Rat ‘stock market’ task reveals human-like behavioral biases
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Supplementary Methods
Pre-training & Shaping
Thirsty rats completed three stages of 30-minute pre-training sessions in the testing chambers to shape the nosepoke behavior. First, rats were trained to associate a simultaneous (‘gain’) tone-light cue at the reward magazine with delivery of 0.15 ml liquid reward (0.3% sodium saccharin w/v) (2 sessions). Rats were not required to nosepoke to earn reward in the first stage of pre-training. Thereafter, rats were shaped to nosepoke in any single pseudo-randomly lit nosepoke hole of the five-hole array in order to receive the cued reward (3 sessions). Finally, the animals were trained to complete a sequence of 2 nosepokes in the lit holes in order to receive the cued reward (17 sessions).
Stage 1
In two 30-minute sessions, rats were trained to associate a paired light and tone as conditioned stimuli of reward availability at the reward magazine (without nosepoking). Trial onset (unsignaled to the rat) was followed by a random delay (1, 6, 11, 16, 21, 26, 31 seconds), which was selected at the trial start without replacement. After the delay period, the light and tone were presented and 0.15 ml reward was made available for delivery at the reward spigot. The light and tone remained on until the reward delivery ended. Once the full 0.15 ml reward had been delivered, the trial ended once the rat ceased licking at the reward spigot. The end of a lick bout was operationally defined as an inter-lick interval greater than 300 msec. We imposed a minimum trial length of 7 seconds, and a new trial began after a 1-second inter-trial interval. 
Stage 2
Rats were then trained to nosepoke into a lit hole to earn reward. At trial onset, one hole of the 5-hole array was randomly selected (without replacement) and the discriminative stimulus was illuminated. After correctly nosepoking into the lit hole, the conditioned light-tone stimuli at the reward magazine immediately signaled reward availability (0.15 ml). The trial ended once licking at the reward spigot had ceased (or after the minimum trial length of 7 seconds), followed by a 1-second inter-trial interval. No error feedback was provided in the event that the rat nosepoked at one of the 4 remaining unlit holes, but the errors were recorded. If the rat failed to nosepoke into a lit hole after a randomly-selected time period (120, 180, 140 seconds), the conditioned stimulus was presented and a 0.15 ml reward was delivered. After three 30-minute sessions, all rats were nosepoking into lit holes with 90% accuracy or greater and advanced as a group to the next stage of training.
Stage 3
In the third stage, rats were trained to perform two sequential forced-choice nosepokes to earn reward where the first discriminative stimulus was a blinking nosepoke hole and the second discriminative stimulus was a lit (but not blinking) hole. Before trial onset, one of the three center holes of the 5-hole array (i.e. either hole 2, 3, or 4) was selected at random as the available forced-choice hole. The start of a trial was signaled by the onset of a blinking (2 Hz) LED as the first discriminative stimulus within the available hole. Once the rat nosepoked into the blinking hole (first reponse), the LED light was immediately extinguished for 2 seconds. After the 2-second pause, either the previously lit hole, or one of the immediately adjacent holes on either side of the previously lit hole, was randomly selected and illuminated (not blinking). For example, if the first nosepoke response was made in hole 4, then hole 3, 4, or 5 would be randomly selected as the available hole for the second response. Alternatively, if hole 2 was available for response 1, then either hole 1, 2, or 3 would be available on the second response. After the rat nosepoked into the lit non-blinking hole (second response), the LED was extinguished and the conditioned light-tone stimuli at the reward magazine immediately signaled the availability of 0.15 ml reward. The trial ended once the rat ceased licking at the reward spigot (or after the minimum trial duration of 7 seconds), and a new trial began after a 1-second inter-trial interval. As before, erroneous nosepokes into unlit or unblinking holes (at either the first or second response in the sequence, or during the 2-second inter-poke pause) were recorded but no error feedback was given. Training continued until all rats achieved 90% accuracy or greater (17 sessions).


