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Abstract
Purpose

To exploreearly findings that individuals with autism spectrum diss (ASD) have reduced scotoiRG b

wave amplitudes.
Methods

Dark adapted (DA) ERGs were acquiredat@nge of flash strengthé4.0 to 2.3 logohotcd.s.n¥), including
and extending theSCEV standard, fromato subject groups;ASD) N=11 and (Control) N=1%or DA and

N=14 for light adapted (LA) ERGs who were matched for mean age and NalgeRushton curves were
fitted to DA b-wave amplitude growth over the filgnb (-4.0 to-1.0 logphotcd.s.nf). Thederived parameters
(Vmexs Kmandn) werecompared between grouggotopic 15 Hz flicker ERGs (14.93Hw)ere recordetb 10
flash strengths presented in ascendirder from-3.0 to 0.5 log Td.f0 assessheslow and fast rod pathways
respectivelyLA ERGswere acquired to a range of flash strengtfs5(to 1.0 log phot cd.s:fit Photopic 30
Hz, flicker ERGs oscillatory potentials (OPs) and the responses to prolonged 120 n@3FEPNstimuli were

also recorded.
Results

For some indiiduals the DAb-wave amplitudefell below the control 8 centile of the controls with up to four
ASD participants (3%) atthe 1.5log phot cd.s.M flash strengttand two (186) ASD participants ahe lower
-2 log phot cd.s.fflash strength. Howeveacross the thirteen flash strengths there were no significant group
differences for bvave amplitude’s growth (repeated measures ANOVA p=0N@) were there any significant
differences between the groups for MekaRushton parameters (p>0.09). No gralifferences were observed
in the BHz scobpic flicker phase or amplitude>0.1) DA ERG a waveamplitude ottime to peakp>26).
TheDA b-wave time to peak at 0.5 log phot cd.8were longer in the ASBroup (corrected p=0.04)he
single ISCEV LA 05 log phot cd.s.ifi(p<0.001) was lower in the ASD grouRepeated measures ANOVA for

the LA series was also significantly<0.01) different between groups. No group differences were observed for

the LA awave, bwave time to peak or the photopic negatiesponses (phNR) (p>0.08) to the single flash
stimuli although there was a significant interaction between group astddtrength for the-lwave amplitude
(corrected p=0.006). The prolonged 120 ms-k@bbonsesere smaller in the ASD group (correcteeDE03),
but the OFF response amplitude (p>0.6) and ON and OFF times to peaks (p*8.dimnilar between groups.
The LA OPs showed an earlier bifurcation of OP2 in the younger ASD pantisiphowever no other

differences were apparent in the OPs or 30Hz flicker waveforms.

Conclusion

Some ASD individuals show subnormal DA ER@vhve amplitudes. Under LA conditions thevave is
reduced across the ASD group along with the ON response of the ER@.eKpézratory findings, suggest
there is altered cor®N bipolar signalling in ASD.
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Introduction

Autism is a neurodevelopmental disorder of unknown aetiology withvalerece of ~1:100 and a predilection
for affecing maleq1,2]. The term autism or autistic spectrum disorder (ASD) is characterisegpbyriments
in reciprocal social interaction, imagination and language developméhted¥y intervention and diagnosis
[3] these difficulties can be helped, AABD remains a lifelong condition thahpacs uponan individual'sand

family’s quality of life [4,5].

ASD individuals display mrpholodcal differences of the cerebral cort@7] and GnomeWide Association
Studieshave linkedASD with variations in gerssassociatedith neural development and synaptic transmission
[8-11]. One important gene network links the metabolic glutamate recgp@IuR)family and autisnj12]. Of

this family the mGIuR6 receptors are recognised as being critical for tBebERvegeneratiof13].

Alterations in CNS development, final organisation and neurotraesmitinalling in ASD may manifest
therefore as altered retinal signallifigt,15] The retinalsignallingpathwaysarebroadly divided between

vertical excitatorypathwgs, comprising photoreceptors, bipolar cells and ganglionaetidhorizontal

inhibitory pathwaygormed by amacrine and horizontal celldut@mateis the major excitatory neurotransmitter
and y-amino butyrie acid (GABA) and dopamine the main inhibitory neurotransmitéstsred

neurotransmitter receptéunctiors for these neurotransmitters halsobeenimplicated inthe ASD phenotype

[16-18] and mg additionally contribute to differences in retinal signalling and resgsan

The ERG is a noinvasive clinical tool whose waveform caniedated tospecificneural pathways
neurotransmitters arttieir receptorg15,19] Should the ERG detect differences in retinal signalling in ASD it
could become a usefaionitorof novel drugs targeting the CN20,21} for example emergindnerapeutic
agens for ASD are targeting metabotropic glutamate gene networks and regeptps21]. Retinal studies of
patients with schizophrenia and their children lend support to this hypofB@st%]. Schizophrenia and ASD
havecommon genetic varianf6,27]and individuals with schizophrenia exhibit autism like trgg].
Individuals with a high genetic risk of schjgmenia have reduced dark adapted (DAYydve amplitudes at the
plateaux of the Nak&ushton functioni23]. This parallels a report of small amplitude scotopic ER@ales in
ASD published 25 years ag@9,30] More recently, these findings were confirmedchizophrenic
individuals, who also showed reduced mixed-code bwave amplitude and reduced light adapted (LA) b
wave at the peak of the photopic filR]. Given the genotypic and phenotypic overlap between ASD and
schizophrenia, it is of interest to se¢hiéseERG profiles are found in ASD.

