
www.sciencedirect.com

c o r t e x 1 1 4 ( 2 0 1 9 ) 1 0 2e1 1 4
Available online at
ScienceDirect

Journal homepage: www.elsevier.com/locate/cortex
Special issue: Research report
Working memory representation of empty sets in
the primate parietal and prefrontal cortices
Araceli Ramirez-Cardenas and Andreas Nieder*

Animal Physiology, Institute of Neurobiology, University Tübingen, Germany
a r t i c l e i n f o

Article history:

Received 9 January 2018

Reviewed 07 April 2018

Revised 17 September 2018

Accepted 26 February 2019

Published online 19 March 2019

Keywords:

Numerosity

Empty-sets

Working-memory

Prefrontal

Parietal

Rhesus monkey
* Corresponding author. Human Brain Resea
E-mail address: andreas.nieder@uni-tueb

https://doi.org/10.1016/j.cortex.2019.02.028
0010-9452/© 2019 Elsevier Ltd. All rights rese
a b s t r a c t

For the brain, representing empty sets as a precursor to zero is a challenge because it

requires the active coding of a quantitative category that, by definition, contains no items.

Recent neurophysiological recordings show that empty sets are distinctively encoded by

neurons in the primate ventral intraparietal area (VIP) and the prefrontal cortex (PFC).

However, how empty sets are represented in working memory is unknown. We simulta-

neously recorded from VIP and PFC while rhesus monkeys performed a delayed numer-

osity matching task that required the maintenance of numerosities in memory for a brief

period. Countable numerosities (1e4) and empty sets (‘numerosity 0’) were included as

stimuli. Single neurons in PFC, and to a lesser extent neurons in VIP, actively encoded

empty sets during the delay period. In both cortical areas, empty sets were progressively

differentiated from countable numerosities with time during the ongoing trial. Moreover,

the tuning of neuron populations in VIP and PFC shifted dynamically towards empty sets so

that they became increasingly overrepresented in working memory. Compared to VIP, the

prefrontal representation of empty sets was more stable in time and more independent of

low level visual features. Moreover, PFC activity correlated better with behavioral perfor-

mance in empty set trials. These findings suggest that the representation of null quantity

in working memory relies more on prefrontal and less on parietal processing. Overall, our

results show that empty sets are dynamically and distinctly represented in working

memory.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The number of items in a set, its numerosity, is an abstract

feature of collections. The countable numerosities 1 and larger

correspond to real “things” which can be enumerated. Empty

sets, however, are sets with no items than could be enumer-

ated. Realizing that an empty set, numerosity zero, is still a set
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is cognitive demanding because it requires abstract thinking

that is detached from empirical experience (Nieder, 2016a).

Only humans grasp the symbolic concept of number zero,

which is a latecommer in humanhistory (Boyer, 1944; Dantzig,

1954) and development (Merritt & Brannon, 2013; Wellman &

Miller, 1986). Nevertheless, animals such as monkeys are

able to represent the nonsymbolic precursors of zero, the
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empty set (Biro & Matsuzawa, 2001; Merritt, Rugani, &

Brannon, 2009; Ramirez-Cardenas, Moskaleva, & Nieder,

2016). Nonhuman primates therefore offer a window of

opportunity to explore the neurophysiological realization of

empty sets as a precursor to zero in relation to countable

numerosities.

Accumulating evidence reveals that a parieto-frontal

network has a crucial role in the representation of countable

numerosities. Numerosity-selective neurons found in the

ventral intraparietal area (VIP) and the dorsolateral prefrontal

cortex (PFC) of primates are considered as the neuronal

correlate for the capacity to represent quantity (Nieder,

2016b). Numerosity-selective neurons are tuned to preferred

numerosities which elicit highest discharge rates (Nieder,

2012; Nieder, Freedman, & Miller, 2002; Sawamura, Shima, &

Tanji, 2002). Relative to the preferred numerosity, selective

neurons show a progressive decline of activity with numerical

distance, indicating that they can discriminate between

numerically distant numerosities more easily than between

adjacent ones. This mirrors the behavioral ‘numerical distance

effect’, the finding that the greater the magnitude difference

between two numerosities, the more easily they can be

discriminated (Buckley & Gillman, 1974; Merten & Nieder,

2009). The neuronal distance effect is therefore a key feature

expected for neurons that encode quantitative information

(Nieder & Miller, 2003).

