.- )+- (05('#.)G0- *.'.0- ./'.- )*- )+68#06- 5$22$1)+4-HIJ- )*- *.'720,- )A0A-

&0(*)*.)+4-8&-.$,-'.-20'*.,-K"-6'3*-&$*.-*8(40(3-9L($)2$-0.-'2A,-!C"ME,-./0-#$%&'('720-(0*&$+*0-

5$22$1)+4- 20*)$+- $5- ./0- NHL(- )*- '- .('+*)0+.- (0*&$+*0,- &(0*8%'723- 680- )+- &'(.- .$- ./0- 2$#'2-

(0.)+'2- 0550#.- 9)A0A- $+23- #022*- )+- ./0- (0.)+'- ./'.- (0#0)G0- #0+.()584'2- )+&8.E- $5- ./0- 2'..0(- '*-

$&&$*06- .$- ./0- 1/$20O(0.)+'- (0.($4('60- 6040+0('.)G0- 0550#.*- )+68#06- 73- HIJ,- 1/)#/-

0G0+.8'223-20'6-.$-PQ;-60'./-9R8#/+)#S-'+6-T)77'(6,-!C"BEA-F)./-./)*-)+-%)+6,-4)G0+-./'.-'-
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!"#$%&"'($%#) *+%%'*($+%) $,) %+() "'-.$"'/) 0+") *+12'%,#($+%3) $%) (4') #!,'%*') +0) "'($%#5)

/$,".2($+%)$%/.*'/)!6)789),.":'"6)$()$,)2'"4#2,)%+(),."2"$,$%:)(4#()%+)'00'*();#,)+!,'"<'/)

#0('")+%56)#)5',$+%)+0)=7>"?))

@%)#5('"%#($<')2+,,$!$5$(6)0+")(4')$%*+%,$,('%*6)$%)789)#%/)*'%("$0.:#5)/$,".2($+%)"',.5(,)$,)

(4#() (4')#%('"$+") *4#1!'")'00'*(,) (4#() "',.5() 0"+1) 5'%,);'#"3) $?'?) $%*"'#,'/)@AB)CFigs. 8.5 

#%/ 8.9D3) ;4$*4) $%) (."%) $%/.*') #E$#5) '5+%:#($+%3)1#6) 4#<') #*('/) (+)1#,F) (4') #5('"'/) ,'()

2+$%() $%/.*'/) !6) *'%("$0.:#5) '00'"'%() /$,".2($+%?) >4$,) ,.::',($+%) $,) ,.22+"('/) !6) (4') 0#*()

(4#(3)#5(4+.:4)(4')("'#('/)'6',)+0)25#%+&5'%,);'#"$%:)*4$*F,);$(4)4$:4'")2'"*'%(#:') 5',$+%)

,.**',,);'"')1+"')!"#$%&#'() "'5#($<') (+) 25#%+) 5'%,);'#"$%:) ,4#1&+2'"#('/) *+%("+5,3) (4'6)

;'"'),($55)1+"'))"&#'()(4#%)0'55+;)*+%("+5)'6',)CFig. 8.5D?)

8.4 Conclusion 

=%) *+%*5.,$+%3) /$,".2($+%) +0) *'%("$0.:#5) '00'"'%(,) (+) (4') *4$*F) "'($%#) /+',) %+() $12#$") (4')

#!$5$(6) +0) '6',) (+) *+12'%,#(') 0+")1$%.,) +") 25.,) 5'%,);'#"?)G+;'<'"3);4$5') "'*+<'"6) 0"+1)

1$%.,)5'%,)("'#(1'%();#,)%+"1#53)"'*+<'"6)0"+1)25.,)5'%,)("'#(1'%()5'/)(+)#),1#553)<$("'+.,)

*4#1!'"&/'2'%/'%()+<'"*+""'*($+%)+0)(4')$%$($#5)"'0"#*($<')'""+"?)

8.5 Summary 

=%) (4$,3) #%/) (4') (;+)*4#2('",) (4#()2"'*'/') $(3) =)4#<')!':.%) (+) *4#"#*('"$,') (4') "+5')+0) (4')

AH9) $%) (4') "':.5#($+%) +0) '11'("+2$,#($+%?) =%) (4') %'E() *4#2('"3)Chapter 93) (4') 0+*.,);$55)

,;$(*4) (+) (4')1$/!"#$%)*+%%'*($<$(6)+0) (4')AH9)(4#():$<',) "$,') (+)#%)'00'"'%()2"+I'*($+%)(+)

(4') "'($%#?) @) /'(#$5'/) .%/'",(#%/$%:) +0) (4') #%#(+16) +0) (4') ,6,('1) #%/) ,2'*$0$*#556) (4')

#00'"'%() $%2.() (+) =78)#%/)J@3) $,)*".*$#5) (+) (4') $%('"2"'(#($+%)+0) (4') 0$%/$%:,)+0) (4$,) ,(./6)

#%/) (4+,')+0) (4')2"'<$+.,) (;+)*4#2('",?)@,) ,.*43) (4') $%('"&"'5#($+%)+0) (4') #%#(+1$*#5) #%/)

0.%*($+%#5)#,2'*(,)+0)(4$,)(4',$,);$55)!')#)0+*.,)+0)Chapter 10?))
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9.0 Introduction 

!"#$%&"'( ')"*+$'( ,-.$( -))$#/)$*( )&( +*$0)+12( ),$( '&"%3$'( &1( -11$%$0)( +0/")( )&( ),$( 45!(

6$787(9+3$:+( $)( -:7;( <==>?( 6Chapter 1?;( -:),&"8,( 0&0$( )&(#2( @0&A:$*8$( ,-.$( B$$0( *+%$3)$*(

'/$3+1+3-::2( )&( ),$( CD7( E)"*+$'( &1( FGE( 3&00$3)+.+)2( A+),+0( ),$( B%-+0( +0+)+-::2( +0.&:.$*(

)$3,0+H"$'('"3,(-'()%-3+08(%$)%&8%-*$(*$8$0$%-)+&0(1&::&A+08($2$($0"3:$-)+&0(6F&A-0($)(-:7;(

<=I<J(5KL$-%2( -0*(F&A-0;( <=MN?7(O&A$.$%;(A+),( ),$( &0'$)( &1( /-),A-2( )%-3$%';( ),$( ',+1)( &1(

1&3"'(#&.$*()&A-%*'(+0)%-P3%-0+-:(+0Q$3)+&0'(&1;(1&%($R-#/:$(,&%'$%-*+',(/$%&R+*-'$(6OST?(

+0)&( ),$( 45!UCD( %$8+&07( T%&B:$#'( -''&3+-)$*(A+),( B&),( &1( ),$'$( -//%&-3,$'( ')$#(#-+0:2(

1%&#(),$(-0-)&#2(&1(),$(FGE7(E+)"-)$*(-)(),$(*&%'-:(%&&1(&1(),$(#+*B%-+0;(B$0$-),(),$(:-%8$(

*$3"''-)+08( )%&3,:$-%(0$%.$( 6*F!4G?;( -0*(&0:2( -B&")( <VVV(µ#( +0( +)'( :&08$')( -R+'( 6O&:*$0(

-0*(T&A$::;(<=>NJ(W&:1P5B$%,&::$0X$%;(<=M>?;(),$(45!UCD(#$%&'(-(3,-::$08+08()-%8$)(B&),()&(

+0Q$3)( +0)&;( -0*( -:'&( )&( 3&0'+')$0):2( %$')%+3)( ),$( '/%$-*( &1( )%-3$%( A+),+0( ),$( )-%8$)( %$8+&0(

6SY/$%-0)($)(-:7;(NVVI?7(9+3$:+($)(-:7(6<==Z;(<==>;(NVVN?(3&"0)$%$*(),$'$(+''"$'(1&::&A+08(),$(

-*.$0)(&1()%-0'P'20-/)+3(/-),A-2()%-3$%'7(40('"3,(')"*+$';(),$(B+*+%$3)+&0-:()%-3$%(S4[F(A-'(

+0Q$3)$*(+0)%-.+)%$-::2(+0(3&0Q"03)+&0(A+),(@-+0+3(-3+*()&(/%$.$0)("/)-@$(-0*()%-0'#+''+&0(+0(

),$( -0)$%&8%-*$(*+%$3)+&0( )&( %$)+0&P%$3+/+$0)(B%-+0( 3$0)%$'7([,$( )%-0'P'20-/)+3;( %$)%&8%-*$(

/%&/$%)+$'( &1( S4[F(#$-0( ),-);(A,$0( +0Q$3)$*( +0)%-P.+)%$-::2;( +)( +'( +0( $''$03$( $H"+.-:$0)( )&(

*$:+.$%2(&1(-(:&3-:+'$*(+0Q$3)+&0(&1(S4[F(+0)&(3$0)%+1"8-:(0$"%&0'(&1(),$(45!UCD(*+%$3):27([,$(

')"*+$'(&1(9+3$:+( -0*(&),$%'("'+08( ),+'( )$3,0+H"$(,-.$( $:"3+*-)$*( -(0"#B$%(&1( $R)%-)$3)-:(

'&"%3$'( &1( -11$%$0)( +0/");( +03:"*+08( 0"3:$"'( :+0$-%+'( 3-"*-:+'( 6LF?;( -( '$%&)&0$%8+3(

+##"0&%$-3)+.$( 3$::( /&/":-)+&0( A,+3,( +'( %$/&%)$*:2( -0-:&8&"'( )&( ),$( #-##-:+-0( *&%'-:(

%-/,$( 3&#/:$R( -0*( ,-'( B$$0( +#/:+3-)$*( +0( -( 0"#B$%( &1( 0&0( /$%3$/)"-:( 1"03)+&0'( 1%&#(

0$"%&$0*&3%+0$(1"03)+&0()&(/,&)+3(%$8":-)+&0(&1(-%&"'-:(-0*(3+%3-*+-0(%,2),#'(6\+)$($)(-:7;(

<===J(SY/$%-0)($)(-:7;(NVVVJ(\+)$(-0*(]-0"'&0+';(NVV<J(]-0"'&0+'(-0*(\+)$;(NVV<?7([,$(#-+0(-+#(

&1(),$($R/$%+#$0)'(N<(*$'3%+B$*(B$:&A;(A-'()&(3:-%+12(A,-)(+'(-0(-)()+#$'(3&01"'$*(:+)$%-)"%$(

&0( ),$( -11$%$0)( 3&00$3)+.+)2( &1( ),$( 45!UCD( 6Chapter 1?;( /-%)+3":-%:2( ),-)( &1( CD7( [,$(
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$%&'%&$(%) *+,) &() $-'%&$./) '0&1+&'2&+3) +..'1'%&) ,(412',) &51(465) ,&'1'(&+0$2) $%7'2&$(%,) (.)