Individuals with ASDoftenshow peculiarities in visual tasks, one of the strongest is their abilityd@fi
specific shaper objectwithin a hidden patterf81] as well as displaying superior visual sgestrategies
[32,33] Their orientation discrimination thresholds are superior for detgsimplefirst luminance defined

grating patterns over more compieecond ordetexture defined gratingatterng34]. Cortical



94  electrophysiological findingg35] also support evidence for abnormal motion perception in 8D Whilst,
95 the higher level visual tasks have bestensively studied: for resivs see Dakin and Frith (200B)’] and
96  Simmons et al (200938], there have been fewer studies into the piymé&sual sense in ASEand in particular
97 the retinal response to luminandéis is despite evidence for increased pitch, {88e10]and decreased odour
98 [41] discrimination in ASD supporting altered sensory processing in. ASBcent study has found neced
99  pupillary constriction in ASD suggesting a difference in light sensitinithis populatiorj42] which is also
100 supported bylecreasegeripheral visual field sensitivity in AS[33]. Given the differences in sensory
101  discrimination that are observedASD [44], the ERG may be able to discern if the retinal response to light
102  contributes to these differences.
103
104  Our main aim was to follow up twearly repors, predating ISCE$tandards that showed reduced ERG
105  scotopic bwaves in ~ 5660% of autistic indiiduals [3Q. TheERG may be able to ideftia subset of
106  individuals with ASD whdhave atypical neural signallidigely to be related to glutamagignalling.One
107 limitation of the original studiesf the ERGin ASD was that the authors did not conduct a full luminance
108 response series. Therefore, we extende®kh&RG findings in a high functioningSD population tdest
109 whethera reduced twave is a feature of these individuals amdeehow the aand bwaveamplitudesdevelop
110 overan extendeflashluminance rangdn addition we explored the slow and fast rod pathways in ASD by
111  determining the amplitudes of 15Hz flicker aheéflash strength of phase reversahere the temporal
112  responses of thslow and fast rod pathwal#b] canceleach othef46,47]. We also explored theA ERGwith
113  particular emphasis onwave analysis given its dependence on glutamate signalling and two cfasses o
114  receptorsrpetabolic and ionotropic glutamate receptor families) implicated in ASD[12,17].
115
116  Methods
117
118 Participants
119
120 Atotal of 11 ASD participantand15 typially developing (Control) participanperformedDA full field ERGs
121 and 14 LA full field ERGsThe mean age and range of the control participants group were matchdaewith
122 ASD group[ASD = 37.2 + 13.2(range 13.87.6 years, 10 male : 1 female, (p80)) and Contro(DA) = 36.9
123 £ 13.2(range 12.668.0 years, 11 male : 4 femal@)jd Control (LA) = 35.3 £ 12.9 range 146.0, 11 male 3
124  female, p=0.96).

125  Participants with ASD were diagnosed accogdim conventional criteria and a review of available medical
126  records andh 10/11 participantsassessment with the Autism Diagnostic Observational Schedule (Al28)S
127  confirmed that all met DSNV -TR [49] criteria for ASD (total score 11 + 3 with rangédl5). One of the

128 individual sdiagnosis was based orlinical assessmemhade bylocal health athorities andexperienced

129 clinicians The ASDparticipantswvere high functioning adults witlh mean + SD full IQ of 116 + 10 measured
130  using thewechsler Adultntelligence Scale (WAISII Y¥) [50]. Their autism quotient scores werd 8 9, which
131 is within the ASD rangehe cut-off between typical and ASD grous27 [51]. IQ data was not available for
132  all of the control participants and we were not able tampéarticipants on 1Q. However, 1Q is not known to

133  affect the ERG recordings unlike other physical factors such g82jgéndividuals gave their written and
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informed consent before taking part and were paid standard Universifpifelsir participatn. Ethical
approval was granted by University Ethics committee and compliedhdgttenets of the declaration of
Helsinki. Participants were excluded if they had any history of osul@rery, diabetes, epilepsy or were taking
systemic or ocular medicatis that interact with the CN8lI included participants had normal monocular

corrected Snellen acuities of at least 6/6, (logMAR equivalent 0).

ERG Recordings

ISCEV protocols for full field ERG recording were followEs8]. All eyeswere fully dilatedwith 1.0%
tropicamide DTL Plus electrodg, (Diagnosys LLC, MA10854, USAwereplacedacross the limbus and
referenced to AggCI gel sticker electrodgdacedat eachouter canthuand agroundelectrode placedn the
forehead. Eacparticipant was dardapted for 20 minutes before binocular stimulation to an ascending range
of flash strengths with a colordome stimulator Diagnosys E$piziagnosys, Oxford, UK)DA full field ERGs
were elicited to flash stimuli of strength&0 to 2.3 logohot cd.sec.fin 0.5 log phot cd.sec. frstepsusing 4

ms white flashes generated by LEDs (colour temperature 6,500K) or tdr®as required (2Qthotcd.sm’?)
presented scotopically. ERGs were acquired in a time window of 25bah&cluckda 20 ms prestimulus

interval andtypically severatrials were averaged for each flash strengtiditionally, DA scotopic 15 Hz

flicker ERGs (14.93Hz) were elicited to 10 flash strengths presentedending order fron3.0 to 0.5 logrd.s
testingslow and fast rod patiays respectivel}s4]. Flicker ERGs to each of these stimuli were acquired within
a 402ms time window containing six pericsl response magnitude, and phase were determined by Fourier
analysis. Response waveform significance was estinfa®&d~or theL A full field ERGs, participans were

light adapted for 10 minutes (30 cc)before binocular stimulation to an ascending range of flash strengths
0.5, 0.0, 0.5, 0.7 and 1.0 log phuotsec.rf using 4 ms white flasheERGs were acquired in a time wliow of

