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The goal was to simulate, as closely as possible, the brief periods of fixation following eye 421 
movements and to test sensitivity during these fixation periods. We interleaved these recordings with 422 
measurements when the texture was stationary throughout the trial. The moving textures elicited an 423 
increase in spiking and a leftward shift in the contrast-response functions relative to the control 424 
condition in which the texture was stationary (Figure 8). On average, the shift was –25% contrast for 425 
spike recordings (–25.4 ± 4.4% contrast; n = 10 cells; p = 2.4 × 10–2) and –12% contrast for 426 
excitatory current recordings (–12.5 ± 5.1% contrast; n = 4 cells; p = 2.4 × 10–2). 427 

 428 
Figure 8. Background motion evokes contrast sensitization in midget cells. 429 
(A) Spike responses from an Off midget ganglion cell to a series of spots centered over the receptive 430 
field. Spots were either presented alone (left) or 50 msec following the offset of background motion 431 
(speed, 11 degrees s–1). Shaded regions indicate sampling windows. 432 
(B) Average spike rate across the shaded regions indicated in (A). The wide-field adaptation evoked 433 
a leftward shift in the contrast-response curve (black) relative to the unadapted control condition 434 
(red). 435 
(C) Horizontal shift (x-shift) in contrast-response function following background motion relative to 436 
control condition in which the background was stationary. Data are shown for On and Off midget 437 
ganglion cells (n = 10). Gray circle and bars indicate mean ± SEM. 438 
(D) Same as (A) for an Off parasol ganglion cell. 439 
(E) Same as (B) for the Off parasol cell in (D). The cell showed a decrease in spike output following 440 
the offset of background motion—the opposite pattern to that observed in the Off midget cell. 441 
(F) Change in gain in the contrast-response function following background motion relative to the 442 
control condition. On average, background motion elicited a decrease in gain of ~30% relative to 443 
the control condition in which the background was stationary (n = 6 cells). Gray circle and bars 444 
indicate mean ± SEM. 445 
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 446 
These data were consistent with our circuit model of contrast sensitization. The amacrine cell 447 
providing presynaptic inhibition to the midget bipolar cell adapted during background motion; at the 448 
offset of motion, the cell hyperpolarized and reduced presynaptic inhibition to the bipolar terminal. 449 
Thus, similar to circuits described in other vertebrates, the midget pathway could utilize presynaptic 450 
inhibition to account for self-motion 11,27,28. 451 
 452 
DISCUSSION 453 
Our results support a novel role for neural sensitization in primates relative to the function 454 
proposed in other species. Sensitizing cells are commonly thought to counteract the loss of 455 
responsiveness experienced by adapting cells during transitions from high to low variance 456 
environments 10. This hypothesis requires that sensitizing cells have an adapting counterpart that 457 
encodes similar information about the environment. Midget (parvocellular-projecting) ganglion cells 458 
are well known for their roles in both chromatic and achromatic vision 21–23. Functional parallelism 459 
in the midget pathway is achieved by splitting signals between different classes of cone 460 
photoreceptor (L versus M) or bipolar cell (On versus Off) inputs to the midget cell receptive-field. 461 
Further, we found that both On- and Off-type midget cells exhibited sensitization (Figure 1-4, 8), 462 
and the primate retina lacks an adapting functional counterpart to midget cells with similar 463 
chromatic opponency or spatial acuity 29; thus, sensitization does not counterbalance adaptation in 464 
another functionally parallel pathway.  465 
 466 
Instead, our findings indicate that sensitization maintains the responsiveness of the midget pathway 467 
during dynamic visual processes, such as head or eye movements, that cause rapid fluctuations in 468 
light intensity on the retina. We base this conclusion on several key observations. First, sensitization 469 
was strongest following wide-field stimulation (Figure 1-4) or background motion (Figure 8). 470 
Second, sensitization persisted for >0.2 s (Figure 3), a period that roughly corresponds to the 471 