Supplementary Analyses

Trading vs. holding
When a rat chose to hold a selected stock instead of a trade option, it received a dividend payout. Dividends were calculated as a percentage of the rats’ current holdings of the selected stock. The percentage paid was sufficiently small that the expected value of a hold option was on average distinctly lower than that of either a buy or a sell option. The average reward earned per trial second was analyzed using a repeated-measures ANOVA with Option (3 levels: Buy, Hold and Sell) as the within-subject variable. We found that the proportion of trials on which each option was selected had a highly significant effect on rate of reward, F(2,46) = 48.30, ηp2 = .68, p < .001. Both trading options were nearly 50% more profitable than the hold option (p < .001 for both contrasts), with the hold option averaging 1.73 μl/trial sec, and the buy and sell options averaging 2.69 μl/trial sec and 2.84 μl/trial sec, respectively. Neither buying more nor selling more resulted in significantly greater payoff rates than the other (MDifference = 0.14 μl/trial sec, p = .33). 
The transaction cost of trading within the task
Within the operant boxes, the spatial location of the buy and sell options on either side of the hold option may have added a temporal/effort disadvantage to trading. However, this increased cost can be viewed as the ‘transaction cost’ of trading, similar to those incurred by traders in real markets. To quantify the ‘transaction cost’ of trading vs. holding, we analyzed the inter-poke interval (IPI) between the stock selection nosepoke and the option selection nosepoke. On average, we found that the IPI was shorter on hold trials (M = 2.42 sec, SEM = 0.05 sec) compared to buy (M = 2.76 sec, SEM = 0.06 sec) and sell (M = 2.66 sec, SEM = 0.07 sec) trials. A repeated measures ANOVA with Option (3 levels: buy, hold, and sell) as a within-subjects factor revealed that there was a significant main effect of Option on IPI, F(2,46) = 7.81, ηp2 = .25, Greenhouse-Geisser adjusted p < .01. Planned contrasts determined that this effect was primarily due to the significant differences between hold trials vs. both buy (p < .001) and sell (p < .01) trials. We found no significant difference between buy and sell IPI’s. Thus, while the added cost of trading compared to holding may be small (MDifference = 285.5 msec), it is nonetheless significant. Given that the 2 sec pause allows ample time to move between spatial locations, it may also be possible that this difference represents deliberation time. Although the task design does not allow us to conclude this with certainty, supporting evidence lies in the discrepancy between IPI after a gain (M = 2.49 sec, SEM = 0.08) vs. after a loss (M = 2.79, SEM = 0.11). A 2-way repeated-measures ANOVA of IPI with Previous Outcome and Current Option indicated that both Previous Outcome (F(1,23) = 4.54, ηp2 = .17, p < .05) and Current Option (F(2,46) = 6.06, ηp2 = .21, Greenhouse-Geisser adjusted p = .01) had significant main effects on IPI. The interaction term was not significant (F(2,46) = 1.50, p = .23). Therefore, rats take longer to deliberate between options on trials preceded by a loss, and this effect is independent of option choice. 
The effect of hole location on stock choice
The location of the nosepoke hole within the center three holes of the 5-hole array was randomly assigned at the beginning of each session. Location did appear to have an impact on stock choice. Rats were more likely to choose Stock 1 when it was associated with hole 4 (b = 1.18, t = 6.03, p < .001) but not hole 3 (b = 0.13, p > .05), and Stock 2 when it was located in hole 3 (b = 0.29, t = 3.99, p < .001) but not hole 4 (b = 0.36, p > .05. Given that the preferred hole location switched between stocks, this result suggests that rats tended not to perseverate in any one particular hole across sessions (see Fig S4 for subject-wise graphs). 
The effect of perseveration on stock choice
We added perseveration choice as a predictor in order to quantify the effect of repeating a stock choice on free choice trials. We found that rats were more likely to perseverate than switch to a similar degree in both stocks 1 (b = 0.13, t = 2.18, p < .05) and 2 (b = 0.13, t = 2.16, p < .05). This behavior indicates that rats tended to develop a preference for a particular stock within a session (see Fig S3 for subject-wise graphs). 
The effect of blink rate on stock choice
In order to determine whether rats might choose stocks based on the current blink rate (rather than change in blink rate), we included the chosen blink rate (Hz) as a predictor in the model. Interestingly, our results indicate that rats were more likely to choose stock 1 (but not stock 2) at significantly lower blink rates relative to stock 3 (b = -0.54, t = -5.69, p < .001). Given this significant effect, we can rule out a large effect of the potential strategy in which rats always chose the stock associated with either the slowest or the highest blink rate (see Fig S5 for subject-wise graphs).