1'&1(61+-')8+&5*+/)&1+2'1,)$%&()&5')9:;<=>)+%-?),4@,'A4'%&3/?)&()2(%.$1B)+%-)25+1+2&'1$,')

&5') +..'1'%&) $%84&) @/) $%7'2&$(%) (.) +%&'1(61+-') 8+&5*+/) &1+2'1,) $%&() &5') $-'%&$.$'-)

,&142&41'C,DE)F$&5(4&)+%/)(@G$(4,)2+%-$-+&',) .(1)'0&1+&'2&+3) +..'1'%&) 1'6$(%,?) &5') .$1,&) +%-)

+164+@3/)B(,&) $B8(1&+%&) A4',&$(%) &() @') +%,*'1'-)*+,H)Do EA neurons receive tectal, i.e. 

visual, afferent input? 

9.1 Methods and experimental design  

I5$,)$%G',&$6+&$(%)$%&()&5')B$-@1+$%)+%+&(B/)+%-)2(%%'2&$G$&/)(.)&5')JKL)2+%)@'),83$&)$%&()

&51''),4@,'2&$(%,H)

9.1.1  An investigation into EA distribution!"!I5')8418(,')(.)&5$,),&4-/)$%&()&5')+%+&(B$2+3)

-$,&1$@4&$(%)(.)=>)2'33,)*+,)&*(M.(3-E)N$1,&3/?)$&)*+,)B/)$%&'%&$(%)&()@4$3-)48(%)&5')*(1O)(.)

P'-$%+) '&) +3E) C!""QD) +%-) $-'%&$./) ,4@8(843+&$(%,) (.) =>?) *5$25) 2(43-) @') @1(+-3/) -'.$%'-)

@+,'-)48(%)@(&5)8(,$&$(%) 1'3+&$G') &() 9:;)+%-)2'33)B(185(3(6/E)L4@,'A4'%&3/?) 9)*$,5'-) &()

$%G',&$6+&') &5') 8(,,$@$3$&/) &5+&) &5',') ,4@8(843+&$(%,) 2(43-) @') .41&5'1) -'.$%'-)@/) $,(3+&$%6)

&5'$1) C8(&'%&$+33/D)-$,&$%2&)+..'1'%&) $%84&E)L'2(%-3/?) .1(B)+),416$2+3)8'1,8'2&$G'?) .+B$3$+1$&/)

*$&5) &5') -$,&1$@4&$(%) (.) =>) 8(843+&$(%,) *+,) 2142$+3) $%) 25((,$%6) ,4$&+@3') &+16'&) +1'+,) .(1)

8+&5*+/)&1+2'1)$%7'2&$(%,)$%)Sections 9.1.2 +%- 9.1.3#!!

>%+&(B$2+3)-$G$,$(%)(.)&5')'2&(8$2)+1'+)$%&()-(1,+3?)3+&'1+3?)B'-$+3)+%-)G'%&1+3<G'%&1(B'-$+3)

*+,) @+,'-) 48(%) +) %4B@'1) (.) .+2&(1,E) I5') B(185(3(6/) (.) '2&(8$2) 2'%&1$.46+3) %'41(%,) $,)

-$,&$%2&) .1(B) &5+&) (.) 2'%&1$.46+3) $,&5B(M(8&$2) %'41(%,?) *$&5) &5') .(1B'1?) *5$3')
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.15$+&/0967( 510+*5':( ;5( *<=&*0'( '%*+$.*4&59( */( $%&'( 633+*6.%( )6'( $%6$( $%1( 6=6&76<71(
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%6'(<115($%1('0<B1.$(*/(6(21$6&712('$1+1*$6D&.(6$76'(FG6+$15(652(H*2*'-(!"IJK-($%0'(+14*=&59(

$%1(51.1''&$8(/*+(.*4371D(652($&41C.*5'04&59('$1+1*$6D&.(.*C*+2&56$1(21$1+4&56$&*5(67*59(

$%1( 7&51'(21'.+&<12( &5(Section 3.3K:( E5( /6=*0+(*/( $%&'(2&=1+915.1( &5($%1(65&467(4*217(0'12-(

$%1( 510+67( 6+.%&$1.$0+1( */( $%1( $)*( '31.&1'( &'( +146+,6<78( '&4&76+-( 1'31.&6778( '*( &5( $1+4'( */(

LMN(*+965&'6$&*5:(;'('0.%-(*51(.65()*+,()&$%(+16'*56<71(.*5/&215.1-(0521+($%1(6''043$&*5(

$%6$(/&52&59'(&5($%1(3&91*5()*072(67'*(<1(6337&.6<71(&5($%1(.%&.,15:(((
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/+*4($%1(&5B1.$&*5('&$1(FFig. 9.8 AK(F1:9:(.*436+12($*(Q70*+*C?*72K:!

9.1.3 Double tracer paradigm! "!;($*$67(*/(I(3&91*5'()1+1(0'12( &5($%&'(36+$(*/( $%1('$028:!E5(
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'!0"))*(8/*#%.<%&/*6Fig. 9.117C**
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9.2  An investigation into EA distribution in the chicken  
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Fig. 9.1.  Subpopulations of EA cells. Subdivision of the EA into regions surrounding ION: dorsal 

EA (red), medial EA (blue), ventral/ventromedial EA (green) and lateral EA (yellow). The region 

surrounding the isthmo-optic nucleus (ION) was divided, somewhat arbitrarily, into four 

subdivisions. Specific regions exhibit high cell densities interspersed with regions of lower cell 

densities, thus, to a degree, the division was guided anatomically. In addition, the borders of 

midbrain regions and nuclei that constitute the ectopic area (EA), as defined by the stereotaxic 

atlases for the chick (Masson and Kuenzel) and pigeon (Karten and Hodos) were also considered in 

this approach, e.g. the region in green, corresponding to the ventromedial EA, overlaps with the 

locus ceruleus. The low power schematic above shows the location of the ION and EA in a coronal 

section of the midbrain at the level of the trochlear nucleus (corresponding to A1.75 in both chick 

and pigeon atlases). Note that the above schematics are descriptive and not to scale. 
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Medial (M)!"Fig. 9.1, blue#!!$!$%&'(&)*+,'-&.*/0'1+'2345'6+((&78+,.*,)'1+'1%&'9:15'*;&;'<*1%*,'

1%&'(&)*+,'+='1%&'.&6>77/1*+,'+='1%&'42?'@A/(1&,'/,.'B+.+75'!"CDE5'*7'/,'/(&/'+='(&0/1*F&'GH'

6&00' 8/>6*1I' @8/(1*6>0/(0I' 7+' *,' 6+-8/(*7+,' 1+' 1%&' (&0/1*F&0I' %*)%' GH' 6&00' .&,7*1I' +=' 1%&'

,&*)%J+>(*,)' F&,1(+-&.*/0' (&)*+,' @Fig 9.4#;' B+<&F&(5' *,' (+71(/0' /,.' 6/>./0' &K1&,7*+,7'

@(&0/1*F&'1+'234E'+='1%&'-&.*/0'GH5'6&00'.&,7*1I'*7')(&/1&('@Fig. 9.2E;!

Ventral/ventromedial! "%&%'#!"Fig. 9.1, green#! ! $'$%&'.&,7*1I'+='GH',&>(+,7' *7'8/(1*6>0/(0I'

%*)%'*,'1%&'?L'(&)*+,5'<*1%'1%&'.*71(*J>1*+,'&K1&,.*,)'.&&8'*,1+'1%&'/(&/'6+((&78+,.*,)'1+'

M+:'@A/(1&,'/,.'B+.+75'!"CDE;'GH'.&,7*1I'*7'/1'*17')(&/1&71'/(+>,.'1%&'J+(.&('6&007'+='234'

@Fig. 9.4E;' L+(8%+0+)*6/00I5' GH' 6&007' *,' 1%*7' (&)*+,' /(&' 8(&.+-*,/,10I' J*8+0/(' /,.' /(&'

(&)>0/(0I'+(*&,1&.'*,'1%&'F&,1(+-&.*/0'80/,&'@Fig. 9.4 C, arrowE;'

Lateral! "Fig. 9.1, yellow#! ! (! GH' .&,7*1I' *7' (&0/1*F&0I' 78/(7&' *,' 1%&' (&)*+,' 0/1&(/0' 1+' 2345'

%+<&F&('.*71*,61'8+8>0/1*+,7'/(&'6+,7*71&,10I' 0/J&0&.' *,'1%&'(&)*+,'+='MM.'/,.'/(+>,.'1%&'

J+(.&('+='286'@Fig. 9.5E;'

Rostral/caudal! "Fig. 9.2#!N'O&,7&' (&)*+,7'+='GH' /(&' 6+,7*71&,10I' 0/J&0&.' /1' 1%&' (+71(/0' /,.'