durations of fixations following eye movements in primates (reviewed in 30). Finally, sensitization 472 
greatly improved the fidelity of encoding natural movies, particularly during periods of fixation 473 
following ballistic eye motion (Figure 7). Thus, sensitization appears to play a unique and crucial role 474 
in neural coding in primates. 475 
 476 
Distinct functions of adaptation and sensitization in primate retina 477 
Our findings also speak to the roles of neural adaptation in the parasol and broad thorny ganglion 478 
cell pathways. Previous work proposed that adapting cells could produce a nearly optimal faithful 479 
encoding of sensory inputs 31. Our computational model, however, indicates that sensitizing circuits 480 
outperform adapting circuits in encoding natural movies (Figure 7). The improved reconstruction 481 
accuracy of the sensitizing model was consistent with a recent theoretical report indicating that 482 
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sensitizing cells are better for encoding faithful representations of sensory input than adapting cells 483 
14. According to this paradigm, sensitizing cells such as midget ganglion cells would be useful for 484 
directly encoding information about the properties of the input (e.g., contrast, color). Adapting cells, 485 
on the other hand, are optimized for performing inference tasks 14,32. 486 
 487 
Adapting cells dynamically adjust their input-output properties to align with the recent stimulus 488 
distribution 4,8. These adjustments make the cells exquisitely sensitive to changes in stimulus 489 
statistics, allowing them to infer when salient properties of the environment change. For example, 490 
quickly detecting object motion is an ethologically relevant and phylogenetically ancient neural 491 
computation 33,34; by decreasing their responsiveness during periods in which the background is 492 
either stationary or coherently moving, adapting neural circuits would be poised to report when an 493 
object moves relative to the background 27,35. Interestingly, both adapting parasol and broad thorny 494 
ganglion cells have been implicated in motion processing 25,35 and project to retinorecipient brain 495 
regions in the lateral geniculate body, superior colliculus, and inferior pulvinar that contribute 496 
significantly to motion vision 36–38. 497 
 498 
Relationship to psychophysical measurements in humans 499 
It has long been recognized that eye movements play important computational roles in visual 500 
processing (reviewed in 39,40). Periods in which an image is stabilized on the retina cause that image 501 
to fade from perception 41 and small fixational eye movements appear to counteract this fading 42,43. 502 
These eye movements can, however, produce large temporal fluctuations in contrast, particularly 503 
when viewing high-contrast objects. This would, in turn, produce fading phenomena in cells that 504 
strongly adapt, such as parasol ganglion cells—a prediction that was confirmed with our 505 
computational model (Figure 7).  506 
 507 
Neural mechanisms such as sensitization may serve to counteract adaptation by maintaining the 508 
sensitivity of certain visual pathways during eye movements. Indeed, our computational model and 509 
direct measurements indicated that contrast sensitization in the midget ganglion cell pathway was 510 
engaged well by background motion such as that observed during eye movements (Figure 7, 8). 511 
Thus, contrast sensitization might act to maintain sensitivity of image-forming visual pathways 512 
following eye movements that are commonplace in primate vision. Indeed, psychophysical studies in 513 
humans indicated that contrast sensitivity increases following both ballistic (saccade) and fixational 514 
eye movements 42,43. Moreover, this increase in sensitivity was limited to chromatic stimuli and high-515 
spatial-frequency achromatic stimuli, mirroring our results in midget ganglion cells. 516 
  517 
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METHODS 518 
Experiments were performed in an in vitro, pigment-epithelium attached preparation of the macaque 519 
monkey retina 44. Eyes were dissected from terminally anesthetized macaque monkeys of either sex 520 
(Macaca fascicularis, mulatta, and nemestrina) obtained through the Tissue Distribution Program of the 521 
National Primate Research Center at the University of Washington. All procedures were approved 522 
