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12

Abstract

13

The mind affects the body via central nervous system (CNS) control of the autonomic

14

nervous system (ANS). In humans, one striking illustration of the mind-body connection

15

is that illusions, subjectively perceived as bright, drive constriction of the eye’s pupil by

16

activating the sympathetic arm of the ANS. How the CNS is involved in this pupil response

17

is unknown and requires an animal model for intracerebral investigation of potential

18

regions, cell types, and neuronal projections. However, the physiological response to this

19

illusion has long been thought to occur only in humans. Here, we report that the same

20

brightness illusion that evokes pupil constriction in humans also does so in rats. Cortex-

21

wide EEG recordings revealed that, compared to a luminance-matched control stimulus,

22

the illusion (which appears subjectively brighter to humans) evoked a larger response

23

only in primary visual cortex (V1). This cortical response preceded pupil constriction by

24

~335 msec suggesting a potential causal role for V1 on the pupil. Our results establish a

25

new animal model of importance for studying how the CNS response involved in sensing

26

a brightness illusion drives a physiological reaction in the body. We provide objective

27

evidence that complex mind-body connections are not confined to humans and that V1

28

may be part of a shared, mammalian, neural network for bodily reactions to illusions.

29
30
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31

Introduction

32

Mental processes mediated by the central nervous system (CNS) can affect the body via

33

the autonomic nervous system (ANS). The mind-body connection is apparent from the

34

effects of psychological stress on immune and gastrointestinal function

35

effects on pain driven by a person’s beliefs 4. One fascinating mind-body connection is

36

that subjective illusions of brightness cause the eye’s pupil to constrict 5 due to the CNS

37

driving the sympathetic arm of the ANS which constricts the pupil 6. The brain regions,

38

cell types, and synaptic projections that mediate this mind-body interaction remain

39

completely unexplored because there is no animal model permitting intracerebral

40

(invasive) investigation. It has been assumed that an animal model is not possible

41

because this type of mind-body connection occurs only in humans.

42

In this study, we presented a brightness illusion (which humans subjectively perceive as

43

bright 5) to head-fixed rats while performing pupillometry and simultaneous brain-wide 32-

44

electrode EEG. We used the Asahi stimulus (Fig. 1), which was created by Prof. Akiyoshi

45

Kitaoka (Department of Psychology, Ritsumeikan University, Osaka, Japan) based on

46

luminance-gradient stimuli in earlier work 7. We show that the Asahi stimulus drives a

47

pupil constriction in rats. On the other hand, a luminance-matched control stimulus, which

48

does not evoke illusory brightness in humans, did not cause a pupil constriction in rats.

49

The Asahi stimulus also drove a larger cortex EEG event-related potential that was

50

confined to primary visual cortex and preceded pupil constriction. Our results show that

51

the rat is a viable animal model for studying how neural processing of illusions can affect

52

autonomic control of the body.

1–3

, and placebo
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53
54

Results

55

Fourteen, male, lister-hooded rats were head-fixed on a non-motorized treadmill and

56

passively exposed to visual stimuli. Rats were free to walk or sit immobile during the

57

experiment. We presented the Asahi stimulus (Figure 1), which humans perceive to have

58

a bright glare in the center 5. We also presented a luminance-matched control stimulus

59

(Figure 1) that due to rearrangement of the Asahi stimulus into a new structure, does not

60

evoke a brightness percept in humans 5. Although yellow stimuli (~580 nm wavelength)

61

were used in the human study 5, the spectral sensitivity of the rat retina is diminished

62

around 580 nm and lacking sensitivity over 590 nm, while it is very sensitive below 530

63

nm 8. Therefore, in addition to presenting the yellow stimuli from prior work in humans,

64

we also presented 508 nm (green) stimuli (Supplementary Figure 1). The stimuli were

65

various sizes (10º, 20º, 40º, and 60º) and presented by tiling the entire visual field with as

66

many stimuli as possible. An example of the 10º yellow Asahi stimulus and luminance-

67

matched control stimulus are shown in Supplementary Figure 2 and Supplementary

68

Figure 3, respectively.