6/>./0'8+0&7'+='234;'H7'<*1%'+1%&('(&)*+,75'1%&'.&,7*1I'+='GH'6&007'.&6(&/7&7'<*1%'.*71/,6&'

=(+-'234'*,'1%&'(+71(/0'/,.'6/>./0'.*(&61*+,7'=(+-'/'8&/P'.&,7*1I'8(+K*-/0'1+'1%&',>60&>7'

@Fig. 9.2E;'

Ipsilateral! (! H' 7-/00' 8+8>0/1*+,' +=' GH' ,&>(+,7' *7' 0/J&0&.' *87*0/1&(/0' 1+' 1%&' *,Q&61&.' &I&'

=+00+<*,)' *,1(/F*1(&/0' *,Q&61*+,' +='R9H;' $%&' 1+1/0' ,>-J&(' +=' 6&007' 8&(' J(/*,' *,' 1%&' 6%*6P'

(/,)&7' =(+-' S!TUCT;' $%&' .*71(*J>1*+,' +=' *87*0/1&(/0' GH' 6&007' 6+((&78+,.7' 1+' 1%+7&' (&)*+,7'

-+71' .&,7&0I' 0/J&0&.' *,' 1%&' 6+,1(/0/1&(/0' GH;E
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Fig. 9.2. EA cell distribution at the rostral and caudal poles of ION. Highlighting the relative cell 

density of EA cells at caudal (A) and rostral (B) poles of the ION. The more densely labeled cells, 

which are larger in size and possess distinct morphology are EA cells interspersed with the more 

lightly labeled ION border cells. Schematic on the left shows EA cell distribution in a 1:3 series of 

coronal sections in the 4-week old chick. Scale bar = 100 µm. 
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Fig. 9.3.  (See overleaf for figure legend) 
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Fig. 9.3. Medial EA distribution. Examples of the distribution of WGA labeled cells in the medial 

EA region (denoted by outline). (A, B) Relative paucity of cell density in the medial EA region 

(arrow). (C) Higher magnification micrograph of the medial EA rostral to ION where EA cell density 

is greater. Aq, aqueduct; dCNIV, decussation of the trochlear nerve; EA, ectopic area, GCt, central 

grey; ION, isthmo-optic nucleus; LoC, locus ceruleus; LLd, nucleus lemnisci lateralis pars dorsalis; 

TC, tectal commissure; SLu, nucleus semilunaris. The schematic below shows the colour 

coordinated subdivision of the ectopic area into 4 sub regions, with a !tick" highlighting the region 

considered in this instance. Note that the above schematic is descriptive and not to scale. Scale 

bar = 250 µm. 

Fig. 9.4. Ventromedial EA distribution. Examples of the distribution of WGA labeled cells in the 

medial EA region. (A) High region of EA density in the VM region. Note the common ventromedial 

orientation of bipolar EA cells in the VM region (arrow). (B) Flat bipolar EA cells in the dorsal region 

(three arrows) located within crossing fibers of the tectal commissure. (C) Higher magnification 

image of V/VM region EA cell distribution. Note the common orientation in EA cell processes (right 

arrow). Aq, aqueduct; EA, ectopic area, GCt, central grey; ION, isthmo-optic nucleus; LoC, locus 

ceruleus; LLd, nucleus lemnisci lateralis pars dorsalis; TC, tectal commissure; SLu, nucleus 

semilunaris. The schematic below shows the colour coordinated subdivision of the ectopic area into 

4 sub regions, with a !tick" highlighting the region considered in this instance. Note that the above 

schematic is descriptive and not to scale. Scale bar = 250 µm. 

!
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Fig. 9.4.  (See previous page for figure legend)    
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Fig. 9.5. An example of the distribution of WGA labeled cells in the lateral EA region. 

Morphologically lateral EA cells are often large and multipolar extending ventrolaterally towards the 

border of trans-synaptic labeled Ipc neurons. EA, ectopic area; ION, isthmo-optic nucleus; LLd, 

nucleus lemnisci lateralis pars dorsalis; LoC, locus ceruleus; SLu, nucleus semilunaris. The 

schematic below shows the colour coordinated subdivision of the ectopic area into 4 sub regions, 

with a !tick" highlighting the region considered in this instance. Note that the above schematic is 

descriptive and not to scale. Scale bar = 250 µm.$$
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9.3 Determination of ION/EA afferent input  
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Fig. 9.6. 3-D reconstruction of coronal sections of the pigeon ION and surrounding EA cells. 

The shaded red region of the schematic (cropped from the stereotaxic atlas of the pigeon (Karten 

and Hodos 1967) at the level of the trochlear nucleus (A1.75)) corresponds to the area shown by 

the 3D reconstruction. The asterisk denotes the region of high EA cell density targeted with 

injections of Fast Blue.  EA, ectopic area; ION, isthmo-optic nucleus. Note that the above schematic 

is descriptive and not to scale. 
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9.3.1 Optic tectum (TeO)  
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9.3.2 Nucleus isthmi parvocellularis (Ipc)  
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-



Anatomy and Function of the CVS 

! !"#!

$

Fig. 9.7. Retrograde labeling following intra-cranial injection of Fast Blue. (A) The spread of 

tracer following an injection of FB into the medial aspect of ION and VM population of EA. (B) 

Neurons of the contralateral nIV are labeled following uptake of FB by fibers of passage of the CNIV 

that pass along the dorsal roof of the midbrain. (C) Injections that involved ION retrogradely labeled 

tecto-isthmic neurons (layers 9/10) (arrow) of the TeO. Schematic shows location of injection site 

(A) and retrogradely labeled tecto-isthmic cells (layers 9/10) (C). Aq, aqueduct; Cb, cerebellum; 

CNIV, trochlear nerve; FLM, fasciculus longitudinalis medialis; ION, isthmo-optic nucleus; nIV, 

trochlear nucleus; TeO, optic tectum. The lower right schematic shows location of injection site (A) 

and FB-labeled tectal neurons (B). Taken from Karten and Hodos (1967). 



Chapter 10 – General Discussion 

! !"#!

!

Fig. 9.8. Retrograde labeling of nucleus isthmi parvocellularis (Ipc). Following intra-cranial 

injection of the medial EA, retrograde labeling of soma in the dorsomedial extent of Ipc was 

observed (rectangle in B). (A) The Fast Blue injection site into the medial and ventromedial EA 

region. (B) FB-labeled neurons in the dorsomedial aspect of Ipc, proximal to ION. (C) Inset of box in 

B; Ipc neurons project dendritic branches towards the dorsomedial TeO (arrow). Cb, cerebellum; 

ION, isthmo-optic nucleus; Ipc, nucleus isthmi parvocellularis. Schematic shows location of injection 

site and Ipc labeled cells. Taken from Karten and Hodos (1967). Scale bar in C apples to B also. 

9.3.3 Contralateral ectopic area neurons  

$%&&%'()*+ (),-./0-.)(.&+ ()120,(%)+%3+$4+ (),%+,52+627(.&+.8920,+%3+ :;<+.)7+,52+ (),2-892-827+

72)82+ -2*(%)+ %3+ =>?+ .+ 9%9@&.,(%)+ %3+ )2@-%)8+'.8+ -2,-%*-.72&A+ &.B2&27+ 0%)8(8,2),&A+ ()+ ,52+

0%--289%)7()*+=>+ -2*(%)+%3+ ,52+ 0%),-.&.,2-.&+6(7B-.()+526(8952-2+ CFig. 9.9DE+F52+0-%8827+

3(B2-8+%3+,52+G<:H+0%@-82+.&%)*+,52+7%-8.&+-%%3+%3+,52+6(7B-.()+C(E2E+'(,5()+,52+9.,5+%3+.)+



Anatomy and Function of the CVS 

! !"#!

!"#$%&'( %'')*'+( ,%)( ,!( ,( #'!-*./( .#,0'#( 1,!( #'&-*,#*"( .,2'%( -3( 4"( 5$4'#!( 65( 3,!!,&'( ,%)(

!-4!'7-'%.*"(.#,%!36#.')(#'.#6&#,)'*"(.6(*,4'*(%'-#6%!(65(.8'(06%.#,*,.'#,*(%9:(;Fig. 9.7 B+<(

=61'>'#/($%(,(%-?4'#(65(0,!'!(18'#'(.8'(@A:@(9BCADE(1,!($%F'0.')(1$.86-.($%>6*>$%&(.8'(

C9:(;,%)(%9:+/(#'.#6&#,)'(*,4'*$%&(65(06%.#,*,.'#,*(DE(%'-#6%!(1,!(!.$**(64!'#>')<((

G8'( )$!.#$4-.$6%( 65( 06%.#,*,.'#,*( DE( %'-#6%!( 1,!/( 56#( .8'( ?6!.( 3,#./( 06%5$%')( .6( .8'(

06%.#,*,.'#,*(:A:@(DE(#'&$6%(.8,.(?$##6#')(.8'($%F'0.$6%(!$.'(6%(.8'(6.8'#(!$)'/(600-3"$%&(

.8'()6#!6?')$,*(?$)4#,$%($%(4'.1''%(.8'(9BC(*,.'#,**"(,%)(.8'(.#608*',#(%-0*'-!(?')$,**"<(

G8'( )$!.#$4-.$6%( 65( *,4'*')( 0'**!(1,!( 3,#.$0-*,#*"( )'%!'( 3#6H$?,*( .6( .8'( .#608*',#( %-0*'-!(

;,*6%&!$)'()'0-!!,.$%&(5$4'#!+(;Fig.$9.10 B+<(=$&8()'%!$."(#'&$6%!(65(0'**!(1'#'(06%!$!.'%.*"(

56-%)( ,#6-%)( 4*66)( >'!!'*!( $%( .8'( ?')$,*( DE( #'&$6%( ;Fig.( 9.10 A+<( E.( .8'( >'%.#6?')$,*(

,!3'0.( 65( .8'( 06%.#,*,.'#,*( 9BC/( DE( %'-#6%!( 1'#'( )$!.#$4-.')( $%( ,( ?,%%'#( ,%,*6&6-!( .6(

0'%.#$5-&,*(DE(%'-#6%!(;Section 9.2+/(65.'%($%.'#!3'#!')(1$.8$%(46#)'#(0'**!(65(.8'(9BC($.!'*5(

;Fig. 9.10 C+<((



Chapter 10 – General Discussion 

! !"#!