by the University of Washington Institutional Animal Care and Use Committee. 523 
 524 
Tissue Preparation and Electrophysiology    525 
The retina was continuously superfused with warmed (32-35°C) Ames’ medium (Sigma) at ~6-8 mL 526 
min–1. Recordings were performed from macular, mid-peripheral, or peripheral retina (2-8 mm, 10-527 
30° foveal eccentricity), but special emphasis was placed on recording from more centrally located 528 
cells. Physiological data were acquired at 10 kHz using a Multiclamp 700B amplifier (Molecular 529 
Devices), Bessel filtered at 3 kHz (900 CT, Frequency Devices), digitized using an ITC-18 analog-530 
digital board (HEKA Instruments), and acquired using the Symphony acquisition software package 531 
developed in Fred Rieke’s laboratory (http://symphony-das.github.io). 532 
     533 
Recordings were performed using borosilicate glass pipettes containing Ames medium for 534 
extracellular spike recording or, for whole-cell recording, a cesium-based internal solution containing 535 
(in mM): 105 CsCH3SO3, 10 TEA-Cl, 20 HEPES, 10 EGTA, 2 QX-314, 5 Mg-ATP, and 0.5 Tris-536 
GTP, pH ~7.3 with CsOH, ~280 mOsm. Series resistance (~3-9 MΩ) was compensated online by 537 
50%. The membrane potential was corrected offline for the approximately –11 mV liquid junction 538 
potential between the intracellular solution and the extracellular medium. Excitatory and inhibitory 539 
synaptic currents were isolated by holding midget ganglion cells at the reversal potentials for 540 
inhibition/chloride (~–70 mV) and excitation (0 mV), respectively. 541 
 542 
Visual Stimuli and Data Analysis   543 
Visual stimuli were generated using the Stage software package developed in the Rieke lab 544 
(http://stage-vss.github.io) and displayed on a digital light projector (Lightcrafter 4500; Texas 545 
Instruments) modified with custom LEDs with peak wavelengths of 405, 505 (or 475), and 640 nm. 546 
Stimuli were focused on the photoreceptor outer segments through a 10X microscope objective. 547 
Mean light levels were in the low to medium photopic regimes (~3 × 103 – 3.4 × 104 548 
photoisomerizations [R*] cone–1 sec–1). Contrast values for contrast-response flashes are given in 549 
Weber contrast and for periodic stimuli in Michaelson contrast. All responses were analyzed in 550 
MATLAB (R2018a+, Mathworks). 551 
 552 
For extracellular recordings, currents were wavelet filtered to remove slow drift and amplify spikes 553 
relative to the noise 45 and spikes were detected using either a custom k-means clustering algorithm 554 
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or by choosing a manual threshold. Whole-cell recordings were leak subtracted and responses were 555 
measured relative to the median membrane currents immediately preceding stimulus onset (0.25-0.5 556 
s window). Summary data are presented in terms of conductance (g), which is the ratio of the current 557 
response (I) to the driving force: 558 

 559 
where Vm is the holding potential (in mV) and E is the reversal potential (in mV). Reversal potentials 560 
of 0 mV and –70 mV were used for excitatory and inhibitory inputs, respectively. 561 
 562 
Sensitization and adaptation models 563 
We modeled spatiotemporal integration in bipolar cells and amacrine cells as the product of a 564 
Gaussian spatial filter and a biphasic temporal filter which was then passed through an input-output 565 
nonlinearity. The output of this nonlinear stage of the amacrine cell model was then passed through 566 
an adaptation stage; adaptation in the amacrine cell provided inhibitory input to the bipolar cell 567 
model prior to the output nonlinearity (Figure 6A). Following the subunit output, model midget 568 
ganglion cells and amacrine cells pooled (summed) inputs from bipolar cell subunits and the weights 569 
of these inputs were normalized by the subunit location relative to the receptive field center using a 570 
Gaussian weighting. 571 
 572 
To estimate the excitatory and inhibitory circuit components for the computational model, we 573 
recorded excitatory and inhibitory synaptic currents from midget ganglion cells in response to a full-574 
field Gaussian flicker stimulus. The contrast of each frame was drawn randomly from a Gaussian 575 
distribution and that value was multiplied by the average contrast. Average contrast was updated 576 
every 0.5 s and drawn from a uniform distribution (0.05-0.35 RMS contrast). The linear temporal 577 
