Standard Models Fail to Capture Positional Invariances in Marmoset Foveal V1

for Theoretical Neuroscience Tejasvi Kothapalli'2, Ryan A. Ressmeyer?, Declan Rowley*, Jude F. Mitchells, Jacob L. Yates'? UC Berkeley ({§8)

Py ot
Fasar o

ﬁ REDWOOD CENTER
'..;_ b

UC Berkeley 'Redwood Center for Theoretical Neuroscience, UC Berkeley, “Herbert Wertheim School of Optometry & Vision Science, UC Berkeley,

Herbert Wertheim School of 3 : - - - : - 4 - - - - 511N -
Optometry & Vision Science Department of Bioengineering, University of Washington, “Department of Psychiatry & Biobehavioral Sciences, UCLA, *University of Rochester

Introduction Measuring sensitivity to eye movements Eye movement sensitivity depends on Standard models are more sensitive to eye

Vision is actively sampled via eye movements. Even during fixations, the eyes SR receptive field properties movements than the real neurons
continue to move, yet we are perceptually unaware of such movements [1]. o Tt T e S e g AT NP We use the learned LN and Energy Models’ predicted spikes on the fixation condition
TIEIL . . . . . . P I S , to = = , r=0. , p=1. -02 = , r=-0. , p=1. - = =0. =1. - TR
One possibility is that fixational eye movements have limited effect on visual N D o A T I sensitveto 1.0} r P | § P N=199, 10182 g 100602 to measure the models’ eyve movement sensitivit
. . . . . i R O ooy N o Eye Movements g 08 ° o o 9 °
neurons with receptive fields (RFs) larger than the eye movements -- this is a = B 08 g = L AR, LT
. . . . . . 601 .o el BRI L T T ] o Bgtae® o . o o ‘e o e = = i = - = =0. ' =0. -
core assumption of fixation tasks used widely in neuroscience. In contrast, R 1k [ ey, ALl . N=145, r=0.266, Wilcoxon p=5.36e-05 N=153,1=0.316, Wilcoxon p=6.57e-22
o ‘o . . ' ' ' ' PSTH Variance _1 _a 0.6 ¢ g;o%oo ® o, o oocb o5 Ly o° ° 1.0 - ’
phase sensitive neurons could be sensitive to spatial shifts much smaller . G o e = . Tegeue te O TR o . )
than the receptive field throughout the visual system. £ WWWMM A N — o . e . e
| | Unit 96' | | ig Unit 33 E O:O: __________ =041 022 Fraction of Rate Modulation 0.2 ’ ’ . 0.8 0 oo ///
Goals e ey e e IS ST SHETE N Pue to Eye Movements  nsensitvern “0.0_° ° ° data o o 5
. e L f i i L e S _ ® © 7 o e =
Quantify the sensitivity of central V1 neurons to fixational eye movements (FEMSs) P ” fﬁj{lﬁﬁ‘iﬁ e mmﬂwﬂmm I el = 058 N=215, r=-0.175, p=1.026-02 N=215, r=0.264, p=8.90e-05 N=197, r=-0.147, p=3.91e-02 1/T o0 o=° % Py %
SRR R S N Y B AR R S | | | | | 8 =0. 1.4, ° ° R o ¢f o o o
. . . . . . L J“]JI'E- b f SRR T I S _ a 1 T 104 & o, -
Test whether sensitivity is explained by standard mechanisms (RF size, Spatial 60;;:ff:;:j.=;';éﬂ.g-;:;;g-j:;;;.;;;:55;1;{53;,-;.;.«;;.'gfn,ié:-.j.j.-:. SR T Tmew T L Giess big 1)+ 12 04 o o o oo 5
. sy P e g = 00 02 04 06 08 10 S sensitive { % " ° . ® Q.
Freq Uency Tunlng, and Phase SenSItIVIty) f'::.i':'m-"'”}} I';':.:'L'l' "-r'l:s'lh:l.;: vl . S Vart(Eﬁ' [Tt(t)]) ~ (K(t)r’,‘t(t))i%j,t — YZ Eye Trajectory Distance (degrees) 'g L\Ioogye mof/ementsl :)g . oO o oS ’ %OO o g%gclgo - CQO . ;2
v 8 ) :.' Q@ 0 ° O%Oo © o o o
gloo W\MMMMMM"LW Y;(t): spike count on trial i at time ¢ E \Slgslsle%gi’ve T 0.6{ & ¢ %ﬁ %i;;@ ° . o 0.2
i i US_ . ri(t): underlying firing rate on trial ¢ (depends on stimulus after eye-movement—induced shift) to eye movements 0.4 ”'- %% °° o
leatlonal eye movements as phase modulation 00 02 04 06 08 10 elt): eyeposition trajectory for trial i around that time bin Eye Trajectory Distance 0.2 BCECAT A
Time (s)
: : : : 0054 5 16 0.3 0.5 0.7 09 0.0 02 04 06 0.8 1.0 "0 02 0.4 0.6 0.8 1.0 0.0 02 04 0.6 0.8 1.0