250 ms, including a 20 ms pstimulus intervalvith several trials averaged ftreflash strength Additionally,
photopic 30 Hz flicker ERGs at 0.5 log phuots.mi? andON/OFF responses to an extended flash of 133d.m
presented for 120 na LA 43 cd.m? were acquired in a 345 ms time window, which included a 15 ms pre
stimulus intervalLA OPs were extracted Hijtering between 100 and 361 from the 0.5 log phot cd.s:m

single flash.

The position of the DTL electrode was checked follagptime recordings to ensure it was still positioned at the

lower limbus with the subject’s fixation monitored with an IR cearteroughout the recordings.

ERG Analysis

The ERG traces were analysed in accordance with the ISCEV stgb8pitraces were emined offline for

both eyes’ recordings and individual traces removed manually if themeehlink or movement artefacts. The

ERG from the eye with the largamplitude foreach individual was used in the final statistical analysis
Amplitudes and timeat peak for the aand b waves were measured from the averaged traces following artefact

rejection. The 0.5 and 1.0 log phot cd.éwaveformswere used to calculate the b:a wave ratiostaed..0 and
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2.3 log phot cd.s.ifwere used to compareveave parameters as thevavetrough is more clearly defined to

higher flash strength3he phNRwas measured from theviave peak to the subsequent trough.

Naka-Rushton Parameters

The NakaRushton functiordescribs the change imetinalresponse with increasj flashluminance It is a
logistic growth function and is expressed by equation 1. The paramegi&f)\Yepresents the-wave amplitude
to a flashstrengthl (cd.s.n). The value Vs is the maximal response at the asymptote of the functigis K
the £mi-saturation constant at which tiiash strengtlelicits a response equal to 0,5¥ The dimensionless
constanh of defines the slope of the function. The parameters are believed to represeasiiects of retinal
function withK,, associated withetinal sensitivityn with retinal homogeneity and, ., with retinal

responsiveneds6].

V= [Viae 1 (K + D] e, 1

The parameters for the NakRushton function werderived from regression line analysis of the transformed
fitted raw datd56]. To derive the three Nalkkdushton parametersweave amplitdes were plotted against flash
strengthand a natural log curve fitted ang, Kalculated from equationgenerating the first transformed
function from which K, could be derivedThe value of Y, was set to 1% greater than the highest amplitude
before the second limb in the single flastensity series fron.0 to-1.0 log photd.s.n¥ to ensure the logistic
function only included values up until the first plateau derived fromdtelriven patway[56]. One

participant, ASD69 (M, 54.3 yo; ADOS =10) showed an atypical drop at flashgsitr1.0 log phot cd.s.ih
which affected the fit of the NakRushton function and so in this case the responge3dog phot cd.s.ihwas

used to estimate the parameters.

Vid2=a.In(Ky) +¢c  .......... 2

With the values of ¥ and K, derived a seconlihear functionwas plottedusing the calculated ., value and
the K,, from the first transformed functiomith V/V s vs (1+K,) %, Theslope of the fittedine represents the

valuen in the Naka Rushton equaticequation 3

VIV e = N[(A+HKD) ]+ C e 3

In addition the bwvave amplitude was compared between groups at the plateau of the lowef thre Naka
Rushton function which occurred-dtlog photcd.s.n? which represents a mainly rod,y response and at 1
log phot cd.s.M representing a fixed point corresponding to a mixedcate contribution to the DA-tvave.

In addition a fixed point W for the LA responses as taken as the control pettiegihotopic hill as previously
described22].

Statistics
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For between group differences of amplitude, time to peak anddtestigththe norparametric KruskalWallis

test was used with followp pair wise MannWhitney test for significant group differences with post hoc
Bonferroni correction for multiple comparisoras well as a between group repeated measures for the DA and
LA b-wave amplitudes (SPSS version 22.0). Figures show the group mediarfl' and 9%' centile range
calculated by OriginPrd®5 using resampling with replacement to determine ther®l 9%' confidence

intervals (ClI) for the ERG responses’.
Results
Dark Adapted ERG

The group results for-aand bwave amplitudes andnties to peak are shown in table 1. There were no

significant group differences for theand bwave parameterfor the ISCEV standard flashes (p>0.09).