Rats exhibit the disposition effect
As often observed in human studies, we found that individual subjects exhibited a range of disposition effect strengths, calculated as the proportion of gains realized (PGR) minus the proportion of losses realized (PLR), or PGR - PLR. Mean disposition effect sizes ranged from -.09 to .23 (M = .04, SEM  = .02), with higher positive values indicating stronger tendencies towards holding losses too long and selling gains too quickly. PGR and PLR were not correlated within subjects (S1b Fig). This effect was not significantly correlated with greater average volumes of reward per trial second (Pearson’s r = .10, p = .65). There were also no correlations between disposition effect strength and subjects’ average proportion of sales per session (Pearson’s r = .13, p = .53) or overall proportion of trades (vs. holds) per session (Pearson’s r = .30, p = .15). 
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S1 Fig: Measures of suboptimal behavior. (A) On average, rats earned almost twice as much reward per trial second when selecting a trade option (buy or sell) as compared to a hold option. (B) The proportion of gains realized (PGR) and the proportion of losses realized (PLR) were not significantly correlated within individual subjects (Pearson’s r = .33, p = .12). Error bars represent 95% CI’s. 
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S2 Fig: Option choice by blink rate (Hz) change in each stock. Within the task, rats had an option of three different stocks on free-choice trials. Overall, rats showed stable responses to changes in blink rate (i.e. changes in price) at each of the three stocks. Rats chose the hold option at no change or at  0.5 Hz significantly more than the buy or sell option in all three stocks. Rats began to trade more (buy or sell) as the change in blink rate exceeded 0.15 Hz. Rats demonstrated some variability in option choice at large negative changes in blink rate between stocks, although the overall pattern remained the same.
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S3 Fig: Individual choice of stock by session. Each rat’s (N=24) proportion of stock choice was inspected for biases over the course of the analyzed sessions.
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S4 Fig: Individual choice of hole location by session. Most rats did not show an individual bias towards a specific hole during choice of a stock on free-choice trials across sessions. Notable exceptions are rats 213 and 216, who demonstrated a preference for hole 2 and hole 4, respectively. Given the majority of rats do not show such a bias, we were satisfied that rats’ average responses in the task did not reflect a simple heuristic (e.g. repeating a pattern of returning to the same hole on every trial).
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S5 Fig: Average difference in blink rate of chosen hole relative to unchosen holes per individual rat. Some rats (e.g. 124 and 208) demonstrated a significant preference for choosing stocks that increased in price (faster blink rates), while others (e.g. 211 and 218) preferred stocks with decreasing prices (slower blink rates). Most rats showed no preference for stocks based purely on blink rate, suggesting that rats might have been (correctly) choosing based on changes in blink rate from one trial to the next.
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S6 Fig: Mean rate of reward per subject by cohort. Each rat (N = 24) was assigned to a cohort of 4 ‘trading’ partners, with a total of 6 cohorts in all. On average, rats received about 0.002 ml of liquid reward per trial sec. Cohort 4 exceeded the average, mainly due to a top-performer (blue circle) rather than the other three members of the cohort (red, green and orange circles). By contrast, all of the members of cohort 2 underperformed relative to average.
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S7a-e Figs: Example sessions. Cohorts of four rats chose to ‘buy’ (+), hold (o), or sell (-) one of three stocks (S1, S2, and S3) over the course of a single 45-minute session. Blink rate for all three stocks started at 2 Hz. Resulting changes in blink rate (Hz, solid lines) from rat’s responses can be seen to go up, down, or remain stable across trials and sessions. Reward (ml) received in each stock can be seen in colored squares along the bottom of the graph. The black dotted line represents the reference point (RP) of 0.15 ml.  