!

Fig. 9.9. Retrograde labeling of a FB-labeled EA population contralateral to the injection site. 

Following intra-cranial injection of FB (blue) into the medial ION/EA, a population of neurons in the 

EA region of the contralateral side of the midbrain was labeled. Contralateral FB-labeled cells 

distributed: (A) in the medial and ventromedial EA regions between ION and nIV, (B) around blood 

vessels (asterisk), (C) within and around decussating fibers of CNIV. Cb, cerebellum; CNIV, 

trochlear nerve; FLM, fasciculus longitudinalis medialis; ION, isthmo-optic nucleus; IOTr, isthmo-

optic tract; nIV, trochlear nucleus. Scale bar = 250 µm. 
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Fig. 9.10. (see overleaf for figure legend) 
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Fig. 9.10. Distribution of FB-labeled cells in the EA contralateral to the injection site. 

Following intra-cranial injection of FB into the medial and ventromedial EA, neurons were 

retrogradely labeled on the contralateral side of the midbrain again in the medial and ventromedial 

EA regions. (A) A high density of FB-labeled neurons around blood vessels (asterisks), (B) 

Distribution of FB labeled neurons within and around decussating fibers of CNIV, (C) FB labeled 

neurons medial to the contralateral ION. Cb, cerebellum; CNIV, trochlear nerve; dCNIV, 

decussation of the trochlear nerve; EA, ectopic area; GCt, central grey; ION, isthmo-optic nucleus; 

nIV, trochlear nucleus. Scale bar = 250 µm. 
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9.4 Investigating EA interconnectivity 
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9.5 Double tracer (Left ION (FB), Left eye (CtB-488)) 
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Fig. 9.11. (See overleaf for figure legend) 
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Fig. 9.11. Double tracer 01: investigating EA crosstalk. Schematic representation of the double 

tracer paradigm employed to investigate the possibility of a cross-talk projection between 

populations of centrifugal neurons. Intravitreal injection of CtB-488 into the left eye retrogradely 

labeled contralateral centrifugal cells (solid green) and ipsilateral centrifugal cells (dashed green) 

as well as anterogradely labeled terminals on cells of primary visual centres, e.g. TeO (dark blue). 

Two days later, injection of FB into the left medial EA region retrogradely labeled cells in the 

contralateral EA region (light blue). Double-labeled cells in the region of interest (rectangle) would 

provide direct evidence for communication between EA populations on either side of the midbrain. 

CtB-488, cholera-toxin subunit-B conjugated to Alexa-Fluor 488; FB, Fast Blue; EA, ectopic area; 

TeO, optic tectum. 
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9.5.1 Injection sites: Summary of cases 
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Fig. 9.12. Double tracer 01: Injection sites. FB injection sites. Case 01: Superficial injection taken 

up entirely by the CNIV. Note the ipsilateral EA neuron in the medial EA region from the intra-vitreal 

injection of CtB-488 (arrow). Case 02: Dorsomedial ION/EA and IV nerve. Case 03: ventromedial 

EA and ION. Tracer was taken up by CNIV fibers of passage. Aq, aqueduct; Cb, cerebellum; CNIV, 

trochlear nerve; ION, isthmo-optic nucleus (Asterisks show blood vessels). Scale bar = 250 µm. 

!
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9.5.2  Double labeling 

!"#$%& "#'(& '& )*(+,$& -!.& ($/%0(1& (0($& 02& "#$& 0"#$%& %$"%0+%'3$,4& 567,'8$,$3& 9$,,)& *(& "#$&
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/(9#'%'9"$%*)"*9',,4&)E'%)$&,'8$,*(+&02&9$("%*2/+',&($/%0()&20,,0<*(+&*("%'G*"%$',&*(H$9"*0(&02&

="67>??&*(&9')$&IJ1&*"&*)&E$%#'E)&/()/%E%*)*(+&"#'"&(0&30/8,$&,'8$,$3&($/%0()&<$%$&20/(3F&&

9.5.3 Interconnectivity 

;)&',,/3$3&"0&'80G$1&',"#0/+#&0(,4&'&)*(+,$&="67>??&9$("%*2/+',&($/%0(&<')&30/8,$&,'8$,$3&
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'(3& ="67>??& ,'8$,$3& ($/%0()F& K$"%0+%'3$,4& ,'8$,$3& 56& ($/%0()& <$%$& 02"$(& *(& G$%4& 9,0)$&

E%0D*C*"4&"0&="67>??&,'8$,$3&9$("%*2/+',&($/%0()1&*(9,/3*(+&)0C$&"#'"&0G$%,'EE$3&8/"&<$%$&

(0"& 30/8,$7,'8$,$3& @')& "#$4& <$%$& *(& 3*22$%$("& 209',& E,'($)& ',0(+& "#$& L7'D*)& 02& "#$& "*))/$&

)$9"*0()A& @Fig. 9.15$ '(3$ 9.16AF& ;EE'%$("& *("$%'9"*0(& 8$"<$$(& "#$& "<0& E0E/,'"*0()& <')&
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Fig. 9.13. Double labeling. Low (A) and high magnification (B) example of a double-labeled 

isthmo-optic neuron. (A) CtB-488 (green) and FB (blue) double labeled ION cell. (B) Inset of 

shaded rectangle in (A) showing the double labeled cell (asterisk) and double labeled terminals on 

nearby ION cells (arrows). ION, isthmo-optic nucleus. Scale bar = 25 µm. 
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Fig. 9.14. Interaction between FB and CtB-488 labeled cells. Fast Blue labeled cells (black 

(arrows)) and CtB-488 labeled cells (white) including an example of the two overlapping one 

another but not double labeled (close to the ventromedial border of the rostral ION). See Figure 

9.16 for higher magnification micrographs of the highlighted region. Scale bar = 25 µm. 

!

!

!

!

!
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Fig 9.15. Overlapping FB and CtB-488 labeled cells. High magnification micrographs of the 

highlighted region in Fig. 9.15. A Fast Blue labeled cell (black) overlying, but in a different plane of 

focus to a CtB-488 labeled centrifugal EA cell (white). (A) Fast Blue cell in focus. (B) CtB-488 cell 

in focus. Scale bar = 25 µm. 
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Fig. 9.16. Interaction between FB and CtB-488 labeled ION cells. FB labeled cell (asterisk) on 

the M/VM border of ION projecting dendrites towards numerous border cells of the ventromedial 

ION (arrows). NB. FB-labeled cells are white and CtB-488 labeled cells are black in this figure. 

Aq, aqueduct; EA, ectopic area; ION, isthmo-optic nucleus. Scale bar = 50 µm. 

!
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Fig. 9.17. A clear example of the close proximity of the two populations of labeled neurons in 

midbrain side contralateral to the injection of FB. FB labeled (black) multipolar cell in the 

ventromedial EA region projecting branches towards bipolar CtB-488 labeled centrifugal (white) EA 

cells (arrows). Scale bar = 25 µm. 

"

"

"

"

"

"

"

"
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Fig. 9.18. Bilateral labeling of nucleus lemnisci lateralis pars dorsalis (LLD). Bilateral LLd 

labeling following injection of FB into the contralateral M and VM EA region and medial ION. 