Flash Strength ASD Control
(log phot cd.s.n¥f)
ERG measurement median | 5" to 95" | median| 5" to 95"
percentile percentile P

-2.0 bwave amplitudey(V) 204 126326 241 157-457 0.18
-2.0 bwave time to peakms) 90 65-120 91 78-105 0.88
0.5 bwave amplitudey(V) 270 195504 352 227-596 0.24
0.5 bwave time to peakms) 53 4558 a7 3553 0.04*
0.5 awave amplitudei(V) 155 125272 207 113-340 0.26
0.5 awave time to peakms) 15 14-23 16 14-25 0.31
1.0 bwave amplitudei(V) 278 222-538 370 260528 0.13
1.0 bwave time to peakms) 52 37-59 46 3357 0.06*
1.0 awave amplitudey(V) 227 144-350 230 153420 0.74
1.0 awave time to peakms) 13 11-16 13 11-22 0.56
2.3 awave amplitude(V) 296 157-451 316 220482 0.47
2.3 awave time to peakms) 9 8-13 8 7-10 0.59

Table 1. Amplitudes anditne to peak of the-aand bwaves of theDA full field ERGs for the ASD and control
group at ISCEV flasluminances are tabulatefimplitudes in microvolts and time to peaks are in milliseconds.

* indicates Bonferroni correctedvalue for multiple tests.

a-wave
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The awaves of the control and ASD group were not significantly differertieir amplitudes orime to trough.
The 1.0 and 2.3 log phot cd.sTTERGs were used for these ingoup compaisonsas the avave is well
definedand timing unambiguous at higher flagthengths The median ASD amplitude and time to trough were
296V (157-451uV) and 9ns (813ms) and for the control gup 316V (228482uV) and 8ms (Z0ms)at 2.3
log phot cd.s.. There were no significant group diffees for time to trough (p>0.56) nor amplitude

(p>0.47 indicating no differences in phototransduction in the DA state.
b-wave

The bwave amplitudes at loflash strengthsvere not sigrficantly different between groups (p>0)18ithough
theb-wave amplitudesf two of the ASD group athe-2 log phot cd.s.fiwere below the Bcentile ofthe
control group (157 pV) with4wave amplitudes of 126 (ASD105) and 152 pV (ASD 1Zhg range of these
control data for the ISCEV standard flash ERGs were comparable to pabdiata recorded froB8 healthy
2550 year old$52] (See Fig 1). Following the rod dominated lower limb thedves of the ASD group had a
higher proportion (4/11 or 36%) that fell below the contfotentile at flash strengths of 1.0 and 1.5 log phot
cd.s.nt.

There was a slight delay in the time to peak of threakies at higher flash strengths (corrected.@4@nd
p=0.06) for the 0.5 and 1.0 log phot cd.3ftash strengths respectivelyvérallthere was #&end for lower b
waveamplitudes in the ASD group compared to ¢batrol group. Figure 1 shows the full luminance response

range from4.0 to 2.3 log phot cd.s:fm

700 -
B ASD34 - @ = ASDES
| & ASD102 ASD105 0
m AsSD113 ASD121
£ ASD126 ASD1%0
600 T . AsD193 i ASD199

¢ ASD200
Control Median

Control 5-95% CI

500 +

400 +

300 +

b-wave amplitude (uV)

200 +

100 +

o + + + + + + + + + + + + + i
-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Flash Strength (log phot cd.s.m?)

Fig 1 The full DA luminance response series for the ASD and control group detrating that some of the

ASD participants responses were outside the 5% confidence interval ohtha gooup. ASD69 (filled circles)
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showed a dip in the luminance response functio.&tlog phot cd.s.i(dotted line). The control-85% ClI

(black solid line) and the control median (solid grey line) shown.

Atypical Electroretinograms

Figure 2shows the DA luminance response seriesA®b121 (M aged 26.3 years, ADOS: 5) and ASD69 (M

aged 51.7 years, ADOS: 10). For ASD69 there is a normal growth of tlee lionb that is rod dominated up

until -1.0 log phot cd.m:$where there is a decrease in the second limb as flash strength increases and the cone
responses contributes. Throughout the recording the eye positionesjtbat to the electrode was monitored

and this alteration is not attributable to electrode position. In comparisbri24Sexhibits a reducedwave
amplitude profile across the seriesflash strengths from4.0 log phot cd.s.ito 2.3 log phot cd.s.h The LA
responses for ASD69 were at the lower limit of the 5% ASD centile but suem&sthat there were additional
unknown factors affecting the cone response under DA conditions inabésgiven electrode placement was

not a factor.

Log | Phot cd.s.m?
-4.0 f ] wf’“‘ 0.001
35 [ T e
M/-/""W f 0.003
-3.0
2.0
400pV o W/;;;\:W 0.03
-1.5 o
-1.0
i 0.3
O \/\\_ ‘\/‘v\ 1
3
" A\rr‘u‘Nw
1.0 A\/Pff\'\\\?‘ m VPN\‘W 10
2.3 W 200
control asd69 asd121

30 60 90 120 150 ms O 30 60 90 120 150 ms 0 30 60 90 120 150 ms

Fig 2 Luminance response series of a typical controltavadatypical participant€ne individual (ASD69) the
b-wave amplitude is reduced aftet.0 log phot cd.s.fhand restricted to the second limb tbe luminance
response series. In comparison ASD12gdve amplitudes are reduced across the series-#dhto 2.3 log
phot cd.s.rf.
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Figure 3 shows the 0.5 log phot cd.8.maveform for ASD69. For comparablenmve amplitude and time to
peak, theASD b-wave is relatively smaller. This suggests a pestptoral difference in function in the
individuals with reduced DA{wave amplitudes as alhaave parameters were ngignificant between groups
(p>0.47).