image5.png
Mean % Chosen

123 124 125 126 Hole Location
Loox of Stock Choice

75%

0%

25%

o

128 129 130
100%

75%
0%

25%

o

207 208 209 210
100%

75%
0%

25%

o

211 212
100%

75%
0%

25%

o

215 216 217 218
100%

75%

50% <5

25% 8
0%

219 220 221 222
100%

75%
0%

25%

0% .
1234567 1234567 1234567 1234567

Session




image6.png
© < N < o
o o o o o

(uasoydun - uasoy)d)
(ZH) 21ey >jullg ul DU Ued

222
221
220
219
218
217
216
215
214
213
212
211
210
209
208
207
130
129
128
127
126
125
124
123

-0.4

Subject




image7.png
eeo o o ©

e o000 N

° « <

o 00 o o

XX X ~

o0 [ ] i

<t o™ o~ — o
g 8 & & 8

(29s [ew 1ad )
piemay jo a1ey

Cohort




image8.png
Blink Rate (Hz)

Cohort: 5

Session: 1

Responses
=0=0=(D000 |(DO0==00D= G==0{ID (ONHKD=0CD QIO QIIGE=C0-CO O O0-0 0000000 |0 900 =  GC00 O COD000E0==0 Of O 00 O @ 0o= © o Rat 1
OO ===} (== QNG HED===R00 000D PH-=-HCO- I PO-SEOGHOM =0} Y=t OO0 4O =00 HHO== 0| 0=+ Rat2
o=+ =4O0®D =H{-H==000= =D =040 O§9=@=0 OWDj=} ==D=O={O00=O=0 >t COCOHO G004+ O O= OO0 + OfOH 4++0400| O= 00 ++ Rat3
0=} == 0=0===0-0 O}=0 OfefO=mm}=O =H=00RO=} O+  + OIOH-O00=0m = uemiCO =00 O Omem B0 40=000= O= W=fO = + =0-RO00F 4= Rat 4
0.8

m/_r" ~— A
A A A ~——~———— 0.6
—. .
L] g S —
L]

04 B

2

QO

L] - . L] a_

'u : -"1.- = ny "L g - o mnom " oa, g L] 1 02 =

o e L BT R e P v e, SR A B 0 £ TS, R By e 3

[ ] o - L LI, - | Em m [} ~

L] L] L]
L] L] L]
A = - 0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
Session Time
——S1 Price (Hz) ——— 82 Price (Hz) ~———83 Price (Hz)
= S1 Reward (ml) = 82 Reward (ml) S3 Reward (ml)
+ Buy trial 0 Hold trial = Sell trial




image9.png
Blink Rate (Hz)

Cohort: 5

Session: 7
Responses
j0-0 =O=0-0-4=G1) QD=1 G>-CO0D COWOOID0D = GIOOGK O O=H  GOGIDC00 GO0 +OTO+0 | OB > 000 00— QDO +0 040 400! 000 0 0 O Rat 1
|- OB GIGHMD =00~ - =D} OO PO ~WHBIP = =DGH O DHAD= O <)== O0=0= «0-0- 4=0-Q ===0W =440 = == Rat2
= =0 OIOOHB-D-0==(D=-0-0=@=+O=Off=}{==0 =GIO0 +C0=0GI04-0-OF-+ (0 OH= O (<D QNOO =04=}0O O=GO= OO® O ++® @oj0 @ | Rat3
000D 00 =-0==GHEHO0- B 00 WIOPCO=0-O=I0==0~0-COHC0 =000} =0==0=OCO=0=4 00U O =0 =GO O= =00 000 O+ =qID-0=00 040 =coo| Rat4
0.8
N —
— N — 0.6
S
04 B
L] E
L
L] ﬁl ; il " = L] (o}
[T T e i ¥ Sy e eeG | e l_' n_Em [ an, m, m® L] " 2 —_
E.eb&.....rﬂn.fm.h*ﬂﬁutﬂnr. P S o ey it e a1 02 T
- Ll I....*. - l ‘ - L] L] LI = .. am .'l " J L] - L] L} ~
- 0
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
Session Time
——S1 Price (Hz) ——— 82 Price (Hz) ~———83 Price (Hz)
= S1 Reward (ml) = 82 Reward (ml) S3 Reward (ml)
+ Buy trial 0 Hold trial = Sell trial




image10.png
Blink Rate (Hz)

Cohort: 3

Session: 1
Responses
o———{CO} ~00=0 0= ® (O G={=0=0}=f3 =00 000 (OO=}=O=}==CD0= =00 0 00 (O=00-0 = 00O =000 0000 000 + D o0F ==« Rat 1
oF-HDHI-0M  OHKAD-COOMOH=O+ H=0 CO4=0 G0 4= 4==HO4=-(0 == =0 HH 00 GO GO 40}=0 OO O+00 =0 CO+==++ Rat2
|=000000=j0~00-HO=|AOOHD-}00=0 =D 46{0 =0+ + 9000} 00 0{00=00{40+O}=0 OAID--0ID00-+O =0 =0=C0 -+ =0+ GDOCO OfOF +0=0 +000+0 O+ + O Rat3
HOWO=Gl- -HeGl= = 0= JOICD}=- 50 0D =GD=Om== -|-GO=-{3= =000 We=-{=0=00 ==0 O =00 = =Om_O}-4-HO=}O=-H-0 00 O WO} O O ==+ O +4OF0+ OO0= Rat 4
0.8