69

Pupil size was measured using video frames collected at 45 frames per sec.

70

Environmental illumination was held constant throughout the experiment and across

71

subjects by collecting the data in closed faraday cages with total darkness except for the

72

stimulus screen. Each stimulus was presented 50 times in randomized order for 4 sec

73

with a 4 to 8 sec inter-stimulus interval drawn from a distribution with a flat hazard rate.

74

Between stimuli, we presented a grey screen that was equiluminant with the stimuli (15
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75

lux measured at the head of the rat). The inter-stimulus intervals allowed ample time for

76

the pupil to return to baseline and the flat hazard rate reduced expectation of stimulus

77

onset.

78
79
80
81
82
83
84

Figure 1. Illustrations of the Asahi stimulus and the luminance-matched control
stimulus. The Asahi stimulus is typically perceived by humans to have a brighter-thanwhite glare in the center. By rearranging the stimulus to have a different shape, this
brightness illusion is abolished. The screen shots show that the actual luminance at the
center of each stimulus is identical, despite appearing to be brighter in the center of the
Asahi stimulus.

85
86

The Asahi illusion evokes a pupil constriction in rats.

87

Given the spectral sensitivity of the rat retina, we tested the hypothesis that the green

88

Asahi illusion, but not the yellow version, would cause a pupil constriction in rats relative

89

to the luminance-matched control stimulus. Since stimulus onset time was difficult to

90

predict, we expected to observe a dilation of the pupil 9–11. However, this dilation may be
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counteracted by competitive drive from parasympathetic activation of the sphincter

92

pupillae muscle.

93

We observed a constriction of the pupil after onset of the 10º and 20º, green Asahi stimuli

94

(Figure 2). The magnitude of constriction was larger for the Asahi stimulus compared to

95

the control stimulus in those stimulus conditions. A Bayesian one-tailed t-test of the

96

hypothesis that the magnitude of constriction was larger for the Asahi stimulus was

97

strongly supported by these data (green, 20º stimuli: BF10 = 14.68; green, 10º stimuli:

98

BF10 = 6.36). The SEM of the constriction latency was 578.6±67.6 msec for the green 10º

99

Asahi stimulus and 575.4±61.8 msec for the green 20º Asahi stimulus.
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Figure 2. The Asahi stimulus evokes a pupil constriction in rats. (A, B) The SEM of
pupil size is plotted from 1 sec before stimulus onset until stimulus offset at 4 sec later.
Pupil size was normalized relative to the pre-stimulus pupil size using a z-score. The grey
line is the pupil size around the control stimulus and the colored line is relative to the
Asahi stimulus. Panel A shows the pupil response to yellow stimuli and panel B shows
the response to green stimuli. A constriction relative to baseline is apparent for 10º and
20º green stimuli (arrows). (C) The minimal pupil size (z-scored) in the first 750 msec after
stimulus onset is plotted for each stimulus. Dots are individual rats. In the yellow 60º, 40º,
and 20º conditions and the green 10º condition, only 13 rats are plotted due to data loss.
The right panel shows the effect size between the Asahi stimulus and the control stimulus.
The asterisks indicate support for the alternative hypothesis (BF10 > 3).

112

We consider it unlikely that fixation on local changes in contrast could explain the

113

observed pupil constriction. Fixation on local contrast changes is improbable because

114

rats do not have foveal vision 12 and the visual acuity of rats is lower than sharp changes
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in local contrast of the 10º and 20º stimuli 13,14. Moreover, the same black-to-white contrast

116

changes occur in the yellow and green stimuli, yet only the green Asahi stimuli were

117

associated with a pupil constriction. However, we additionally compared eye position

118

found that they did not differ between the two stimuli during the first 600 msec after

119

stimulus onset, which was the window during which the pupil constriction was observed.

