Loughborough
University

Tuning of MT neurons depends on stimulus contrast in accord with canonical computation oA srvores
Ambarish S. Pawar’, Sergei Gepshtein'!, Sergey Savel’ev?, Thomas D. Albright!, 'Salk Institute for Biological Studies, La Jolla, CA, USA; 4Loughborough University, UK

Background ~  Results 1 N 11 Model
One of the most important questions in neuroscience today concerns the S ‘
mechanisms by which sensory systems acquire selectivity for sensory N Neuronal response surface } Al B ey n g”“ e
. . . . . . X
stimuli. This question has been addressed most extensively for the visual § 0. 3 “
modality but many questions remain unresolved. What accounts, for § 5) § 0
example, for the limited range of visual sensitivities to luminance and % ) /\ .
chrominance, or to the spatial and temporal properties of an image? §25 ”/,;,",’,;' "'f § 1oy § .
R W S N
Sensory neurons in cerebral cortex are characterized by their selectivity X 1) \ \§ 5) \
to stimulation. This selectivity was originally viewed as a stable property \ L ~?§ \ ,.:3:;'::;,,,,//"' °S ie e i£(-1) F£(0) el i£(2)
of |gd|IV|t(_1uaI nedur(()jns,tle:_ter crlallenged by the _e\_/ldlencz (t)r]: surrf[)_unld ~ § §‘ 3. //o.':f'f:f.'o'.'fo',',"f,','zf,’,'z,',';}',';,, A canonical inhibition-stabilized motif (A) is repeated with nearest-nighbor coupling (B).
modulation and adaptation. Here we use empirical and theoretica | ' X 1 i Each node contains excitatory and inhibitory cells wth reciprocal and recurrent
approaches to investigate how cortical selectivity to spatial frequency is § 0 connections
influenced by stimulus luminance contrast. g ;10 |
] ~§ [ [
Our goal is a complete mechanistic account of spatial frequency N Simulation results
selectivity in cortical neurons. C/deg) LEFT: Network response to
0.04 - - - a low-contrast stimulus
M th d Neuronal response surface is a 3D plot of neuronal firing rate vs. spatial frequency and contrast. Neuronal response surface measured at a single TF. The TF corresponds to a j@”‘— 0.2 | applied to a single node of
etnoas The vertical slice at RIGHT is a response function: firing rate at a single contrast (here 17.1%) horlz_c;.ntfl fSI'Cf_ OnRTéerlfOntrfaSt sen3|t|vlt31- function (red).l The human contrast = 0.02| =0 the Chla'”- It %ﬁnte;ate?ha
Neural responses were measured from single cells in the middle temporal across SF. The horizontal slice at LEFT is a contrast sensitivity function: stimulus contrast that SEnSItivity tunction ( ) IS Tor representative purposes only. (é) ccc,; 0.05! nﬁura V\;a\(;e a das ©
area (MT) of the visual cortex of two alert fixating rhesus monkeys (Macaca elicited the threshold firing rate (resting rate £ 1 sd). 1-3 such surfaces were measured from each neuron. g,,)l 0.00 ‘V’\//\ /\ . § i t cs)siiIIDI:t?on ampe
esonan .
mulatta). = \1 J o 0.02) frequency | Th odi
. L L = 1/ riodic r n
For 130 cells, we obtained the receptive field center, preferred direction, Soatial f funi trast Spatial f Monkey 1 Monkey 2 0.00] 0.01] f l“ | refleegtes tiec;naesr?ict)u g:s .
spatial frequency (SF) and temporal frequency (TF) tuning of the neuron at patial frequency tuning across contrasts patial frequency 20 | 30 | 20 20 0 20 40 0.05 0.1 02 . an
100% contrast tuning depends on i | _ , - - 2 weights that provide
o contrast. 30 | ' | | 401 | | | ! 400 ! ! ! ! 30 Hz Spatial location, / Stimulus spatial twork stabilizati
Contrasts 1 HZ 4 HZ Contrasts Contrasts 16 HZ t m r I fl‘ n NetWOrkK stablliZzation.
Most neuronal receptive fields were within 6° of the fovea. 0 v 100 v M M empordat frequency 1] nﬂ{n I requency (a.4)
§ 30 .5 | 30| 47 0 o The wavelength of oscillations generated by the chain is its resonant (intrinsic)
2 ' > 05 P 05 20 30 wavelength. In the linear regime, properties of such spatial oscillations help to predict
~ GANZFELD e e system response to complex stimuli. The waveform generated by a complex stimulus is
e LEFT: Human contrast sensitivity < 20| | 20] . | 16 Hz Yo' POl . P J Y P .
tr all visible SE and TE © Histogram of peak SF H HHH | predicted by linear interference of the waves generated on multiple nodes of the chain.
50 ' 2 10/ | : changes at different temporal o Ll I 0 [en. The panel at right contains one example of such neural wave interference produced by a
-3 Neural responses measured at: i N 10 1 10} \0 frequencies (TF). o 20 30 | periodic stimulus (Gabor patch) at different spatial frequencies.