Local translation of a signal is equal to Amplitude changes slowly across Collowi vsis in [ dthe L £ Total Var P i - LN 1/ Energy 1/T
frequency-dependent changes in phase space in natural images ollowing analysis in [2], we used the Law of Total Variance to fac- | Soatial Freauency Recebtive Field Modulation Index t
Signal Domain Fourier Cogiicients . i = e 0) tioned rate modulation and the modulation from the PSTH 5 40. : (cycles/deg) Size (degrees) (Phase Sensitivity) is more sensitive than the Data is more sensitive than the Data
A e - a is the fraction of stimulus-driven variance captured by the PSTH S ool . Cell 33 5 Cell 16
g > : : : : = S — - @ °T | @ 80
E AP 15 | AH&W\D » 1-a Is the fraction of rate modulation due to eye movements . | % - STA - loe [ g3 H\\s/ STA-| los [ & ] =1 g2
5 jo i E | | M 1/1T captures the dependence of rate modulation on eye trajectory 00 02 04 06 08 10: § STA  STE STE - ®|  Losmod LNFiter &2 olmzorat STE -| ™ Leamed Energy Filters & & |- 0.074
. | | | | I , o 100 200 300 — 75 100 200 300
A ] | )\ distance o caosory 1 — | o e
pace Ffe%en < o | Modulation Index ' Spike Triggered ® 10 — Data 840 | —— Data
y -0 T Energy (STE) Area G LN Model S | ——- Energy Model
Spatial Shift (pixels) E=S R 2R U R p— RF Size = T — RF Size
3 3 My |
ag= O 0.0; &R O -
mpolex cells are well-positioned t ild i i - - Sensitive to Eye Movements Cell Q Q ]
Qo plex cells are well-positio ed to build invariance to FEMs on natural Eye movements drive a |arge fraction of the y 2 | w\_& 200 W
images by virtue of their invariance to spatial phase [2] Cell 126 PSTH and Spike Raster | small recentive field = 0.32 d 00 02 04 06 08 1.0 00 02 04 06 08 10
- 50. - - o ! _ ptive field = U.o< deg Eye Trajectory Distance Eye Trajectory Distance
rate mOdu Iatlon - % =~ | 50 eredies o 10,29 E 81 0' ! big modulation index = 0.66 (degrees) (degrees)
. . . ' cw | W1 A4 601 T hs el s c Y :
A roach - Across the population, 75.6% +- 1.1% of the rate modulation (1-@) is 2 T 40]- 2 % | | —Fitic=o2 l
: . : T @ = _ L | [ Frsizo=0s2 i
pp (Eyetracker available here) attributable to eye trajectory differences. 1.4° @ o | Ml: 0.664 20 T E . I ) small 1/t = 0.20 CO“CIUSIO“S
Behavior Elect hvsiol Openlris DPI - The decay constant (1/t) was 0.486 +- 0.013 0 100 200 300 0 e s ‘"-}J'-;S(()).OO L ,5:"0-0-&0 ] | i big 1-a = 0.87 . . . .
ectrophysiology Phase (degrees) P Time(s) Eye Trajectory Distance * Most cells (75.6% +- 1.1%) rate modulation can be attributed to
- Subijects: 2 marmoset monkeys 2 x 32 channel Neuronexus silicon arrays in foveal V1: N=216 (degrees) - :
- Fixation and Freeviewing Conditions - spike sorting via Kilosort 4 20 eye pOSItIOﬂ trajeCtOI’y
- High-resolution eye tracking: - 10-20 single units per session. 80-120 reasonable units > Insensitive to Eve Movements Cell . . : : : :
digital dual purkinje system [2, 3] - 20 sessions, 2400 units, 700 single units 8 5 y * Modulation Index, Frequency Tunlng, Receptlve Field Size predlct
Cell 16 T
Fixation Condition o PSTH and Spike Raster 1.0 | big receptive field = 053 deg cell eye movement sensitivit
R d f f whitened | d H = £ 80 PP—HA mrippm syt g 2 | small modulation index = 0.07
epeated presentation of a sequence of whitened natural images presented at 30Hz O 1 R [ s hs § ! - : :
Fixation within a 1 degree window e “\‘\17-500 Fixations are maintained within a standard window, GLJ %% ‘_g =R DR CET g g : l * Standard mOdels are |eSS Invarlant to eye movements than real
TRl S 25 but many trials contain mi des and dfift - £= = r o |
gt b s cna s . L s || @] ES oo = g | neurons