120

Bayesian paired t-tests comparing the location of the center of the pupil between the

121

green Asahi stimulus and green luminance-matched control stimulus supported the null

122

hypothesis that location did not differ (x-position for 20º and 10º stimuli were BF10 = 0.34

123

and BF10 = 0.34, respectively; y-position for 20º and 10º stimuli were BF10 = 0.29 and

124

BF10 = 0.34, respectively). Moreover, saccades were rare and saccade rate did not differ

125

between stimulus conditions. The 20º and 10º Asahi stimuli had saccade rates of

126

0.597±0.062 and 0.859±0.083, whereas the 20º and 10º luminance-matched control

127

stimuli had saccade rates of 0.602±0.060 and 0.834±0.079 (SEM). The observed

128

saccade rates strongly supported the null hypothesis that mean saccade rate was similar

129

for the Asahi stimulus and the luminance-matched control stimulus for both the 20º stimuli

130

or the 10º stimuli (BF10 = 0.15 and 0.12, respectively).

131

The visual cortex responds to the Asahi stimulus in rats.

132

We next assessed whether the Asahi stimulus differentially engaged any cortical

133

regions(s) in comparison to the luminance-matched control stimulus. In 10 of the 14 rats,

134

we recorded EEG from anterior frontal cortex to visual cortex using a 32-electrode array

135

implanted directly onto the skull and aligned to bregma. We obtained event-related

136

potentials (ERPs) for each electrode in a window starting 750 msec before stimulus onset
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and lasting until 750 msec after stimulus onset. A topographical plot revealed that the

138

response was confined to posterior electrodes laying over visual cortex. The Asahi and

139

the control stimuli evoked a visual cortex response for both yellow and green stimuli of all

140

sizes (Supplementary Figure 4A,4B). A Bayesian one-sided t-test of the hypothesis that

141

the ERP peak was larger for the “brighter” stimulus (i.e., the Asahi stimulus) in comparison

142

to the control stimulus was supported in the case of the 10º green Asahi stimulus (BF10 =

143

5.67, Figure 3A, 3B). Notably, this the 10º green Asahi stimulus also evoked a pupil

144

constriction. The SEM of the ERP peak latency after stimulus onset was 244.1±8.0 msec

145

for the green 10º Asahi stimulus. A topographical plot of the ERP peak magnitude shows

146

that it was confined, not to all visual regions, but specifically to primary visual cortex (V1)

147

for the Asahi and the control stimuli (Figure 3C). These electrodes were located at 5.0

148

mm and 7.0 mm posterior to bregma with 3 electrodes (per hemisphere) at each posterior

149

location situated laterally from bregma at 1.5 mm (overlaying V2MM), 3.0 mm (overlaying

150

V2ML at the anterior electrode and V1M at the posterior electrode), and 4.4 mm

151

(overlaying V1 at the anterior electrode and V1B at the posterior electrode). The ERP was

152

largest over V1.

153
154
155
156

Figure 3. An Asahi stimulus that evoked pupil constriction also evoked a larger
event-related potential in visual cortex. (A) The SEM of the visual cortex EEG is plotted
from 750 msec before and until 750 msec after stimulus onset. The grey line is the ERP
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around the control stimulus and the colored line is relative to the green 10º Asahi stimulus.
(B) The maximal potential in the ERP is plotted for each stimulus. Dots are individual rats.
The inset shows the effect size between the Asahi stimulus and the control stimulus in
mV. The asterisk indicates support for the alternative hypothesis (BF10 > 3). (C) The
average ERP peak magnitude across 10 rats is shown on a scale of 0 mV (blue) to 0.06
mV (red). Electrode locations are shown relative to bregma at the origin.

163
164

Discussion

165

The effect of brightness illusions on autonomic control of the pupil are a powerful tool for

166

studying how parts of the CNS involved in higher mental functions can affect the body 5.

167

The neuronal correlates of this mind-body connection are unknown, and their discovery

168

requires an animal model that permits probing cell types and specific neuronal projections

169

using single cell recordings and optogenetic tagging of neurons by their projection target.

170

However, it has long been assumed that this capacity for brightness illusions to evoke

171

pupil constriction is limited to humans.