We have recently recorded from monkeys performing a

numerosity matching task including empty sets and count-

able numerosities (Ramirez-Cardenas et al., 2016). During

presentation of visual stimuli, a parieto-frontal network is

involved in the encoding of empty sets as conveying a quan-

titative null value. At the putative input to the number

network, neurons in the ventral intraparietal area (VIP) did not

exhibit a strong distance effect and encoded empty sets as a

category distinct from all other numerosities. A similar finding

for VIP neurons has been reported in one monkey trained to

perform numerical operations on visual dots (Okuyama, Kuki,

& Mushiake, 2015). Thus, VIP neurons still signal the cate-

gorical presence versus absence of items during sensory

input, but not yet empty sets as quantitative magnitude. In

this respect, the parietal representation of empty sets differs

from that of countable numerosities.

Higher up the cortical hierarchy, however, PFC neurons

represented empty sets in a more graded fashion (Ramirez-

Cardenas et al., 2016). PFC neurons responded more simi-

larly to numerosity 1 than to larger numerosities, thereby

exhibiting a numerical distance effect. Moreover, prefrontal

neurons represented empty sets abstractly and irrespective of

stimulus variations. Compared to VIP, the activity of numer-

osity neurons in PFC also predicted better the successful or

erroneous behavioral outcome of empty-set trials. These re-

sults suggest a hierarchy in the processing from VIP to PFC,

along which empty sets are progressively detached from

visual properties and gradually positioned in a numerical

continuum.

While these data provided insights into the sensory coding

of empty sets during stimulus presentation, the working

memory representations of empty sets are unknown. The

delayedmatch-to-numerosity task we trained themonkeys to

perform contained a delay period that required them to keep
numerosities in working memory. In the current paper, we

therefore analyzed the sustained neuronal responses during

the delay period in area VIP and PFC of behaving rhesus

macaques.
2. Methods

2.1. Subjects & surgical procedures

Two adult rhesus monkeys were implanted with 2 recording

chambers each, centered over the principal sulcus in the

dorsolateral prefrontal cortex and the VIP in the posterior

parietal cortex. The posterior and ventral parts of area 46 of

the prefrontal principal sulcus receive direct input from pa-

rietal VIP (Lewis & Van Essen, 2000); no attempts have been

made to differentiate between sub-regions of the prefrontal

sulcal region. All procedures were performed in accordance

with the guidelines for animal experimentation required by

authorities (Regierungspr€asidium Tübingen, Germany).

2.2. Behavioral protocol

Monkeys were trained in a delayed-match-to-sample

numerosity discrimination task involving as stimuli sets of

black dots (0e4) against a gray background (Fig. 1A). In order to

start a trial, monkeys were required to grab a bar and keep eye

fixation. Then, a green square or circle background appeared

on the screen during a 500 msec ‘fixation period’. After

achieving eye fixation for 500 msec, a sample numerosity was

displayed in the center of the screen for 500msec. The sample

stimulus consisting of a gray background containing 0 to 4

dots. This sample period was followed by a 1-sec-delay

showing a green background in which the numerosity should

be maintained in working memory. Subsequently, a first test

stimulus (test 1) was shown for 500 msec and monkeys were

expected to release the bar during the presentation of the test

stimulus if it matched the sample stimulus in quantity. That

happened in half of the trials, referred as ‘match trials’. If the

monkey failed to release the bar to the test1-stimulus in

‘match-trials’, a red screen was flashed as negative feedback

and no reward was delivered. In the other half of the trials, a

300 msec delay (delay 2) showing a green background was

followed by a second test stimulus (test 2; 500 msec duration)

which always matched sample number. The monkeys were

required to release the bar during presentation of the test2-

stimulus in these non-match trials.

2.3. Stimuli

Stimuli were shown in the center of an LCD screen 57 cm in

front of the monkey's eyes. Numerosity stimuli consisting of

multiple-dot patterns against a gray background (diameter of

5.7� visual angle) were created using custom-written Matlab

software.

Two stimulus protocols were introduced to control low-

level visual features. In standard trials, dot location and

diameter were varied pseudo-randomly. In control trials, total

dot area, dot density and total stimulus luminance were kept

constant across countable numerosities (see Fig. 1B).
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Fig. 1 e Behavioral task, stimuli, recording sites and