filters (F) were calculated by cross-correlating the stimulus sequence (S) and the leak-subtracted 578 
response (R) 4. 579 

 580 
where τ is the temporal lag. These filters were then modeled as a damped oscillator with an S-shaped 581 
onset 46,47: 582 

 583 
where A is a scaling factor, τrise is the rising-phase time constant, τdecay is the damping time constant, 584 
τperiod is the oscillator period, and φ is the phase (in degrees).  585 
 586 
The input-output nonlinearity was calculated by convolving the temporal filter (F) and stimulus (S) 587 
to generate the linear prediction (P).  588 
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 589 
The prediction (x-axis) and response (y-axis) were modeled as a cumulative Gaussian distribution 48. 590 

 591 
where α indicates the maximal output value, ε is the vertical offset, β is the sensitivity of the output 592 
to the generator signal (input), and γ is the maintained input to the cell. 593 
 594 
The spatial component of the bipolar and amacrine cell receptive fields was modeled as a Gaussian 595 
function with a 2-SD width of 18 µm and 90 µm, respectively. Each midget ganglion cell was 596 
modeled as receiving input from a single bipolar cell, as is typically the case in the central retina. 597 
Sensitization parameters were determined by fitting linear-nonlinear model predictions relative to 598 
the excitatory currents recorded to the Gaussian flicker stimulus.  599 
 600 
The amacrine cell providing direct inhibition to the midget ganglion cells is likely distinct from the 601 
cell providing presynaptic inhibition at the level of the midget bipolar cell (see Figure 5). Thus, our 602 
inhibitory synaptic recordings likely did not grant us direct access to the properties of the amacrine 603 
cell responsible for contrast sensitization. These recordings do, however, provide an estimate of the 604 
time-course of signals passing through the presynaptic amacrine cell to midget bipolar cells. Signals 605 
passing through this amacrine cell proceed from cone photoreceptors to bipolar cells and then to 606 
the amacrine cell in question before providing input to the midget bipolar cell. In the same way, the 607 
amacrine cell providing direct inhibition to midget ganglion cells must pass through an extra 608 
synapse. Thus, our recordings of direct synaptic inhibition were useful in approximating the time 609 
course of presynaptic inhibition at the midget bipolar terminal. 610 
 611 
Evaluating model performance to naturalistic movies 612 
We evaluated the performance of the adaptation and sensitization models in reconstructing the 613 
naturalistic movie sequences using linear and quadratic decoding paradigms. To estimate stimulus 614 
contrast, the linear decoder (fLINEAR) summed the scaled outputs of the model On and Off midget 615 
ganglion cells: 616 

 617 
where aON and aOFF are scaling constants and k is an offset constant. The quadratic model was similar 618 
in structure except that the response from each pathways was squared prior to summation: 619 

 620 
For each of the 161 movies in the database, the input stimulus was shifted to the peak of the midget 621 
temporal filter (~35 ms) and then scaling and offset coefficients were determined using least-squares 622 
curve fitting. The Pearson correlation was then calculated between the temporal trajectories of the 623 
model and the movie. 624 
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 625 
Quantification and Statistical Analysis      626 
All statistical analyses were performed in MATLAB (R2018a+, Mathworks). Reported p values in 627 
this study were paired and were calculated using the Wilcoxon signed-rank test. Final figures were 628 
created in MATLAB, Igor Pro, and Adobe Illustrator. 629 
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FIGURE LEGENDS 752 
 753 
Figure 1. Parasol and midget cells exhibit opposing forms of plasticity.  754 
(A) Spike rate in an On parasol ganglion cell to a low spatial frequency drifting grating presented for 755 
five seconds (temporal frequency, 6 Hz; spatial frequency, 0.35 cycles degree–1). After the offset of 756 
high contrast, the spike rate declined below the level prior to grating onset (red dashed line). Right, 757 
zoom of transition period. 758 
(B) Same as (A) in a broad thorny (On-Off type) ganglion cell. 759 