Schematic below showing the location of the micrographs (A) ipsilateral and (B) contralateral to the 

injection site (blue). Arrows show axon branches extending up the lateral border of ION towards 

decussating fibers of the tectal commissure. Schematic taken from Karten and Hodos (1967). Scale 

bar = 100 µm (A) and  50 µm (B).  
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9.6 Double tracer (Left ION (FB), Right eye (CtB-488)) 

#$%&'$()$$*&%'+%Section 9.1.1,%-.*%/)0/1$*%12%-.'$%(134'+5-'1+%12%/5-.657%-05(*0%'+8*(-'1+$%
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5$% 6*;;% 5$,% (0)('5;;7,% '/$';5-*05;% <#% (*;;$% '+% -.*% 0':.-% $'&*% 12% -.*% 3'&405'+C% D.*% $*(1+&%

'+8*(-'1+%12%GE%'+-1%-.*%3*&'5;%<#%12%-.*%;*2-%$'&*%12%-.*%3'&405'+%;54*;*&%+*)01+$%12%-.*%<#%

'+%-.*%(1+-05;5-*05;%$'&*%12%-.*%3'&405'+%H'C*C%-.*%0':.-%3'&405'+I%5$%'+%Section 9.3.2C%J1)4;*%

;54*;'+:% 12% '/$';5-*05;% <#% +*)01+$% '+% -.*% 0':.-% .*3'$/.*0*% HFig. 9.19I% 61);&% 4*% &'0*(-%

*9'&*+(*%210%$)(.%5%/5-.657C%
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Fig. 9.19. Double tracer 02: investigating the ipsilateral EA pathway. Schematic representation 

of the double tracer paradigm employed to investigate the possibility of a novel double-crossed 

projection in the pathway taken by EA neurons to the ipsilateral retina. Intravitreal injection of CtB-

488 into the right eye retrogradely labeled contralateral centrifugal cells (solid green) and 

ipsilateral centrifugal cells (dashed green) as well as anterogradely labeled terminals on cells of 

primary visual centres, e.g. TeO (dark blue). Two days later, injection of FB (Inj.) into the left 

medial EA region retrogradely labeled cells in the contralateral EA region (light blue). Double-

labeled cells in the region of interest (rectangle) would provide direct evidence for a double-

decussation ipsilateral EA cell efferent pathway. CtB-488, cholera-toxin subunit-B conjugated to 

Alexa-Fluor 488; FB, Fast Blue; EA, ectopic area; TeO, optic tectum. Note that this schematic is not 

to scale. 
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Fig. 9.20. Double tracer 02: Injection sites. FB injection sites. Case 01: Deep injection into the 

VM EA region. Case 02: Medial apex of ION and proximal EA region. Case 03: VM EA. Tracer was 

taken up by CNIV fibers of passage. Aq, aqueduct; Cb, cerebellum; CNIV, trochlear nerve; EA, 

ectopic area; ION, isthmo-optic nucleus; Ipc, nucleus isthmi parvocellularis; LLd, nucleus lemnisci 

lateralis pars dorsalis; nIV, trochlear nucleus. Scale bar = 250 µm. 

!
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9.6.1 Injection sites: summary of individual cases 

!"#$%&$'()#*+',($-'+#$*.-#$/0$1.-$'($+"#$2324$56$7#8',(9$:##;$'(+,$+"#$7#8',($,<$=,>$?Fig. 
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';-'E.+#7.E$56$*#EE-$1.-$J'('J.E$?LBM@$.(:$;,--'FEN9$(,$:,OFE#$E.F#E#:$*#EE-$1#7#$<,O(:$.-$.$
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'()#*+',($-'+#9$'($+"#$7#8',($.7,O(:$:,7-,J#:'.E$.;#P$,<$G;*9$'A#A$F#+1##($G;*$.(:$==:$?Fig. 

9.22@A$ $ G($ *.-#$/L$ +"#$%&$ '()#*+',($ -'+#$1.-$ '($ +"#$J#:'.E$ GHI$.(:$4324$56$ 7#8',(A$>+&$

E.F#E'(8$1.-$7,FO-+$.(:$+"#$(OJF#7$,<$';-'E.+#7.E$56$E.F#E#:$*#EE-$1.-$JO*"$87#.+#7$+".($'($

>.-#$/0A$G($*.-#$/M9$'(+7.B*7.('.E$'()#*+',($,<$%&$1.-$'($+"#$2$.(:$24$7#8',(-$,<$56$FO+$:':$

(,+$#P+#(:$'(+,$GHI$?Fig. 9.23@A$>+&BCDD$E.F#E'(8$,<$*#(+7'<O8.E$(#O7,(-$,<$GHI$.(:$56$1.-$

,(*#$.8.'($-OF-+.(+'.EA$$

9.6.2 Double labeling 

H(EN$'($,(#$*.-#$?*.-#$/M@$1.-$:,OFE#$E.F#E'(8$.;;.7#(+A$%,O7$:,OFE#$E.F#E#:$(#O7,(-$1#7#$
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;7,P'J.E$ +,$ GHI$ ?Fig. 9.26@A$ 6$ <,O7+"$ :,OFE#$ E.F#E#:$ *#EE$ 1.-$ -'+O.+#:$ ;7,P'J.E$ +,$ +"#$

K#(+7,J#:'.E$F,7:#7$*#EE-$,<$GHI$?Fig. 9.27@A$$

9.6.3 Interconnectivity 
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.;;.7#(+$?Fig. 9.24@A$$
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Fig. 9.21. Double labeling ipsilateral to the injection site. Double labeled cells ipsilateral to the 

FB injection site situated between the dorsomedial aspect of Ipc and LLd (arrows). Schematic 

below showing the location of the micrograph relative to the injection site (blue). EA, ectopic area; 

ION, isthmo-optic nucleus; Ipc, nucleus isthmi parvocellularis; LLd, nucleus lemnisci lateralis pars 

dorsalis. Modified from Karten and Hodos (1967). Note the schematic diagram is not to scale. 

Scale bar = 50 µm.  
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Fig. 9.22. Uptake by fibers of the brachium conjunctivum. FB labeled axons projecting from the 

injection site in the contralateral M and VM EA region across the midline to the contralateral EA 

region (arrows). Shaded region identifies a separate group of FB-labeled cells that do not appear to 

project via this pathway. See Fig. 9.28 for further description of the path taken by the brachium 

conjunctivum. Aq, aqueduct; CNIV, decussation of the trochlear nerve; FLM, fasciculus 

longitudinalis medialis. Scale bars = 250 µm.  

!

!
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Fig. 9.23. Long axonal projections of FB-labeled cells in the contralateral medial EA. (A) An 

FB labeled unipolar cell (hollow arrow) whose axon bifurcates proximal to the soma, with each 

branch extending horizontally in the coronal plane. Highlighted region shows another example of 

the 2 populations overlapping in distribution. (B) Large ipsilateral EA cell on the ventromedial border 

of ION (white cell). Note the FB labeled long axons passing beneath the ventral border of ION in A 

and B (white arrows). EA, ectopic area; ION, isthmo-optic nucleus. Scale bar = 100 µm. 
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Fig. 9.24. (See overleaf for figure legend) 

!

Fig. 9.25. (See overleaf for figure legend) 
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Fig. 9.24. Case 03: Double labeling contralateral to the injection site. FB and CtB-488 double 

labeled cells in the medial EA region on the side of the midbrain contralateral to the FB injection site 

(arrows). Aq, aqueduct; CNIV, trochlear nerve; EA, ectopic area; ION, isthmo-optic nucleus. Scale 

bar = 50 µm.  

Fig. 9.25. Case 03: Double labeled cell contralateral to the injection site. (A)  M/VM EA region 

with two ipsilateral EA cells, one of which is double labeled. (B) Inset of double labeled cell 

corresponding to highlighted region in A. EA, ectopic area; ION, isthmo-optic nucleus. 

Scale bar = 50 µm.  
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Fig. 9.26. Case 03: Interaction between FB and CtB-488 labeled cells. (A) Close proximity of 

CtB-488 and FB-labeled neurons in the medial EA region proximal to the IV nucleus. (B) High 

magnification inset of highlighted region in A. CNIV, trochlear nerve; EA, ectopic area; nIV, 

trochlear nucleus. Scale bar = 50 µm.  

!



Anatomy and Function of the CVS 

! !"#!

9.7 Discussion 

!"#$#%&#$'()$*%+",(#%-.)%/.-/('$,0#*%&1,$#%1%-'23#&%.4%5&#0,.'$(6%'-1$7#8%9'#$),.-$%&#(1),-:%

).%)"#%.&:1-,$1),.-%1-8%/.--#/),0,)6%.4%/#-)&,4':1(%;<%/#(($%==>%!"#%8,$)&,3'),.-%.4%;<%/#(($%,$%

-.)%'-,4.&2*%+,)"%51&),/'(1&%(./1(,$#8%&#:,.-$%$'&&.'-8,-:%)"#%?@A%$".+,-:%",:"#&%;<%/#((%

8#-$,)6% )"1-%.)"#&$>%B.&#.0#&*% $5#/,4,/%1&#1$*%#>:>%0#-)&.2#8,1(% ).% )"#% ?@A%3.&8#&*%"10#%1%

/.-$,$)#-)(6% ",:"% ;<% /#((% 8#-$,)6% +,)",-% $5#/,#$% C,-% )",$% /1$#*% )"#% /",/7#-D>% E.:,/1((6*% 1%

/.-$#&0#8% -.-F'-,4.&2% 8,$)&,3'),.-% $'/"% 1$% )",$% ,25(,#$% )"1)% )"#% (./1),.-% .4% 1% :,0#-%

5.5'(1),.-%8#4,-#$% ,)$% &.(#>%<((%;<%/#(($%"10#%1%/.22.-%4#1)'&#*% )"1)% ,$% )"#6%1((%5&.G#/)%1-%

1H.-% ).% )"#% &#),-1>% !"#&#4.&#*% )"#,&% (./1),.-% ,-% )"#% 2,83&1,-% &#(1),0#% ).% )"#% ?@A% 216%

8#)#&2,-#%1%$#51&1)#%01&,13(#*%#>:>%144#&#-)%,-5')>%!"#%,-,),1(%1,2%.4%)",$%$)'86%+1$%).%8#4,-#%