172

Here, using a novel combination of head-fixation, pupillometry and EEG recordings in

173

rats, we show that the pupil constricts after the same brightness illusion that causes pupil

174

constriction in humans. Our results establish the rat as an animal model for studying how

175

sensing a brightness illusion drives a physiological reaction in the body. Although there

176

was no behavioral report of perceived brightness by the rats, this paradigm allows

177

connecting changes in the body with a high-level mental process

178

processing of the sensory information present in the Asahi stimulus. The processing of

179

sensory information has been termed “sensing” and is distinct from “perception” which

180

can be thought of as imbuing an interpretation on sensory information, or awareness of

15

, in this case, the
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sensory information 16. Our findings link the mental process of sensing illusory brightness

182

to a change in body state (pupil size).

183

In support of this mental process interceding in the normal autonomic (and automatic)

184

control over the pupil, which is a very fast reflex mediated by a two-synapse retina-

185

brainstem-ANS loop

186

strongly delayed in comparison to the pupillary light reflex. The reflexive pupil constriction

187

to an actual increase in luminance requires approximately 250 msec after stimulus onset

188

for high intensity light and as much as 400 msec for very low intensity light 19–21. However,

189

the brightness illusion (10º green Asahi stimulus) required even longer to evoke

190

constriction (579 msec) than even very low intensity light. The delayed constriction may

191

be due to the time (additional synapses) required for this mental process to physiologically

192

intervene in the two-synapse ANS pupillary light reflex.

193

V1 may be a key node in a shared mammalian neural network for bodily reactions to

194

illusions

195

We found that V1 and, importantly no other cortical regions, responded to the brightness

196

illusion as though it were physically brighter than the control stimulus. Visual cortex was

197

likely to respond because illusions require the processing of the gestalt of a visual scene

198

22

199

and in mice

200

strongly to the brightness illusion. For instance, although frontal regions have been

201

implicated in the awareness and interpretation of stimuli 27 and can activate sympathetic

202

drive on the pupil via monosynaptic input to brainstem noradrenergic neurons

17,18

, we found that the pupil constriction to illusory brightness was

and such high-level visual processing relies on visual cortex in non-human primates
23–26

. Surprisingly, however, other cortical regions did not respond more

10,28–30

,
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frontal cortex was not particularly responsive to the brightness illusion. However, it is also

204

possible that the activity of small populations of neurons in frontal cortex (or other cortical

205

regions) is involved in the processing of the brightness illusion, but that their activity is not

206

apparent in the EEG signal.

207

Our data are consistent with the idea that V1 may be a potential cause of pupil

208

constriction, given that the V1 response preceded pupil constriction. The latency of the

209

maximal ERP after the 10º green Asahi stimulus was 244 msec, whereas the pupil did

210

not constrict until 579 msec after this stimulus. V1 may control the ANS via either an

211

unknown direct projection or via a poly-synaptic set of subcortical synapses. These

212

forebrain circuits must eventually modulate one or two brainstem synapses involved in

213

this basic reflex: either the retinal ganglion cell synapses onto the midbrain olivary

214

pretectal nucleus, or its synapses onto the preganglionic Edinger-Westphal nucleus that

215

activates the ciliary ganglion of the parasympathetic nervous system

216

imperative to test the role of V1 using optogenetic inhibition, as well as record activity in

217

projection-target defined V1 neurons (using opto-tagging) and in potentially involved sub-

218

cortical structures. These experiments are impossible in humans but are now permissible

219

using this rat model.

220

A new animal model of importance for studying mind-body interaction

221

By demonstrating that the same brightness illusion that drives pupil constriction in

222

humans also does so in rats, we show that this type of mind-body connection is present

223

at an earlier stage of evolution than previously thought. This finding establishes the first

224

animal model for studying how the CNS response involved in sensing a brightness illusion

17,18

. However, it is
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drives a pupil response, which can be used to uncover the physiological basis of this

226

mind-body interaction.