neuronal information about numerosity. (A) Task.Monkeys

werepresentedwitha samplenumerosity ranging from0 to

4 for 500 msec. Monkeys had to keep the sample

numerosity inmemory for a 1-sec delay period andmatch it

to a subsequent test stimulus (either the first or the second

test stimulus) by releasing a lever. (B) Example stimuli for

the different conditions. Empty sets (zero) and countable

numerosities 1 to 4 (factor ‘numerosity’) were shown in

standard and control protocols (factor ‘protocol’) on a

circular or square background (factor ‘shape’). (C) Recording

sites. Lateral view and coronal section of the right

hemisphere of a monkey indicating cortical landmarks,

reconstructed from a structural MRI scan. The red region on

the frontal lobe and blue region in the fundus of the IPS

mark the recording sites in PFC and VIP, respectively. ips,

intraparietal sulcus; ls, lateral sulcus; sts, superior temporal

sulcus. (D) PEV (u2) for numerosity in the whole population

of VIP and PFC neurons. Mean percentage of firing rate

inter-trial variance across neurons explained by the main

factor sample numerosity during a trial.
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Background luminance was systematically varied across and

between protocols to control total stimulus luminance. To test

how invariant the neuronal representation of empty sets is to

image-like features, both stimulus protocols were shown

either with a circular or a square background. Therefore,

we included a total of 20 specific conditions (5 sample

numerosities � 2 types of protocol � 2 background shapes).

New stimuli sets were generated for each session using Mat-

lab routines. To prevent the monkeys from memorizing the

visual patterns of the displays, each quantity was tested with

different images per session, and the sample and test displays

were never identical in one trial.

2.4. Neurophysiological recordings

In each session, arrays of glass-coated tungsten microelec-

trodes (Alpha Omega Ltd., Israel) were inserted in each
recording chamber using a grid (Crist Instruments, USA) with

1-mm spacing. A maximum of 8 microelectrodes were used

per cortical area in one session and we tried to keep the

recording sites constant over sessions. Neurons were selected

at random, as no attempt was made to preselect neurons ac-

cording to response properties. Only stable and well isolated

neurons were recorded. A MAP Plexon system was used for

signal acquisition, amplification, filtering and digitalization.

Waveform separation was performed off-line (Plexon

Systems, USA) using principal components and other char-

acteristics of the waveforms.

Neurons with a minimum average firing rate of 1 Hz and at

least 3 stimulus repetitions per specific condition were

considered for further analysis. We corroborated that our

main results hold true when we increase the number of

required repetitions to 5 repetitions. No attempts were made

to determine the visual response fields of the neurons. In a

previous publication, we analyzed responses to the sample

period of the dataset (Ramirez-Cardenas, et al., 2016). In the

current publication, we revisit the identical dataset but focus

on the working memory period, i.e., the delay period.

2.5. Analytical methods

Epoch defined selectivity and tuning curves. Neuronal activity in

response to numerosities during the delay epoch was evalu-

ated in the 1 sec window between delay-onset and delay-

offset. We run a 3-way ANOVA with factors number (5 sam-

ple numerosities), protocol (standard and control) and shape

(circle and square) to determine selectivity and evaluated the

significance for each factor at p < .01. To create single-neuron

tuning curves, we first calculated per neuron the average trial

firing rate for each sample numerosity (0e4) and then we

normalized those mean firing rates (across numerosity

classes) from 0 to 1. Finally, to obtain population tuning curves

(Fig. 3A,C), we averaged the single-neuron tuning curves of

neurons with the same preferred numerosity.

2.5.1. Error analysis
We compared firing rates in error and correct trials in empty

set neurons with at least three non-correct trials per relevant

numerical category. Only empty-set neurons with at least 3

error trials per compared stimulus category were considered

in the firing rate error analysis. Furthermore, to evaluate the

behavioral relevance of numerosity selective neurons

regardless their number preference, we calculated u2 PEV for

numerosity (percentage of explained variance) in sliding

windows (200 msec kernel, 20 msec step) in correct and error

trials. In this case, we only included those numerosity selec-

tive neurons recorded during at least two error trials per

numerical category. AWilcoxon-signed-rank testwas used for

statistical comparison of firing rates and PEV in correct and

error trials.

2.5.2. Time-defined definition of numerosity selectivity
We used u2 PEV (percentage of explained variance) to assess

the influence of different factors on trial firing rates. u2 was

calculated for each neuron in a sliding window (200 msec

kernel, 20 msec step) from a 3-way ANOVA with main

factors number, protocol and shape. Twenty five balanced

https://doi.org/10.1016/j.cortex.2019.02.028
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Fig. 2 e Single-neuron selectivity to numerosities 0 to 4. (A& B, D& E) Examples of single neurons with numerosity selective

responses in the delay period. (A& B) Example numerosity selective neurons in VIP. Top panel shows dot-raster histograms