$'35.5'(1),.-$%.4%;<%/#(($%1-8%/"1&1/)#&,$#%)"#2%31$#8%'5.-%144#&#-)%,-5')>%%

9.7.1 Do EA cells receive tectal (i.e. indirect visual) input? 

<()".':"%)"#%?@A%,$%7-.+-%).%&#/#,0#%1%5&#8.2,-1-)(6% ,-8,&#/)%&#),-1(% ,-5')%0,1%)"#%!#@*%

)"#%9'#$),.-%.4%+"#)"#&%;<%/#(($%&#/#,0#%1%/.22.-%,-5')%).%?@A%"18%-.)%3##-%188&#$$#8>%

I#&#*%+#%$".+%)"1)%,-G#/),.-%.4%1%2.-.$6-15),/%51)"+16%)&1/#&%,-).%1%$5#/,4,/%&#:,.-%.4%)"#%

;<% CB% 1-8% JB% &#:,.-$D*% )"1)% #H/('8#$% ?@A*% 8.#$% -.)% &#)&.:&18#(6% (13#(% )#/).F,$)"2,/%

-#'&.-$>% <$% #H5#/)#8*% ".+#0#&*% +"#-% )"#&#% +1$% )&1/#&% '5)17#% 36% ?@A% -#'&.-$*% )#/).F
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%5*%,,'('56*)+?(4'*,+(*4'56(8,?A%$*5'?(+5)/*D)*CD*5'?(+5)*%('*856'(G85A$'@*1867*+67'(*5+5P
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9.7.3 Interpretation of tracer labeling 
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4&'0$;.!"$&$(#-,##$/2$4/'2.(#'4#0$(.34#,'$!,&'3N$2,/G$G/'/N36'&<!.4$ 5&:#5.'-1$ $ ='$<,&4!.4#0$$
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9.7.3.2 n. lemnisci lateralis pars dorsalis (LLd) 
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,%9(.7$11,&*.(),*(+*8>D*-?$%*-?(1,*-?$-*&/&*%(-*0$2,0*KK&A*K$2,0/%3*(+*-?,*9(%-)$0$-,)$0*
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Fig. 9.27. Anatomy of the ascending auditory pathway. Bilateral retrograde FB labeling was 

observed in LLd following intra-cranial injection into IONEA. This figure shows the path of 

ascending auditory information from the caudal brainstem to the midbrain at the level of ION. Note 

the position of ION within the lateral lemniscus and its proximity to LLd. The proximity of the ION 

and the LLd suggests that tracer spread may have been the cause of the observed labeling. Taken 

from Conlee and Parks (1986).  

9.7.3.3 Contralateral EA region (GCt, LoC) 
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Fig. 9.28. Crossing fibers of the brachium conjunctivum (BC). Labeling of decussating fibers of 

the BC following injection of an anterograde pathway tracer into deep cerebellar nuclei. BCA, 

brachium conjunctivum ascending; BCD, brachium conjunctivum descending; RPO, pontine 

reticular formation; FLM, fasciculus longitudinalis medialis. Modified from Arends and Zeigler 

(1991). Scale bar = 500 µm.  
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Fig. 9.29. Distribution of cells projecting to the thalamus in the pigeon midbrain. 

A) Distribution of retrogradely labeled cells following injection of the thalamus in the left hemisphere 

of the pigeon. All mesencephalic labeling was ipsilateral to the injection site. (Wild, 1987). 

B) Distribution of retrogradely FB-labeled neurons following injection of the media EA (for 

comparison). CNIV, trochlear nerve; FLM, fasciculus longitudinalis medialis; ION, isthmo-optic 

nucleus; LoC, locus ceruleus; nIV, trochlear nucleus.  

9.7.4 Characterisation of a novel contralateral EA population 
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1. EA cells on one side of the midbrain project axon collaterals across the midline via the 

roof of the aqueduct to contact centrifugal EA cells in the contralateral midbrain.  
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2. A proportion of those cells labeled in the contralateral EA constituted the 

population of ipsilateral EA cells.  
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Fig. 9.30. The effect of IOTr lesion on the number of WGA-labeled ipsilateral EA cells. The 

above figure shows the relationship between lesion success from chicks in the preceding chapters 

and the number of ipsilateral EA cells that were retrogradely labeled. Theoretically, if the ipsilateral 

EA pathway simply remained uncrossed at the optic chiasm, there would be no effect on the 

number of neurons that were retrogradely labeled. Here we see a highly significant negative 

relationship, suggesting that lesion of the IOTr did affect the number of ipsilateral EA cells that were 

labeled. This provides evidence towards an alternate pathway for the ipsilateral EA pathway, 

potentially via the double decussation pathway discussed here. WGA labeled ipsilateral EA cell 

count (from a 1:3 series) plotted against total percentage lesion success in chicks from the 

experiments in Chapters 6-8. 
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Fig. 9.31. Possible paths of the ipsilateral EA projection. (Green) The assumed pathway of  EA 

cell axons to the ipsilateral retina. (Blue) The potential !double decussation" pathway of ipsilateral 

axons, which cross the midline in the midbrain and join the axon fiber bundle of centrifugal cells 

projecting to the contralateral!retina (red)./
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9.8 Conclusion 
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G*;2-+$-<)B-40-$*0-,)20-$*)$-%$*0(-(0'+%/2-%.-$*0-CD-3%-(0,0+A0-$0,$)1-)..0(0/$28-G*)$-40+/'-

2)+39-$*+2-.+/3+/'-+2-+<&%($)/$-+/-3+2$+/';+2*+/'-$*0-$>%-&%&;1)$+%/2-%.-,0/$(+.;')1-/0;(%/28-

H+A0/-$*0-<%(&*%1%'+,)1-)/3-/0;(%@)(,*+$0,$;()1-3+..0(0/,0-+/-$*0-$>%-&%&;1)$+%/29-+808-567-

)/3-CD9-5-&(%&%20-$*)$->*+10-$*0-567-(0,0+A02-&(03%<+/)/$1B-A+2;)1-+/&;$9-CD-,0112-(0,0+A0-

1%,)1-+/&;$-$*)$-+2-2&0,+.+,-$%-$*0+(-&%2+$+%/-+/-$*0-<+34()+/-$0'<0/$;<8-I03+/)-0$-)19-EJKK#F-

30<%/2$()$03-$*0-3+A0(2+$B-+/-/0;(%,*0<+2$(B->+$*+/-$*0-<+34()+/-$0'<0/$;<9--()+2+/'-$*0-

&%22+4+1+$B-$*)$-CD-3+2$(+4;$+%/-+2-/%$-,*)%$+,9-)2-.+(2$-$*%;'*$9-)/3-+2-+/-.),$-*+'*1B-%(')/+203-

2;,*-$*)$-)-2&0,+.+,-1%,;2-(01)$+A0-$%-567-&0($)+/2-$%-2&0,+.+,-1%,)1-+/&;$2-)/3-/0;(%,*0<+,)1-

2+'/)$;(02- $*)$- '%A0(/- 2&0,+.+,- +/$()@(0$+/)1- <0,*)/+2<29- &0(*)&2- (0';1)$+/'- ,+(,)3+)/-

.1;,$;)$+%/-+/-/0;(%$()/2<+$$0(-,%/,0/$()$+%/->+$*+/-$*0-(0$+/)-.%(-+/2$)/,08--

L%11%>+/'- ;&- %/- $*+2- *B&%$*02+29- )/- +/A02$+')$+%/- +/$%- $*0- 2&0,+.+,- ,%//0,$+A+$B- %.- $*0-

<03+)1MA0/$(%<03+)1-CD-()+203-$*0-&%22+4+1+$B-%.-)-,(%22-$)1?-&(%=0,$+%/-40$>00/-&%&;1)$+%/2-

%.- ,0/$(+.;')1- /0;(%/2- %/- 0+$*0(- 2+30- %.- $*0- <+34()+/- $*(%;'*- (0$(%'()30- 1)401+/'- %.- )-

&%&;1)$+%/-%.-/0;(%/2-+/-$*0-CD-%/-$*0-,%/$()1)$0()1-2+30-%.-$*0-<+34()+/9-0..0,$+A01B->+$*+/-

$*0- <+((%(- +<)'0- %.- $*0- +/=0,$+%/- 2+$08-N*+10- $*0- 3%;410@$(),0(- &)()3+'<2- 3+3- /%$- 2*%>-

,%/,1;2+A01B->*0$*0(9- %(- /%$9- )- ,(%22@$)1?- &)$*>)B- 0O+2$29- $*0- %A0(1)&&+/'- 3+2$(+4;$+%/2- %.-

(0$(%'()301B-1)40103-LP-/0;(%/2-)/3-,0/$(+.;')1-/0;(%/2-302,(+403-+/-Q0,$+%/2-R8S-)/3-R8T9-

3+3- /%$- (0.;$0- $*0- &%22+4+1+$B- 0/$+(01B8- G*0- &%22+4+1+$B- (0<)+/2- $*)$- )/- +/$0(/0;(%/-

&%&;1)$+%/-<03+)$02->*)$- +2-&(02;<)41B-)/- +/*+4+$%(B-,(%22@$)1?-&)$*>)B8- 5.- $*+2->0(0- $*0-
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!"#$%& '($& )*+*,#-+".'/!& +"'01$& *2& '($& ."'(3"-& '1"!$1#& 0#$4& 3*054& ("6$& .1$!504$4& '($&

.*##/7/5/'-&*2&4*075$,5"7$5/+89&&

:&#$!*+4&.*##/7/5/'-&3"#&7"#$4&"1*0+4&'($&/4$"&'("'&'($&/.#/5"'$1"5&;:&."'(3"-&'**<&"&)*1$&

!*+6*50'$4%& 4*075$& !1*##$4& ."'(3"-& '*& '($& /.#/5"'$1"5& 1$'/+"9& =(/5$& 4*075$& 5"7$5$4&

/.#/5"'$1"5& ;:& +$01*+#& 3$1$& .1$#$+'%& '(/#& 2/+4/+8& 3"#& /+!*+#/#'$+'& 7$'3$$+& !"#$#& "+4&