Stimus a g W 6;; 00 I(ibol 3|0§’| i rIo.oo.'(')' R io‘e S small 1-c = 0.49
\\__// ~— \' ase (degrees . . . . . .
- Gaze . : ' | | Eye Trajectory Distance F t d' t'
— Fixation constraint ~ - 0.5 sec
— | - . (degrees) u ure |reC |Ons
) o] Berdipant) | FJV_ni}ylnf'USSngNRCOr(jterion - Is energy model learning to be phase sensitive? Fit quadrature pair
= ';Jh 1 e | - ;I L }4 N " . I\/Ilsollfgl thanez.Sogs:\liZ.s/second in>fix.ation condition - - } i :
) ?h e gt ey - Less than 60% contamination of spike refractory period Flttl n g Sta nda rd m Odels Complex Cell where Energy outperforms LN e 107 o @« °© N ° I1'0 energy fl Ite I'S
o PR cell33] BESGEEEST censs| it L e Cell 126 ot © . “y cyr
” | ” Linear Nonlinear (LN) Model Output Cell 95 g 1s . 08 » Condition eye movement sensitivity measures to less than and
= o 7 X 0.5 ® © o S
£ _ _ ~— . e ) ® o 8 = . . .
M \m oL Wy Sl Wl OOMWWR.MM —_ Nonlinearity STA [ |0 Learmed LN Fiter e 3 TV 0 e e e o2 greater than receptive field size eye movements
el visual_ > / o /| »Response | STE- < | | Leamed Energy Fitters 27 500 . oL L 2 - Compare sensitivity of convolutional neural networks to neural
Characterizing Selectivity Input . : > B e °° 2 L COVCICE o4 3 3 bt dit
| | | | | . _ 7& l L C o5 e o 7, — St %ot 0 o, N=241 2 code on Tixation conaition
Gaze-contingent region of interest (ROIl) used to characterize spatial selectivity and Energy Model £3 1 H ”Qﬁ; o -0.5 v & r=0.324 . = . M i iyt f V1 Vo VA IT
tuning using reverse correlation _ Y. .o ) SEeL 00T o 5227007 - easure eye movement sensitivity or neurons across : , ,
Cell31 Cell33 Cell53 Cell96 Cell 126 Filters Output =8 MI: 0.169 ol & ¢ ° N=269 €% ° %
_ | Nonlinearity NoRos o S 0 100 200 300 ' | | | —1-0‘| — @@ OI © | © | 0.0
STA - - W L ‘ o > visual []—> \ I|Z i Orientation (degrees) Phase (degrees) 0.5 1.0 1.5 0.0 0. 04 _ 0.6 0.8 1.0
o input —» : >@—> = Response LN bits/spike Modulation Index
STE- | @ @ C) @;I @® ||14 “—V\i/ ' . _
| | | . . Simple Cell where Energy outperforms LN Simple Cell where LN outperforms Energy e e e e e e e e e . References tejasvikothapalli.github.io yates-lab.github.io
25.0ms 33.3ms 41.7ms 41.7ms 37.5ms < Peak Lag o ] Cell 33 Cell 99 |
Fit © Takeaways ok
_ Cell3 Cell 33 Cell 53 Cell 96 Cell 126 e t(;tfllgh?d QEB(?;E?JILSCO” i STA - ‘0_80 Learned LN Filter STA - ‘ oge [ ] LeamedLN Fiter : y [1] Rucci & Victor, 2015 [2] McFarland et al. 2016
25 80 ’\/\ 501/~ 0 - LN filter was initialized with Spike Triggered Average (STA) STE ] e - | - Energy OUtperfOrmS LN fit on most cells [2] Yates et al_, 2023, [3] Ressmeyer et al_, 2025
o i initiali i i i - - earne ner nters — ' ' i .
0 e rpme Covmm Gy o Spemeos o ” ST sanearewy s |y Energy fit tends to have a lot smaller recep-
28 Il O A . - Kernel tiot | vol fit with 18 lags, 4.17 ms bi ] i i '
3 Vs Orientaton (dgrees) . Filtors wors rogularived with smoothnose and loasly o : a0 - ' ftive field size compared to LN Acknowledgments
L& 4 50 100 60 50 « Regularization hyperparameters were optimized with RayTune 5 3 28 - Energy fit may not be phase Invariant
‘|Ap<h|—l<r 'HY‘HV{‘T + Poisson Loss was minimized with LBFGS o 8 =Y : .
- . Data was split into Train/Val/Test - £% . £ o | This research was supported by the NIH (RO0 EY032179 to JLY and RO1EY030998 to
ol morsn I Juwors ™ o] wogss  plwoos glwoges =i + Used yperparameters at the 80ih-percentie valcatir VoG, 0 10 20 O SRR g, O 100 200300 | JFM), a NSF predoctoral fellowship to RAR and a CIVO fellowship to TK.
Phase (degrees) - Bits/spike is reported on unseen Test set Orlentation (degrees) Orientation (degrees) Phase (degrees) .