(C) Same as (A) in an On midget ganglion cell to a high spatial frequency grating (3.5 cycles degree–1) 760 
(D) Spike responses from the same cell as in (C) to a low spatial frequency grating (0.35 cycles 761 
degree–1). 762 
(E) Change in spike rate for the period directly after grating offset relative to period prior to grating 763 
onset in parasol (left) and midget ganglion cells (right). 764 
 765 
Figure 2. Midget ganglion cells display contrast sensitization. 766 
(A) Spike responses from an Off parasol ganglion cell to a series of spots centered over the 767 
receptive-field. Spots were either presented alone (left) or 50 ms following the offset of an adapting 768 
stimulus (right). Shaded regions indicate sampling windows. Right, Average spike rate across the 769 
shaded regions. The wide-field adaptation evoked a decrease in the slope (gain) of the contrast-770 
response curve (black) relative to the unadapted control condition (red). 771 
(B) Same as (A) for an Off midget ganglion cell. Right, Average spike rate across the shaded regions. 772 
The wide-field adaptation evoked a leftward shift in the contrast-response curve (black) relative to 773 
the unadapted control condition (red). 774 
(C) Left, Population data showing the change in slope (gain) for the adapted condition relative to the 775 
unadapted condition in On (open circles) and Off (closed circles) parasol ganglion cells (n = 5). 776 
Right, Population data showing the x-axis shift for adapted relative to unadapted conditions for 777 
small-diameter test flashes in On (open circles) and Off (closed circles) midget cells (n = 14). Gray 778 
circle and bars indicate mean ± SEM. 779 
(D) Average spike rate evoked by wide-field test flashes for the Off midget cell in (B). 780 
(E) Population data showing the x-axis shift for adapted relative to unadapted conditions for wide-781 
field test flashes versus small-diameter test flashes in On (open circles) and Off (closed circles) 782 
midget cells. Gray circle and bars indicate mean ± SEM. 783 
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Figure 3. Time course of contrast sensitization and adaptation. 789 
(A) Change in spike rate for the adapted condition relative to unadapted control for adaptation 790 
periods (contrast, ±0.25-0.5; delay 0.05 s). Adaptation period was varied between 0.25-1.25 s (x-791 
axis). 792 
(B) Duration of contrast sensitization in midget ganglion cells. Test flashes (contrast, ±0.25-0.5) 793 
were presented at different delays (x-axis) following the offset of an adapting stimulus. Percent 794 
change in spike rate for the adapted condition relative to the unadapted condition is shown on the y-795 
axis. 796 
(C) Same as (B) for parasol ganglion cells.  797 
Error bars indicate mean ± SEM. 798 
 799 
Figure 4. Sensitization arises from an achromatic mechanism. 800 
(A) Spike responses from an Off midget ganglion cell to a chromatic (isoluminant) contrast series. 801 
Spots were either presented alone (left) or 50 msec following the offset of an achromatic adapting 802 
stimulus (right). Shaded regions indicate sampling windows. 803 
(B) Average spike rate across the shaded regions indicated in (A). Achromatic adaptation evoked a 804 
leftward shift in the contrast-response curve (black) relative to the unadapted control condition (red) 805 
for the chromatic test flash. 806 
(C) Same as (B) for a chromatic adapting stimulus. The chromatic adapting stimulus did not evoke 807 
change in the contrast-response curve relative to control. 808 
(D) Population data showing the x-axis shift for adapted relative to unadapted conditions for a 809 
chromatic adapting stimulus (x-axis) relative to an achromatic adapting stimulus (y-axis) in On (open 810 
circles) and Off (closed circles) midget cells. Gray circle and bars indicate mean ± SEM. 811 
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Figure 5. Sensitization present in excitatory synaptic input from midget bipolar cells. 826 
(A) Excitatory currents from an Off midget ganglion cell to a series of spots (diameter, 40-80 µm) 827 
centered over the receptive field. Spots were either presented alone (left) or 50 msec following the 828 
offset of an adapting stimulus (right; diameter, 730 µm). Shaded regions indicate sampling windows. 829 
(B) Average spike rate across the shaded regions indicated in (A). The wide-field adaptation evoked 830 
a leftward shift in the contrast-response curve (black) relative to the unadapted control condition 831 