0+!*+6/+!/+89&>($&2"!'&'("'&?@A$"1-&BCDEFG&("4&.1$6/*0#5-&4$)*+#'1"'$4&'("'&#0!(&4*075$,

!1*##$4& ."'(3"-#& $H/#'$4& 401/+8& $)71-*5*8/!"5& 4$6$5*.)$+'& /+& '($& !(/!<& 3"#& /+'1/80/+89&

=(/5$& '($& /.#/5"'$1"5& ;:& .1*I$!'/*+& /#& +0)$1/!"55-& )/+*1%& /'& 1$)"/+#& "& ."1'/!05"15-&

/+!*+6$+/$+'& !*+#/4$1"'/*+& /+& '($& /+'$1.1$'"'/*+& *2& 5$#/*+& #'04/$#%& 2*1& /+#'"+!$%& /9$9& /'&

.1$!504$#&"&4/1$!'&'1$"'$4J!*+'1*5&$-$&!*)."1/#*+9&K+4$$4%&'($&#/8+/2/!"+!$&*2&'($&/.#/5"'$1"5&

;:& ."'(3"-& )"-& 7$& 0+4$1$#'/)"'$49& >($& 2/+4/+8& '("'& 0+4$1& !*+#'"+'& 5/8('& !*+4/'/*+#%&

5$#/*+&*2&'($&K?>1&5$4&'*&"&1$40!$4&1"'$&*2&81*3'(&/+&'($&/.#/5"'$1"5&$-$&BChapter 7G&3"#&*+$&

#0!(&$H").5$&*2&'($&4/22/!05'/$#&'($&."'(3"-&/)."1'#&0.*+&/+'$1.1$'/+8&5$#/*+&#'04/$#9&

=(/5$&'($&!*+!50#/*+#&21*)&'(/#&."1'&*2&'($&#'04-&"1$&+*'&"#&!5$"1&"#&*+$&3*054&("6$&(*.$4%&

/'& ("#& 1"/#$4& "& +0)7$1& *2& /).*1'"+'& L0$#'/*+#& '("'%& /+& "+#3$1/+8&)"-& .1*6/4$& /).*1'"+'&

"+"'*)/!"5&!50$#&/+&'($&$22*1'&'*&$#'"75/#(&'($&20+!'/*+"5&7"#/#&*2&'($&!$+'1/208"5&."'(3"-#9&
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10.0 General discussion 

!"#$%#&'()*+,-.$/)0+-.$010'#2$34567$"-0$8##&$'"#$*9%+0$9*$&+2#(9+0$0'+:)#0$9/#($'"#$%9+(0#$

9*$;<=$1#-(0>$?")%"$*9($'"#$290'$@-('$"-/#$-''#2@'#:$'9$#.+%):-'#$'"#$-&-'92)%-.$3#A,A$B)%#.)$

#'$ -.A>$ ;CCD7>$ @"10)9.9,)%-.$ 3#A,A$ E%")1-2-$ #'$ -.A>$ ;CCF7$ -&:G9($ #/9.+')9&-(1$ 8-0)0$ 9*$ 456$

9(,-&)0-')9&$ 3HI@#(-&'$ #'$ -.A>$ <==D7$ -&:>$ 0+80#J+#&'.1>$ '9$ (#.-'#$ '"#)($ *)&:)&,0$ '9$ 39($

,#&#(-'#7$ *+&%')9&-.$ "1@9'"#0#0A$ KL%#@')9&0$ '9$ '")0$ ,#&#(-.)0-')9&$ -(#$ *9+&:$ )&$ -$

%92@(#"#&0)/#$ 0+80#%')9&$ 9*$ '"#$ .)'#(-'+(#$ 9&$ 456$ :#/#.9@2#&'A$ M#/#.9@2#&'-.$ 0'+:)#0$

"-/#$'-N#&$-:/-&'-,#$9*$'"#$+&)J+#$@(9@#(')#0$-&:$9(,-&)0-')9&$9*$'"#$010'#2$3)A#A$-$:)(#%'$

8(-)&O(#')&-$ %9&&#%')9&7>$ '9$ )&/#0'),-'#$ 2#%"-&)020$ 9*$ &#+(-.$ %9&&#%')9&$ *)&#O'+&)&,>$

)A#A$#.)2)&-')9&$9*$-L9&-.$'-(,#')&,$#((9(0$3P()'Q0%">$4(-@9&$:#$4-@(9&-$-&:$4.-(N#>$;CC=7>$-0$

?#..$ -0$ %"-&,#0$ )&$ 2):8(-)&$ 9(,-&)0-')9&$ *9..9?)&,$ :)0(+@')9&$ 9*$ @(9,(-22#:$ &#+(9&-.$

:#-'"$ 3)A#A$ -@9@'90)07>$ :+()&,$ :#/#.9@2#&'>$ #A,A$ '"(9+,"$ #1#$ #&+%.#-')9&$ 34.-(N#>$ ;CDRS$

T#J+),&9'$-&:$4.-(N#>$;CC<7$3Section 1.5.67A$

10.1 How do the findings of the experiments described here fit into the existing literature?  

10.1.1 CVS function U$V'$)0$0),&)*)%-&'$'"-'>$-*'#($;<=$1#-(0$9*$(#0#-(%">$?#$"-/#$8##&$-8.#$'9$

):#&')*1$-$*+&%')9&-.$#**#%'$:#*)&)')/#.1>$"9?#/#($)'$)0$+&.)N#.1$'"-'$-$(9.#$)&$'"#$29:+.-')9&$

9*$ #1#$ ,(9?'"$ '9?-(:0$ #22#'(9@)-$ )0$ '"#$ 2-)&$ @+(@90#$ 9*$ '"#$ 456A$ W)/#&$ '"-'$ '"#$

:#/#.9@2#&'$9*$'"#$%")%N$456$)0$%"-(-%'#()0#:$81$'"#$:#,#&#(-')9&$9*$XR=Y$9*$%#&'()*+,-.$

&#+(9&0$ 8#'?##&$ #28(19&)%$ :-10$ ;Z$ -&:$ ;D$ 34.-(N#>$ H9,#(0$ -&:$49?-&>$ ;CDR7>$ 9&#$?9+.:$

#L@#%'$ '"#$ 0+(/)/)&,$ '?#./#$ '"9+0-&:$%#..0$ '9$2-)&'-)&$ *+&%')9&-.$ 0),&)*)%-&%#$8#19&:$ '"#$

%()')%-.$ @"-0#$ 9*$ @90'$ "-'%"$ :#/#.9@2#&'A$ B9(#9/#(>$ -0$ )'$ )0$ ?#..$ #0'-8.)0"#:$ '"-'$ '"#$

2#%"-&)020$ 9*$ /)0+-..1O:()/#&$ 9%+.-($ ,(9?'"$ -(#$ @(#:92)&-&'.1$ )&'(-O(#')&-.$ 3#A,A$ -0$

:#29&0'(-'#:$ 81$ .9%-.$ 9%+.-($ ,(9?'"$ @#(0)0')&,$ *9..9?)&,$ [\67$ 3Section 2.27>$ '"#$ "),".1$

'9@9,(-@")%$9(,-&)0-')9&$9*$'"#$456$.99@>$-&:$'"#$%"-(-%'#()0')%0$9*$'"#$#**#(#&'$@(9]#%')9&$

)'0#.*$3)A#A$'"#$'")%N$21#.)&-')9&$9*$'"#$-L9&07$-(#$&9'$%9&0)0'#&'$?)'"$-$29:+.-'9(1$(9.#$)&$
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#$%$&'()$*+,-&'*$.,/*,-##0+0'*1,+2$,30*#0*4,+2-+,/56789,:')-+-,;$<$0%$,-33$;$*+,0*(=+,3;'),

)=&+0(&$1,#0:+0*<+,:'=;<$:1,>-:,#$)'*:+;-+$#,?@,+2$,0#$*+030<-+0'*,'3,A,+$;)0*-&,+@($:,'*,/56,

<$&&,:')-,>B0<$&0,$+,-&.1,CDD"?E,-*#,+2-+,'*&@,F"GH,'3,-33$;$*+,0*(=+,+',/56789,0:,$I+;-+$<+-&,

>B<J0&&, $+, -&.1, CDKKEE1, 0+, 0:, &0L$&@, +2-+, +2$, MNO, (&-@:, -,)'#=&-+';@, ;'&$, 0*,)';$, +2-*, '*$,

%0:=-&,3=*<+0'*.,

10.1.2 Emmetropisation P,5*$, '3, +2$,)-Q';, 30*#0*4:, '3, +20:, (;'Q$<+, R-:, +2-+, /5S;, &$:0'*,

0*#=<$#T#0:;=(+0'*,'3,<$*+;03=4-&,$33$;$*+:,0*#=<$#,-,+;-*:0$*+,2@($;'(0-,0*,+2$,#$%$&'(0*4,

$@$, <'*+;-&-+$;-&, +', +2$, &$:0'*., S20:, 30*#0*4, 0:1, ($;2-(:1, )':+, &'40<-&&@, <'*:0#$;$#, 0*, +2$,

<'*+$I+,'3,56O,$))$+;'(0:-+0'*,:+=#0$:1,-:,:$%$;-*<$,'3,+2$,'(+0<,*$;%$,*'+,'*&@,+;-*:$<+:,

;$+0*-&, $33$;$*+, -I'*:1, ?=+, -&:', <$*+;03=4-&, $33$;$*+:, >;$+0*-&, -33$;$*+, 0*(=+, 3;'), +2$,MNOE.,

U0+2'=+, -, ?;-0*T;$+0*-7;$+0*-T?;-0*, <'**$<+0'*1, <20<L:, #$%$&'(, (;'4;$::0%$, )'#$;-+$,

2@($;'(0-, >Section 2.5E., V$;$, /, #$)'*:+;-+$, +2-+1, 3'&&'R0*4, +;-*:$<+0'*, '3, +2$, CH, '3, +2$,