227
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Supplementary Figure 1. The green version of the 60º Asahi stimulus and control
stimulus.
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Supplementary Figure 2. The yellow version of the 10º Asahi stimulus.
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Supplementary Figure 3. The yellow version of the 10º control stimulus.
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Supplementary Figure 4. The ERP after each stimulus. (A, B) The SEM of the visual
cortex EEG is plotted from 750 msec before and until 750 msec after stimulus onset. The
grey line is the ERP around the control stimulus and the colored line is relative to the
Asahi stimulus. Panel A shows the ERP to yellow stimuli and panel B shows the ERP to
green stimuli. (C) The maximal potential in the ERP is plotted for each stimulus. Dots are
individual rats. Note that one of the ten rats was not recorded in the yellow stimuli
condition. The right panel shows the effect size between the Asahi stimulus and the
control stimulus. The asterisk indicates support for the alternative hypothesis (BF10 > 3).
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361

Male, Lister-Hooded rats (140 grams to 190 grams) were obtained from Charles River.

362

After a 7-day acclimation period, rats were implanted with a chamber and head-post and,

363

in some cases, an EEG array. After implantation, rats were single housed. Experiments

364

were carried out during the rats’ active phase (housing illumination from 7PM to 7AM). All

365

procedures were carried out with the prior approval of local authorities and in compliance

366

with the European Community Guidelines for the Care and Use of Laboratory Animals.

367

Surgical procedures.

368

The surgical procedure was identical to prior work

369

using isoflurane and head-fixed using ear bars. We administered buprenorphine (0.06

370

mg/kg, s.c.), meloxicam (2.0 mg/kg, s.c.), enrofloxacin (10.0 mg/kg, s.c.), and lidocaine

371

(0.5%, s.c. over skull) and waited 10 – 15 min (and for lack of response to paw pinch)

372

before beginning surgical procedures. An EEG array (Neuronexus, CM32) was laid onto

373

the cleaned and dried skull and fixed in place using dental cement (2-stage, powder/liquid

374

Paladur). A custom-made skull implant was used for head-fixation (machine shop, Max

375

Planck Institute for Biological Cybernetics). The implant was fixed onto the skull using

376

UV-curing primer and dental cement (Tetric Evoflow, Dental Bauer). A craniotomy was

377

made on the left occipital bone for a ground wire (99.9% pure silver). One end was

378

flattened using an industrial press into a ~1-2 mm wide rectangle, which then was twisted

379

into a roll to fit the craniotomy and inserted into the space between bone and dura. A

380

rolled shape was used to increase the potential surface area in contact with CSF. The

381

craniotomy was filled with viscous agar, which stabilized the wire and provided a

382

conductive medium between the ground wire and the CSF. The other end of the ground

31

. Briefly, the rat was anesthetized
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383

wire was soldered to the ground wire of the electrode interface board of the EEG array.

384

The wires and array were buried under dental cement (Paladur). The skin around the

385

implant was glued to the implant using tissue glue (Histoacryl, B. Braun). Post surgical

386

recovery lasted five days. During the first three days (surgery itself was counted as day

387

one), the rat was injected either every 12 hours with buprenorphine or every 24 hours

388

with meloxicam (same dosages as pre-operative). During the first five days, enrofloxacin

389

was injected every 24 hours (same dosage as pre-operative). A rehydrating, nutritious,

390

easily consumed, and palatable food was provided during recovery (DietGel Recovery,

391

Clear H2O).

392

Handling and habituation.

393

Rats were handled daily for at least five minutes per day from the day of arrival in housing

394

until the day of surgery, which was 7 days. Animals were neither food nor water restricted.

395

Habituation consisted of one session (~25 minutes) of head-fixation on a freely-rotating

396

treadmill in front of a computer screen. Rats were free to run or remain immobile and a

397

mixture of locomotor activity was observed.

398

Visual stimuli and stimulus presentation.

399

Stimuli consisted of the Asahi stimulus, the control stimulus, and a grey screen used

400

during the inter-stimulus interval. All stimuli were equiluminant (15 – 16 lux measured at

401

the head-post). Stimuli were presented 50 cm from the rat’s head. The resolution was

402

1280 pixels by 720 pixels. Stimuli were created in Adobe Illustrator with a canvas set to

403

match the screen resolution. These files were exported to JPEG at 72 ppi. The stimuli
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404

were presented using Psychtoolbox implemented in MATLAB. The stimuli were presented

405

at four visual angles (10º, 20º, 40º, and 60º) and in two colors (yellow, 580 nm, HEX:

406

#ffff00 and green, 508 nm, HEX: #00ff28). As many stimuli were placed on the screen as

407

possible, thus covering the entire visual field or most of it. Stimuli were presented for a

408

duration of 4 sec. The inter-stimulus intervals were drawn from a distribution with a flat

409

hazard rate that spanned 4 to 8 sec with a 0.5 sec resolution.