DA 2.3 log phot cd.s.m 2

4000V b

control
ASD 69 —

Fig 3 Waveform for ASD69 at 2.3 log photl.s.n¥ (DA 200) and a control trace from Figure 2. Are overlaid to

illustrate the selective reduction in theMave compared to theveave. (a: avave; b: bwave).

b:a ratios

Group b:a ratios for ASD participants and controls to ISCEV dark adapteldd shot cd.s.i were not
significantly different: median b:a ratio ASD 1.79, range 2238 compared with controls 1.75, range 1.44
2.29; p=0.88. For the 1.0 log phot cd..the ASD b:a ratios were lower than the control median 1.39, range
1.101.76compared with controls 1.53, range £280 (p=0.05).

Naka Rushton

The results of the NakBushtonparameters are shown in tablaizh the V., N and K, parameters calculated
by the method of Evans et al (1993%]. There were no significant group differences in the NRkahton
parameters. The median.y was lower in the ASD group although the half maximal flash gtheto elicit Vi
was the same between groups (p=0.31). The power of the funatibith was also not significantly different

between groups (p=0.09).

In order to further compare the two NaRashton functions a fixed point at the first plateau occurrédog
phot cd.s.if), was taken as representative of the rod dominagt ¥ second fixed point on the second limb
representinghe mixed roecone response was then selected at 1 log phot &fstrfurther comparison. A

between groups ongay ANOVA at these two intensities for the group median (GAjalve amplitudes was not

10
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significant at thel log phot cd.s.fiflash strengtfASD 234 (156364 pV); Control 275 (17879 pV p=0.42]
nor the 1log phot cd.s:AJASD 286 (207587 puV); Control 370 (25800 pV p=0.13].

To look at theeffect of increasing flash strengths across the 13 step luminance +udde 2.0 log phot
cd.s.n?) the bwave amplitude was analysed using a 13 responses x 2 (Group [ASD, Joepeated
measures ANOVAThis showed no significant main effect of Gro&l,12) = 0.06, p = 0.82, an =0.03, with

b-wave amplitude for the flash strengths.

The NakaRushton parameteege consistent with previous findings from 30 normal subjééisthat reported
the following values from the regression analysig.({812.9; log K, -2.43 anch 1.03).However, theV .
values reported here are lowesing DTL electrods compared to Evans et al (1988] who usedBurian

Allen corneal electrodes.

Vimax (V) Log1o(Km) n
ASD (11) | 239 (157t0367) | 2.78 (2.1510-3.24) | 0.97 (0.89 to 1.05)
Control (15) | 287 (195 to 517) | -2.78 €2.31t0-3.19) | _ 1.00 (0.91 to 1.26)
p 0.31 1.00 0.09

Table 2 The NakaRushton parameters as determined by regression anéiysdian with range) Vmax
(maximal bwave amplitude), K (Flash strength required to reach 0,2¥, n (power of the Nakdrushton

function).

15 Hz slowand fastrod pathways

The scotopic 15Hz flicker responses showed no group differences inwtapit phase for the 10 flash
strengths presented in ascending order fi®Mto 0.5 logrd.s (fig 4). There was also no difference in the flash
strength at the point of praseversal indicating that neither the slow (f@N-bipolar/amacrine All) nor the

fast (rodcone gap junction) pathway are affected (p>{b4).
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. | = * i ] & ASD102
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; e e Group ; e a | % ) " s » ASD113
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= . Conwal  E i 2 . §. coasoms
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- y'% ] * ASD200
i g i g« Control
ole ¥ :
0 ———————— ~300
200 400 3 -3 <1 0 A L
Time (ms) Flash strength (log scot Td"s) Flash strength (log scot Td"s)

Fig 4a Group averages for amplitude of the 15Hz flicker and phase of the respondéegsho significant
group differenceskig 4b plots the amplitude of the flicker response for the ASD individuals albie a

typical response profile compared to the contiieig.4c shows a similar phase reversal as the slow and fast rod
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335 pathways cancel each other and1béHz amplitude minimum for both groups. (ASD: Autism, Spectrum
336  Disorder). (Error bars are mean + SD).

337

338 Light Adapted ERG

339

340 The group results for ampliles and time to peaks for theNR, the aand bwaves are shown in tablgf& the
341 ISCEV standard 0.5 log phot cd.&mingle flashindependent samples for the 5 flash strengths deingl no
342  significant interaction betwedhe awave parameters of amplitudetime to troughp>0.08) and group.

343  Similarly the phNR amplitude and time to tréugyere norsignificant (p>0.07) However, there was a

344  significant interaction between groups and flash strengths fortia/eé amplitude (corrected p=0.006) across
345 the flash strength series. Follow up MaMhitney test for the bvave amplitude of the 0.5 log phot saii®
346  revealed aignificantly (corrected p<0.001) lowerWwave amplitude: median (95% GQASD 94 (87186 uV);
347  Control 137 (8234 pV)].No group differences were observed in the time to peak of this reSpstsg2).
348  Figure 5 shows thergup data (mediawith 95% CI) for the LA ERGs across the flash strength8.6fto 1.0
349 log phot cd.s. .