'(+0<, *$;%$, +2-+, <')(;0:$, $33$;$*+, 30?$;:, >+2;'=42, &$:0'*, '3, +2$, /5S;E1, -, <')(-;-?&$1, ?=+,

+;-*:0$*+1,;$:('*:$,'<<=;:.,,

S2$:$,30*#0*4:,R-;;-*+,-,;$T0*+$;(;$+-+0'*,'3,(-:+,56O,:+=#0$:1,:($<030<-&&@1,-,<'*:0#$;-+0'*,

'3,+2$,$33$<+:,'3,;$+;'4;-#$,#$4$*$;-+0'*,'3,WJM:,3'&&'R0*4,-I'+')@.,9:,)$*+0'*$#,-?'%$1,

2@($;'(0-,0*#=<$#,?@,56O,:=;4$;@,0:,(;'4;$::0%$,-*#,2-:,?$$*,:2'R*,+',($;:0:+,3';,-+,&$-:+,

X,R$$L:1, -&+2'=42, Y"H,'3, +2$,2@($;'(0-,(;$:$*+, -3+$;, X,R$$L:,2-#,#$%$&'($#, -3+$;, '*&@, C,

R$$L, >S;'0&', $+, -&.1, CDAYE., SR', '?%0'=:, ('::0?&$, $I(&-*-+0'*:, $I0:+, 3';, +2$,

(;'4;$::0%$7+;-*:0$*+,#033$;$*<$, 0*, +2$,*-+=;$,'3, +2$,2@($;'(0-, 0*#=<$#,?@,56O,-*#, /5S;,

&$:0'*1, ;$:($<+0%$&@Z, !E, )';$, +2-*, '*$, $))$+;'(0:-+0'*, )$<2-*0:), >0.$., 0*, -##0+0'*, +',

<$*+;03=4-&, )'#=&-+0'*E, 0:, #$($*#$*+, '*, -, ?;-0*T;$+0*-7;$+0*-T?;-0*, <'**$<+0'*[, "E, 56O,

:=;4$;@,0*#=<$#,;$+;'4;-#$,#$4$*$;-+0'*,'3,WJM:,(;$%$*+:,;$<'%$;@,'3,+2$,2@($;'(0-,+2-+,0:,

+2$,#0;$<+,;$:=&+,'3,+2$,&'::,'3,+2$,MNO,$33$;$*+:.,
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!"#$%& #'& #(&)$*+(#,$%&'"*'&-'"%.&.%'#/*0,.*#/&1%2"*/#(1(&.%3+$*'%&%11%'.-)#(*'#-/4& #'&1*5&

,%&'"%&2*(%&'"*'&'"%&).-3.%((#6%4&(%6%.%&"5)%.-)#*&.%)-.'%7&8-$$-9#/3&:;<&(+.3%.5&#(&$#=%$5&

'-& ,%& $*.3%$5& 7+%& '-& '"%& %88%2'(& -8& .%'.-3.*7%& 7%3%/%.*'#-/& -/& #/'.*0.%'#/*$& 1%2"*/#(1(&

>?.-#$-& %'& *$@4& ABCDE&!#$7(-%'4& FGGHI@& J8&1-7+$*'#-/& -8& %5%& 3.-9'"& ,5& 2%/'.#8+3*$& %88%.%/'(&

2-/('#'+'%(& '"%&-/$5&%K'.*0.%'#/*$& #/8$+%/2%&-/&%11%'.-)#(*'#-/4& '"%& 8#/7#/3(&-8&Chapter 6&

.%).%(%/'& '"%& '.+%4& *$,%#'& $%((& (%6%.%&%88%2'(&-8&,.*#/0.%'#/*&7#(2-//%2'#6#'5@& J'& #(&9-.'"5&-8&

/-'%&'"*'&'"%.%&#(&*&7%3.%%&-8&7#(*3.%%1%/'&#/&'"%&'9-&$-/30'%.1&:;<&('+7#%(&'"*'&"*6%&,%%/&

)%.8-.1%7@& ?.-#$-4& L-''$#%,& */7& !*$$1*/& >ABCDI& .%)-.'%7& 6#'.%-+(& 2"*1,%.& ("-.'%/#/34&

9"#2"& .%(+$'%7& #/& ).-3.%((#6%& "5)%.-)#*4& ,+'& 9#'"& /-& */'%.#-.& 2"*1,%.& %88%2'(@& M-9%6%.4&

N#&*/7&M-9$*/7&>FGGGI&8-+/74&O&9%%=(&8-$$-9#/3&:;<&(+.3%.54&*&(#3/#8#2*/'&8%$$-9&>2-/'.-$I&

%5%& 7#88%.%/2%& #/& .%8.*2'#6%& ('*'%& 9*(& !"#& %6#7%/'& */7& '"%& %5%(& 9%.%& %11%'.-)#2@&

P+.'"%.1-.%4&'"%&'.%*'%7&%5%(&"*7&.%$*'#6%$5&('%%)%.&2-./%*(&*/7&("-.'%.&6#'.%-+(&2"*1,%.(&

'"*/& 8%$$-9& +/'.%*'%7& %5%(@& J'& 1*5& ,%& '"%& 2*(%& '"*'& '"%& :;<& (+.3%.5& #/7+2%7& 2-./%*$&

('%%)%/#/3&9"#2"4& #/& '+./4& $%7& '-&/-.1*$&2-1)%/(*'-.5&QRS&("-.'%/#/3& '-& '"%&"5)%.-)#*@&

L#6%/&'"#(&7#(2.%)*/254& 8+.'"%.& #/6%('#3*'#-/& #/'-& '"%& $-/30'%.1&%88%2'(&-8&:;<&(+.3%.5&-/&

-2+$*.&3.-9'"&#(&.%T+#.%7@&

:/$5&-/%&('+75&"*(&#/6%('#3*'%7&'"%&2-1,#/%7&%88%2'(&-8&RN&'.%*'1%/'&*/7&:;<&(+.3%.5&-/&

%11%'.-)#(*'#-/&>N#&*/7&M-9$*/74&FGGGI@&M-9%6%.4&'"#(&2-1,#/*'#-/&-8&'.%*'1%/'&).-6#7%(&

*/&#/'%.%('#/3&,*(#(&8-.&2-1)*.#(-/&9#'"&'"%&.%(+$'(&-8&Chapter 7&>'"%&%88%2'(&-8&J:?.&$%(#-/&

-/&%5%&3.-9'"&#/&RN&2-/7#'#-/(I@&J/&'"%#.&('+754&2"#2=(&9%.%&.*#(%7&#/&RN&8-.&D&7*5(&,%8-.%&

+/7%.3-#/3&+/#$*'%.*$&:;<&(+.3%.5@&P-+.&9%%=(&8-$$-9#/3&(+.3%.54&,-'"&'.%*'%7&*/7&2-/'.-$&

%5%(&("-9%7&/-&7#88%.%/2%(& 8.-1&).%6#-+($5&.%)-.'%7&RN&%88%2'(& #/&2"#2=(&9#'"& #/'*2'&-)'#2&

/%.6%(&>N#&%'&*$@4&ABBU,I@&J1)-.'*/'$54&/-&(#3/#8#2*/'&7#88%.%/2%(&,%'9%%/&%5%(&9%.%&.%)-.'%74&

#@%@&'.%*'%7&6(@&2-/'.-$&%5%&*(511%'.5&#/&.%8.*2'#6%&('*'%4&RV4&QRS4&%'2@&9*(&/-'&*))*.%/'&
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$%&'(&)*+,)'-.'Chapter 7 )%-/',%0,1'2'/&&3)'.-++-/456'78$('+&)4-5'45'9%493)'(04)&:'45';<1',%&'

&=&'4>)4+0,&(0+',-',%&'+&)4-5'%0:':&?&+->&:'0')4654.4905,+=')%-(,&('@;A'(&+0,4?&',-'B-,%'.&++-/'

!"#$!#%' 05:' )%0C' ->&(0,&:' 9-5,(-+' 9%493)' /%49%' /&(&' &D*4?0+&5,E' F-(&-?&(1' ,%&' )%-(,&('

@;A' -.' 9-5,(-+' &=&)' /0)' 099-C>054&:' B=' 05' 459(&0)&' GHEIJ' A' ±' HE22K' 45' ,%&' 0C-*5,' -.'

%=>&(->401'(&+0,4?&',-'9-5,(0+0,&(0+'&=&)1'0+,%-*6%',%4)'/0)'5-,')4654.4905,E'75'0::4,4-51'0,',%&'

L' :0=)' >-),' )*(6&(=' ,4C&' >-45,1' ,%&' ,(&0,&:1' 9-5,(0+0,&(0+' &=&)' -.' 45:4?4:*0+)' )%-/&:' 0'

)4654.4905,' (&+0,4-5)%4>' B&,/&&5' +&)4-5' )*99&))' 05:' (&.(09,4?&' ),0,&' G4E&E' ,%&' )0C&' &..&9,'

(&>-(,&:'45'M<'9-5:4,4-5)KE'75'>0(0++&+'/4,%',%&'(&)*+,)'-.'Chapter 6'G78$('+&)4-5'45'9%493)'

(04)&:' 45'M<' 9-5:4,4-5)K1' ,%&' ,(&0,&:' &=&' &..&9,' %0:' (&9-?&(&:' B=' ,%&' 2' /&&3' ,4C&' >-45,E'
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