410

Pupillometry data acquisition and processing.

411

Videos were recorded at 45 frames per second from the rat’s right eye with near-infrared

412

illumination (Thor Labs LED, M850L3 and Thor Labs Collimation optics, COP4-B).

413

Frames were acquired using a near-infrared camera (Allied Vision, G-046B) and variable

414

zoom lens, fixed 3.3x zoom lens, and 0.25x zoom lens attachment (Polytec, 1-60135, 1-

415

62831, 6044). Acquisition occurred over a GigE connection (MATLAB image processing

416

toolbox). The camera provided a TTL pulse with each video frame. These TTL pulses

417

were recorded directly into the neurophysiology system (Neuralynx).

418

We used an in-house custom algorithm and computer code to extract pupil size from the

419

recorded video frames. The procedure is reviewed in detail in prior work 31. Briefly, images

420

were Gaussian blurred, converted into a binary image, and then subjected to edge

421

detection, closed contour detection, and fitting of ellipses to the closed contours. In cases

422

where the algorithm was not able to find an ellipse of an area bigger than predefined

423

minimal allowed area (or smaller than maximal, respectively), then the value of the pupil

424

in this frame was left blank. This was also applied to the frames which captured the animal
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blinking. Blank frames were linearly interpolated. The pupil detection algorithm was

426

implemented using the OpenCV package in Python 3.7.

427

The pupil size was normalized to a pre-stimulus baseline (1 sec duration) by calculating

428

a z-score. The z-score was calculated on each trial by subtracting the baseline mean from

429

each pupil size data point and then dividing this array by the standard deviation of the

430

baseline data points. The latency for pupil constriction was calculated as in prior work 20.

431

We first smoothed the pupil size with an 11 point, 2nd order Savitzky-Golay filter (sgolayfilt

432

in MATLAB). The signal was differentiated to obtain velocity and the velocity was lowpass

433

filtered at 6 Hz with a 2nd order Butterworth filter (filtfilt in MATLAB). This signal was then

434

differentiated to obtain acceleration and the latency to constrict was defined as the time

435

point with the largest negative acceleration.

436

EEG signal acquisition and analysis.

437

EEG signals were recorded using a flexible polyimide array with 32 platinum electrodes

438

(Neuronexus, H32). Signals were recorded against animal ground, pre-amplified at the

439

rat’s head (Neuralynx, HS-36), and then amplified and digitized at 32 kHz (Neuralynx,

440

Digital Lynx SX). The analysis focused on bilateral electrodes placed over frontal cortex

441

(locations relative to Bregma: 1.5 mm anterior, ±1.2 mm lateral; 3.6 mm anterior, ±1.2 mm

442

lateral) and visual cortex (locations relative to Bregma: 5.0 mm posterior, ±1.5 mm lateral;

443

5.0 mm posterior, ±3.0 mm lateral; 5.0 mm posterior, ±4.4 mm lateral; 7.0 mm posterior,

444

±1.5 mm lateral; 7.0 mm posterior, ±3.0 mm lateral; 7.0 mm posterior, ±4.4 mm lateral).

445

EEG signals were first low pass filtered at 5 Hz and then downsampled to 320 Hz. The

446

entire signal was mean subtracted. EEG topographical plots were produced using the
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MATLAB command, scatteredInterpolant with natural neighbor interpolation. The contour

448

plots (contourf function in MATLAB) used 50 levels.

449

Statistics.

450

We used estimation statistics and report effect sizes and the confidence intervals for

451

effect sizes (DABEST toolbox in MATLAB

452

assessing evidence (or lack thereof) for the null hypothesis and for the alternative

453

hypothesis 34. Bayesian statistics were calculated in JASP software.

454

32,33

). Bayesian statistics were used for