350
0.5 log phot cd.s.nf ASD Control
single flash median | 5"t0 95" | median | 5"to 95" p-value
percentile percentile
a-wave amplitude(V) 29 1848 35 14-53 0.08
a-wave time to peakms) 14 1316 13 1315 0.50
b-wave amplitudey(V) 94 87-186 137 80-234 <0.001*
b-wave time to peakms) 29 27-31 28 27-29 0.72
phNR amplitude (V) 94 85173 134 74-223 0.07
phNR time to peakms) 41 37-47 40 36-46 0.30
351

352 Table 3. Results 6time to peak of the-aandb-waves and the photopic negative response (phNR) of the full
353 field ISCEV standard 0.5 log phot cd.&single flash forASD (N=11)and contro{N=14) groups. The bwave

354  amplitude was significantly lower in the AS@¥oup (corrected p<0.001). * indicates Bonferroni corrected p
355  value for multiple tests.

356
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Fig 5 Group data for eacphotopicflash strengttat-0.5, 0, 0.5, 0.7 and 1.0 log phot cd.éwith the 5" - 95"

centile range. Aignificant difference (corréed p=0.00p between groups was observed for thedve

amplitude (fig 1b) across the luminance series. At 0.5log phot ¢ttkemASD group’s lwave amplitude was

significantly lower than the control group’s (p<0.001).

Figure 6 shows the LA ERG luminem series for ASD121 (malaged 28.8ADOS=7) illustrating the reduced

b-wave amplitudes compared to an age equivalent control from this study therdissh strength series.

o o
~J u =

Flash strength log (phot cd.s.m?)

[y

o
n

20ms/Div

125pV

control

0. SM

oL AN

0.5 WJ\/\N’
R .

1
asd121
20ms/Div

Fig 6 A typical series of photopic ERGs from flash intensiti€s to 1.0og photcd.s.n¥) for ASD121and
age matched contrplarticipantshowing the reduction in thewave across the flash series. The bold trace
highlights the ISCEV standard 0.5 log phot cdssimgle flash.
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379
380

381
382
383
384
385
386
387
388

ON and OFF response

The bwave of theLA ERGis formed by the depolarisation of pasteptoral ON (at light onset) and OFF (at
light offset) bipolar cells. Given the significant group differences irbthave amplitude this could be due to a
reduction in depolarisation either in the & OFF bipolar cell pathwawr both In order to separate these two
pathways prolongeii20 msflashwasused to define the ONind OFF responses to light onsatdoffset
respectively. Figure hows a recording from A®L21 (M aged 26.3 years, ADOS:\ith a reduced fwave at

the onset of the flash, but not at offset

120ms on 120ms on

60uV

T AAY T

on off on off

100ms/Div 100ms/Div

control asd121

Fig 7 The ON and OFesponses to an extend&D msflash for an age matched control in comparison to
ASD121 with representative repeat traces in light grey demonstragmgeduced ON componenith

preserved OFF component. Note smaller amplitude scale for ASD121.

Table 4reports the group parameters for the patal 120ms flash for the groups. The-OMaveamplitude
was significantly lower (corrected p=0.003) in the ABiedian (CI): 34 puV (263) and control 49 pV (35
77)] (fig 8). All other parameters were nsignificant between groups (p>0.3). The number of control
participants was reducéul this samplédN=10) as some individuat®undthe extended flash protocaVersive
or were too tiredo continue.
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Fig 8. The ON and OFF amplitudes between groups. The ASD group had a signifiedoitgd ON response
(p=0.003) with no differences between groups for the OFF response. Besipbot the 255 % centiles the

horizontal black line the median.

a-wave a-wave ON b-wave ON b-wave | OFF b-wave | OFF b-wave
(HV) (ms) (HV) (ms) (HV) (ms)

ASD (11) 17 (1627) | 19 (1722) | 34 (2653) 35 (2936) 23 (939) | 140 (139143)

Control (10) | 22 (1232) | 18 (1721) | 49 (3577) 34 (3136) 28 (946) | 140 (140143)

p 0.37 0.94 0.003* 0.82 0.60 0.82

Table 4. Parameters for the 120ms extended flash which enables the ON arlig@RF cell contribution to
the photopt ERG to be sepaed. A signifcant group differeee was present for thewave at light onset

(corrected p=0.003* indicates Bonferroni correctedvalue for multiple tests.
Photopic Hill

The effect of increasing flash strengths across the 5 step luminance g (LO log phot cd.s.if) the b
wave amplitude was analysed usm§responses x 2 (Group [ASD, Control]) repeated measures ANORIA.
showed asignificant main effect of Groug;(14) = 7.3, p = O.O,lnp2 = 0.24 with b-wave amplitude for the
flash stregths. The VW, peak for the control group occurred at 0.7 log phot ci.amsl figure 9 illustrates the
peak with the control groufut the ASD group didhot establish a clear peak until approximatelly log phot
cd.s.n?. The Vi b-wave amplitudes fothe ASD group were; median (Cl) [102 ¢I82) and for control 140
(73-277)] which was nosignificant (p=0.06).The awave amplitude at the fixed point.¥ peak of the

photopic hill wasalsonot different between groups (p=0.15).
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Fig 9. The photopic hl represented by the median witk95% CI. for each group. The median represented by
the dark line in the box reaches a maximum at 0.7 phot log édfaitihe control group. In contrast the mediam
peak for the ASD group occurs at ~ 1.0 log phot cc?swith a noticable flattenning of the photopic hill.
Repeated measures ANOVA revealed a signifivant (p=0.01) difference Ibeginaagos although no significant
difference was observed at the peak of the hill (fixgg =0.06).