Z 10 « 5 SF (0.015 to 16 cycles/degree). W Dotted vertical | drift % :_ 8 Hz
= . . . . . . . . . . . . vert INe. zer L. — | T : : : : : : : :
£ s » 1-3 TF (0.25 to 32 Hz). 0015 006 025 1 4 0015 006 025 1 4 ° 003 012 05 2 8 OTee VETIEE e 250 S HH m Inhibition dominated circuit Excitation dominated circuit
< o Spatial frequency(c/deg) Red vertical line: medi g e O — 0 ALl = | | trast
= » 5-7 contrasts levels (0.5-100%). €d vertical line. median o & 20 | 20 = 07} contrast
: R = 5 L 0.005
5o For the population of neurons, Five response functions derived from the neuronal response surface at 5-7 contrasts (see legend). the drift distribution. O | | c 06} 001 |]
05 stimulus space covered the entire These are examples of the patterns of behavior found in MT cells, as a function of stimulus contrast: Ae TE i+ 4 2 j 4 Hz g 05 oo
f spatiot | strong drift of peak response toward high SF (LEFT), weak drift of peak response toward high SF S 1T INCTEases, e Metians S | HHH [l B 04 ——0.04
5 10 20 frequencies. Tested SFs and TFs (MIDDLE), no change in peak response (RIGHT). Each panel is data from a different neuron. the red lines getting closer to 20 | i > 03]
SPATIAL FREQUENCY— c/de | O I
: are marked by arrows. Below we summarize data for these and other patterns. the dotted lines). ’ - 5 7
Z S 017
> |
. . . 5 | TR i
References T M1 percent of samples These data show hat n bolh NESY N S z
il ‘/; V @ 250 710 UMY - monkeys, response drifts are | | | |
Kelly (1979) Motion and vision Il Stabilized spatiotemporal threshold surface. JOSA W il l,/ /‘ 2 17 v with dlfferent tuning higher at low TEs and get 20 NI | 1 H Stimulus spatial frequency (SF)
69:1340-1349 g 30 1’[ " ’ / = 9 2 dynamics gherat OVIV | > d gTeF 0 5T-Iz normalized to resonant SF of the chain at low contrast
. = ”/«’/"" e | progressively lower as i et
Gepshtein, Lesmes, Albright (2013) Sensory adaptation as optimal resource © /\ I\ /=’;’§!~‘;’/ % v Monkey 1 INcreases. I 1] i | | ’ - - - - i
R ’ £ , , ‘j’;/ 7’1/ | = 10| 0, =l (-)” , 0 8” ”~2 The curves above are solutions of the differential equations describing the model of the
allocation. PNAS 110 (11): 4368-4373 S | \ / £ 5% - it distributed inhibition-stabilized circuit. Each curve represents activation of one excitatory
- - N - - - ©Sponse dr Il at one stimul ntrast, plott function of stimul tial frequency.
Priebe, Lisberger (2004) Estimating target speed from the population response in \ 1 o (log frequency ratio) cell a O. e stmu US.CO ast, pio .ed as a .u ction or stimulus spa a. equency
visual area MT. The Journal of Neuroscience 24(8):1907-16 2| Monkey 1. Spatial frequency(c/deg) Here, stimulus spatial frequency is normalized to the resonant spatial frequency of the
Monkey 1 Monkey 2
Movshon, Thompson, Tolhurst (1978) Spatial and temporal contrast sensitivity of 100 A . . . . d . . network measured at the lowest tested contrast (red curves)
neurones in areas 17 and 18 of the cat's visual cortex. The Journal of Physiology 3p|  Contras I _ o [ 4 In general, increasing stimulus contrast reveals different magnitudes of the resonant
283:101 3 30l Dift towards Comparison g | e o | » o spatial frequency: increasing resonant frequency in a system dominated by excitation;
= Monkey 2 of SF tuning i T | oo | decreasing resonant frequency in a system dominated by inhibition.
Sceniak, Hawken, Shapley (2002) Contrast-dependent changes in spatial (2 at threshold :__;\T ) ' o > o |8
: _ : : : : = - — W 41 1 - 27 = 14
frequency tuning of macaque V1 neurons: effects of a changing receptive field size. S 7| (blue)and T 2| e | _ e o I
Journal of Neurophysiology 88(3):1363-73 © high (red) = 1} = 22 Y - 11 C I o
Tsodyks, Skaggs, Sejnowski, McNaughton (1997) Paradoxical effects of external Monkey 2 contrasts for 091 T - B 10-5 Onc USIons
ation of inhibitory | ™ ' of . 17(111-4385 2] . . . | ' two monkeys. 0.25/ - 8 - - ~=— 1025 | | | | | | -
modulation of inhibitory interneurons. The Journal of neuroscience 17(11):4382-8. 2 A0 1 2 3 - S - I Tuning of MT neurons shifts with contrast toward high spatial frequencies. The shift is
Rubin, Van Hooser, Miller (2015) The stabilized supralinear network: A unifying Response drift (log frequency ratio) 0015 006 0.25 1 4 0015 006 0.25 1 4 smaller at high temporal frequencies.
circuit motif underlaying multi-input integration in sensory cortex. Neuron 85, Response drift: Decimal log ratio of peak SF at high contrast to peak SF at low contrast. Mean peak SF (c/deg) f\canonicatl m'Odel'ﬁ]f distr(ijbl:ted inhiliiti;)hn-ftabilizedl(;ircgit pC:‘edith SUChtgrif:)Or f
402-417 N | o _ _ i At requency tuning. The model suggests that neuronal tuning depends on the balance o
| | - The positive and negative values of drift indicate that peak SF respectively increased and =ach point above represents. the. mean ana s.tandard dewatfon of peak SF. | excitation and inhibition in the circuit.
Savel’ev, Gepshtein (2016) Interference of neural waves in distributed decreased. At threshold contrast, SF tuning increases with TF. And at high contrast, SF tuning T is off A £ of the int fion bet fial £
inhibition-stabilized networks arXiv:1410.4237v3 [1-bio.NC] . _ . . decreases with TF, €S€ results ofrer a mechanistic account of the interaction between spatial frequency
Pie charts: Most TF samples shift toward high SF (RIGHT). o o selectivity of cortical circuits and stimulus contrast.
Acknowledgments: NIH Grant EY018613 The numerals inside the panels indicate the number of samples at each TF.