(red). 832 
(C) Population data showing the x-axis shift for adapted relative to unadapted conditions for 833 
excitatory versus inhibitory synaptic currents in On (open circles) and Off (closed circles) midget 834 
cells. Mean values are shown in gray. Error bars indicate mean ± SEM. 835 
(D) Excitatory current recordings from the Off midget cell in (A) under the condition in which the 836 
stimulus intensity returned to the mean luminance after the offset of the adapting stimulus and an 837 
additional test flash was not presented (zero-contrast condition). A sustained increase in excitatory 838 
current was observed at the offset of that stimulus. 839 
(E) Proposed model for contrast sensitization in midget bipolar cells. 840 
 841 
Figure 6. Sensitization model reproduces experimental results. 842 
(A) Sensitization model structure. Visual inputs were convolved with a spatiotemporal linear filter 843 
comprised of a Gaussian in space and a biphasic filter in time. Signals in the amacrine cell pathway 844 
were then passed through an output nonlinearity before passing to the adaptation stage of the 845 
model. The output of the amacrine cell model provided inhibitory input to the midget bipolar cell 846 
pathway upstream of the bipolar cell output nonlinearity. 847 
(B) Inhibitory temporal filter (left) and input-output nonlinearity (right) determined from noise 848 
recordings. These filters were then used as components of the computational model (A). 849 
(C) Excitatory current recording from an Off midget ganglion cell to the wide-field adapting 850 
stimulus (see Figure 5). Model prediction (orange) was generated from excitatory synaptic current 851 
recordings to the noise stimulus in the same cell. 852 
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Figure 7. Sensitization increases fidelity of encoding natural movies. 863 
(A) Example image from the DOVES database. The observer’s eye trajectory is shown in red. 864 
(B) Top, temporal contrast sequence from the eye movement data in (A). Bottom, responses of the 865 
adaptation and sensitization models to the example contrast sequence. 866 
(C) Performance of the sensitization (x-axis) and adaptation (y-axis) models at reconstructing 161 867 
natural movies in the database. Performance was measured as the Pearson correlation between the 868 
stimulus and model predictions after adjusting for temporal lag. Performance for each movie is 869 
indicated by a black dot. Gray dot and bars indicate mean ± SD. The sensitization model 870 
outperformed the adaptation model for each of the movies. 871 
(D) Model performances as in (C), but restricted to periods of fixation. The sensitization model 872 
outperformed the adaptation model in each case. 873 
(E) Sensitization model performance for periods of fixation versus periods of eye motion. Predictive 874 
performance of the model was typically higher during periods of fixation. 875 
 876 
Figure 8. Background motion evokes contrast sensitization in midget cells. 877 
(A) Spike responses from an Off midget ganglion cell to a series of spots centered over the receptive 878 
field. Spots were either presented alone (left) or 50 msec following the offset of background motion 879 
(speed, 11 degrees s–1). Shaded regions indicate sampling windows. 880 
(B) Average spike rate across the shaded regions indicated in (A). The wide-field adaptation evoked 881 
a leftward shift in the contrast-response curve (black) relative to the unadapted control condition 882 
(red). 883 
(C) Horizontal shift (x-shift) in contrast-response function following background motion relative to 884 
control condition in which the background was stationary. Data are shown for On and Off midget 885 
ganglion cells (n = 10). Gray circle and bars indicate mean ± SEM. 886 
(D) Same as (A) for an Off parasol ganglion cell. 887 
(E) Same as (B) for the Off parasol cell in (D). The cell showed a decrease in spike output following 888 
the offset of background motion—the opposite pattern to that observed in the Off midget cell. 889 
(F) Change in gain in the contrast-response function following background motion relative to the 890 
control condition. On average, background motion elicited a decrease in gain of ~30% relative to 891 
the control condition in which the background was stationary (n = 6 cells). Gray circle and bars 892 
indicate mean ± SEM. 893 
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