Dy

04 2
2
QO
» - L] - L] -y - L] a.
Batlesatn wit BRI s L fnioof ; L3 S TR 02 3
I; - L] 'f " L] " u " | ] L] L] ~

m = I. [ [ [ L . 0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
Session Time
——S1 Price (Hz) ——— 82 Price (Hz) ~———83 Price (Hz)
= S1 Reward (ml) = 82 Reward (ml) S3 Reward (ml)

+ Buy trial 0 Hold trial = Sell trial




image11.png
Blink Rate (Hz)

Cohort: 3

Session: 4
Responses
[o=)0= = —==00-—0 0OCOD00-CUD- MIO=f= =  ==0=000® ===00 =00 O-OEIDAW-O= O O+ | 0OWO= ®OGWOO= = + Rat 1
HO-HGH- GHO0-0=H0B=i= G050 +HRIEDGD O HGK)  IIONHOGHOO O=+=0=CO) 400==0 0000} O=HP==40  40=P +H = 0 +40{00+04H=- O Rat2
Hemjo 4O = =0 fermemOnf HOHOIMH- =0 O==G}-}-00==0 CO==0}- -H}3=0D O O H=0 0000 00=0+00 P00 ==} + =00)0=== OOWO==(=C0===0 WO O +H O Rat3
=00~ 00 Gl GIOF=P= = O==BOHP== jeGHe=f- | == == =0 0= =000 +0}0 +=0 00 0O = =}0=0+ -HO HOHO+0 = 0 | Rat4
0.8
0.6
04 B
2
L] L] L] » L] L] (V)
m = L . " a_
3 .ll l|1-- 3 " "u . pm ® - 02 ~—
-FJ’ ----- e N TP e P a e i'a. et Pt e :'-'I. ...... ' 3
wu L] ;. L] n, . | ] = - r , LI I L] I. ~
- LD L]
[ ] L Y [ ] -a
| s . . 0

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

Session Time
——S1 Price (Hz) ——— 82 Price (Hz) ~———83 Price (Hz)

= S1 Reward (ml) = 82 Reward (ml) S3 Reward (ml)

+ Buy trial 0 Hold trial = Sell trial




image12.png
Blink Rate (Hz)

Cohort: 3

Session: 7

Responses
JoGD=0=00=000-0-0 +== 000=00-0===(D = O==== 0 = ==000=0 00O 00 0[00 O 0000 C00 O 0G0 O}0000= |O= 00 00 400 OO go o0 o Rat1
B0 =Gt 0= O4=Gi- OH-HD | O GGk -BR-H-+=00H=I0 Hp 0-OHO O =40} + +=0 00 OO+ O 0+ OFO Q@O H=hH=| +=0+ Rat2
00 0010-0-01-00 =00 H=100} 400A=H-C0}=O0+® (00=0+ 0040 ++{0=00=00 ++ +0 H=+ 400 = ® O O=WD4=0=} OO + -0 | Rat3
oo O LB O = @0 e (O M «O--OHe M= == <00 =00 0==00 + 0 Om==f = = 00 Rat 4

0.8

V\-r S MLy
0.6
04 D
L] E
L] L] L] 2
- L] H . o
n w [ IR . e, o g " . =
" -rﬂ'=-.'.- L ."'-| P I S S .'.. P R it ey e 02 3
L] L] =L = L]
= = = 0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
Session Time
——S1 Price (Hz) ——— 82 Price (Hz) ~———83 Price (Hz)
= S1 Reward (ml) = 82 Reward (ml) S3 Reward (ml)

+ Buy trial 0 Hold trial = Sell trial




image1.emf









image2.emf









image3.png
Mean % Chosen

8

Option

100% 1 Buy
I Hold
50% = I Sell
0%

100%

l
2018

50%

0%

100%
50%
0%

-3 -2 -.1 .00 .10 .20 .30
Change in Blink Rate (Hz)




image4.png
% Chosen

1234567

123 4567 1234567

Session

1234567