Oscillatory Potentials and30Hz
The LA OP2 showed an earhjfurcation in the ASD group compared to the control group in which the
bifurcation occurred at a later age (Fig 10). The 30Hz flicker responses weirevarmal limits of the control

group with the ASD group’s amplitudeanging from 4609 puV (Control 49144 pV) and the time to peak
from 2430 ms (Control 280ms).
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Fig 10. The morphological differences in the photopic OPs. The ASD group fallswotgroups, group 1

shows a bifurcation of the OP2ontrol examplesf the limits of the particpant age range are shown.

Discussion

The findings of our exploratory study of the scotopic luminance respond@fuirt ASD individuals support
the earlier work of Ritvo et al [30]. They found scotopically balancednediue full field flash ERG bwvaves

to be smaller from individuals with ASD compared to controls and atiixdbihis to the glutamate rod driven
ON- bipolar pathwa}80]. We also found ASD DA-waves to be low amplitude, but a smaller proportion 2/11
(18%) fell below normal range compared with 13/28 (48%) in Ritvo’s §@ly The different rates may be
due in part to the lower power of this exploratory report but also the seeEASD. Theindividuals withASD

in ourstudy represent thedtier functioning end of th&SD spectrumwhilst Ritvo et al assessed a range of low
functioning ASD individuals. If neurological behaviour and retinal fiomcare linked themve maynot expect

to see as a higher proportion showing matkedavedifferences. A larger sample would provide the
opportunity to see if specific autistic traits measured by the APIBRor AQ [51] were associated with
changes in the ERG. However, the new findings reported here are theifisstdtigate the ERG responses
acrossa wide range of stimulus strengths and the lemalye amplitudes under LA conditions points to a

difference in the conbipolar synapse.

The linked gene networks associated with ASD provide evidence for a @terad neurotransmitter signalling
affeding the behaviour of ASD individual$1,57], and themetabotropic glutamate pathway has been
specificallyimplicated in the pathogenesis of AGT1,17. In high functioning adults with ASD we found
reduced DAb-waveamplitudeto the-2.0 log phot cd.s.fflashin two ASD individuals This represented ¥8

of the groupfalling below thecontrol 5" centilelower amplitudeof 172pV. Although mGIuR6 receptors are
strongly expressed in the Gipolar cells, the expression of mGluRG& widespread in theartex[58].

Cortical changes in ASD have been well documefiétiin ASD with particular differences evident in the

frontal cortex and superior temporal sul¢6@] which arecortical regions that are noth in mGIuR6[61].
However, Hanna & Calkin’s (2¥) [62] study of the expression profile of glutamate receptors and transporters

in primate rod bipolar cells found mGIuR3 receptors in 74% of cells. GhaamBIuR3 is stronglgxpressed
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453 in the frontal and temporal cortex where it affects cogn[6®} and language developmgf#] in ASD, this
454  mGluR receptor may offer a potential link between redueedes and cortical development in ASD.

455

456  The bwave amplituder PIl component of the ERGould be reducely an incease in the-aave amplitude/
457  fastPIIl. However, we did not find any differences between the gréupbe awave parametenghich

458  suggesttheseERG differences are the result of posteptoral signalling that contributes to thevéive[65]. A
459  greater proportion (4 /11 or 36%) of ASOdimiduals had reducedwave amplitudes at higher flash strengths
460 when the cones contribute to thevave[65,66] This implied a reduced contribution of the cone-Qipblar

461 cells at the higher flash strengths under DA conditid®D69in particularexhikited a fall in the second limb
462  of the bminance response function at flash strengths greater@tatog phot cd.s.ih

463

464  The NakaRushton function parameters,representing retinal responsiveness apddpresenting retinal
465  sensitivity were nbdifferent between groups for the scotopic limb betwde®and-1.0 log photd.s.n?. This
466  finding along with no group differences in the repeated measures oftheebamplitude provides evidence
467 that the response to increasing luminance by the retina is not affected inn@8DDA conditions. Overall
468 there were no significant differences in thevlive amplitudes for the DA single flash series (p=0.83) and as
469  such the DA responses may only differ in a-sabof individuals on thASD spectrumAt the platau of the
470 first limb at-1 log phot cd.s.fhand at the mixed redone fixed flash strength of 1 log cd.& there were no
471  group differences in contrast to the findings in schizophii@2h In addition ve did not find any group

472  differences in the slowr fast rod pathway amplitudes phases including the flash strength at which the phase
473  shift occurs. Irfuture studies acounterphase paradigm twontrolrod and coneeceptor stimulatiom the 15Hz
474  flicker ERGmaybe used to look fosubtle differencein these signalling pathwal67].

475

476  The importance of theA-cone pathway is that it is possible to explore the @M OFF bipolar cells that

477  tilise different glutamate receptors. The ON bipolar cells expressetabairopic Groteinwhich enable e
478  ON-bipolar cell todepolarise \Wwen post synaptic glutamate levels decrease when therenig@ment in

479  illumination[68]. In contrast, the OFBipolar cell expresses the ionotropic iGIUR receptors that are non
480 selective cation channels thdgpolariseshe membrane when there is an increase in post synaptic glutamate
481  following a decrease inlimination[13,65] Both metabotropifl2] and ionotropid17] receptors are

482  implicated in ASD. Therefor@nyimbalancesn these glutamate signalling pathwagay help explain the

483  pattern of responses observed at the higher DA flash strengths.

484

485  The principle findings under LA conditions were a significant groéfierdince in the fwave amplitudeacross
486  the 5 flash strengths in this high functionif§D adult grop. This is in contrast to the DA series in which no
487  group differences were observed. There was also a significant differenezbgtoups for the LA ISCEV

488  standard 0.5 log phot cd.s7flash and develpment of the photopic hill in response to increasiash

489  strengths which was not evident in the DA seridgese findings are significant because they point to a

490 difference in the LA responses in the group rather than in individlailspreliminaryfinding supports the

491  potential use of the LA ERG to disminate between groups and implies a difference ircoime ON-bipolar

492  cell-signalling pathway. Further evidence for the c@i¢ bipolar cell pathway being selectively impaired in
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493  ASD was evident in the extended 120 ms flash that revealed a seleatifieasig group difference for the

494  initial ON-bipolarb-wave but not the later OHbipolar cell driven ‘d*‘wave amplitude. Furthermore, the phNR
495 that originates from amacrine, glial and retinal ganglion cell acfi§8y70]and defines the fall from the ale
496  of the bwave to the subsequent trough was equivalent between groups. The norRayggésts normal inner
497  retinal activity in ASD as opposed to the outer plexiform layer wharesceynapse with GNipolar cells. The
498 a-waves amplitudes and times tcagenere not different between groups which implied normal

499  phototransduction in cones which was also obsefiaenbdsin the DA luminance series.

500

501 The normal LA awave parameters in the ASD group contrast with schizophrenia wdthreed avaves

502 [22,24,23 have been reported. The LAxave has a contribution from the OBpolar cellg71] whichimplies
503 theOFFbipolar cell pathway is not affected in ASD. The ASD group did not ksftado clear photopic hill peak
504  until ~+0.3 log phot cd.s.fhigher than ontrol. The shape of the photopic hill appeared to be more sigmoidal
505  which may be in response ®loss of thdogistic growth component that is derived from the ipolar

506  pathway [72]Jand consistent with the findings of reduced e@i¢ bipolar contribtion in ASD. One weakness
507  of our study is that we did not extend the LA flash strength series tog-phbt cd.s.nf and cannot fully

508 analyse the characteristics of the photopic hill into its component[par&g. Overallthe ERG findings in

509 ASD werenot as striking as those observed in schizophrenia with the malargéiyrtheing a reduced-tvave

510 under LA condition$22,23]

511

512  One observation was an earl@furcationof the mainLA OP2 in the ASD grouthat isnormally seen in a

513  more aged populatigf74]. Autistic individuals show early changes in memory than TDs and this may be a sign
514  of earlier ageing ine CNS in AS75,76] This may also be due to differences retinal ageing in ASD given
515 cortical volumes show different growth and thinning profiles to neprody individualg[59]. To date no study
516 has looked at the retinal layer thickness in ASD across a wide rangesafraythis is an area of future work.
517

518 The significant ASD group findings are a selective decrease in the #agfieand ONcomponent of the

519 extended flashdwave in the presence of normal photopiwaves, phNR, ORfFesponse, 30Hz and the later
520 OPs. Taken together, these findings indicate impairment in eithdsig¥ar cell metabotropic receptors or
521 downstream signalling casdes that reduce the amplitude of the depolarisation of thbi@iar cell following
522  anincrement in light under LA conditions. However, reconciling the gbdezlectrophysiological findings

523  with CNS proteins that are common to both the-@pblar cell ad have been implicated in ASD is speculative.
524

525 A possible mechanism could be downstream components of the mepabeigmalling cascade such asaad
526  Gg, that regulate the neselectivecation channel transient receptor potential melastatin (TRPM1) ctannel
527 inthe ONbipolar cellthat when gated open resultsdi@polarisatiorf77]. SNPs associated with mGIuR5 and
528  Gpo and phospholipase-p have recently been postulated as possible markers for identifying ASD [78]. Deletion
529  of the Ga subunit abolishes the DA and LA bwave in mous§79,80]andtherefore potentially a partial loss of
530 function in Go may contribute to the diminished b-waves observed in the ASD group. Knock out mice for
531  GP(3) exhibit a more pronounced loss of the LA b-wave amplitude compared the DA bwave which is

532  similar to the pattern of results observed in this study populfgidnTherefore, whilst GB(3) knock-out mice
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result in a similar clinical ERG profile to the ASD group there is currentlglirect evidence linking the-G
proteinf subunit gene GNB3 with ASD. Further genetic studies would be required to determinehwhic

signalling or channel proteins were responsible for the reducedwavbs.

Conclusion

This exploratory study of the ERG in ASD support those previously expbrtRitvo [29,30]that the DA ERG
b-wave is reduced in some individuals on the ASD spectrum. This stucdhtas reduced-tvave amplitudes
related specifically to the cor@@N-bipolar cell synapse with no group differences in threase parameters that
imply normal phototransduction in ASD. The reduced ‘ON’ response to the extdlagh further supports this
pathway as being atypical in ASD and this could be further exploied bigher flash strengths to define the
photopic hill in ASD. To fully assess tloéinical utility of the ERG in ASD a larger study exploring the LA
responses in children would be needed to demonstrate that the ERG could & aiseelasure of CNS function

in this neurodevelopmental disorder.
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