(each dot represents an action potential); bottom panel depicts averaged spike density functions (activity averaged in a

sliding 150 msec window). The first 500 msec represent the fixation period, followed by the sample (500 msec) and delay

(1 sec) periods. Inset in spike density plot shows the tuning function (i.e., discharge rates as a function of the number of

presented items) during the delay period. (D & E) Example numerosity selective neurons in PFC. (C & F) Single neuron

selectivity for main ANOVA factors in VIP and PFC neuronal populations. Venn Diagrams depict the distribution of

selectivity for the 3 main ANOVA factors (sample numerosity, protocol and shape) in VIP (Fig. 2C) and PFC (Fig. 2F)

single-neuron populations during the delay period.
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permutations were run and averaged to define a reference u2

value. For each neuron and factor, a permutation test was

used to assess the significance of this value per time bin (1000

shuffles, evaluated at .01). A ‘numerosity selective response’ was

defined as at least 3 consecutive bins which were significant

for main factor number and not any other factor or in-

teractions. The stringency of our criteria was confirmed by the

low incidence of numerosity selective responses, so defined,

during fixation in both prefrontal and parietal neurons (<1% of

responses in the sample period, with the same duration).

Responses are classified as sample and delay responses

according to their timing.
2.5.3. Characterization of the tuning profile of empty-set
preferring neurons
We fitted the tuning curve of each empty-set preferring

neuronwith a generalized linearmodel (GLM) that contained a

linear combination of two regressor functions: a decreasing

linear function (graded tuning) and a step-like function

(categorical tuning). The graded tuning profilewasmodeled by

a linear decreasing function:

frðnÞ ¼ �a*nþ b;

While the categorical tuning profile was modeled by a step

function:

https://doi.org/10.1016/j.cortex.2019.02.028
https://doi.org/10.1016/j.cortex.2019.02.028


Fig. 3 e Neuronal tuning during correct and error trials. (A & C) Population tuning curves obtained by averaging the

normalized tuning curves of VIP and PFC single neurons with the same preferred stimulus in the delay period. Error bars

indicate the SEM. (B & D) Proportions of neurons in VIP and PFC responding maximally to different sample numerosities

during the delay period. (E & G) Behavioral relevance of VIP and PFC empty set preferring neurons in empty-set trials

(preferred stimulus) and in countable-numerosity trials (least preferred stimulus). The firing rates during the delay period

are compared in correct (black) and erroneous trials (red). [**p < .01, *p < .05]. (F & H) Behavioral relevance of VIP and PFC

numerosity selective neurons. PEV (u2) for numerosity (from a 3-factor ANOVA) in correct (black) and error trials (red) during

the sample (500e1000 msec) and delay periods (1000e2000 msec).
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frðnÞ ¼
�
frð0Þ; if n ¼ 0

b; if n � 0

We defined the best parameters (a and b in equations) of

such functions for each tuning curve by fitting (least squares

fit). Then, we applied the GLM and obtained b coefficients for

each regressor. These coefficients correspond to the weight

assigned to each regressor (linear or step-like function) in the

GLM and therefore reflect to what extent a particular tuning

curve can be described as the corresponding category (graded

or categorical tuning, respectively). We used ManneWhitney

U test to compare values between different cortical areas

and Wilcoxon signed rank test to compare different epochs.

2.5.4. Cross-correlation coefficients between subsequent time-
defined tuning curves
Time-defined tuning functions were obtained per neuron in a

sliding window of 200 msec with a step of 20 msec and

normalized (from 0 to 1). Cross-correlation coefficients (CCs)

between subsequent pairs of normalized time-defined tuning

curves were then calculated. For a fair comparison between

cortical areas we corrected CCs with respect to baseline
values, which were higher in PFC neurons than in VIP

neurons. For each neuron, the mean CC during the fixation

period was subtracted from the time-defined values. Then,

time bin values in the relevant epochs (sample and delay)

were averaged per neuron. The bar plot in Fig. 4C represents

themean corrected CCs over neurons in VIP and PFC.We used

ManneWhitney U test to compare values between different

cortical areas.

2.5.5. Mean cumulative numerical shift
The preferred numerosity of time-defined tuning curves

(200 msec sliding window with a 20 msec step) was identified

and the difference between consecutive preferred numer-

osities was calculated for each neuron. Then these differences

(numerical shift) were cumulatively summed per neuron.

Fig. 4D shows the mean in cumulative numerical shift over

parietal (blue line) and prefrontal (red line) neurons.

2.5.6. Decoding analysis
In each cortical area, we created a preference balanced

pseudo-population of 150 neurons. We used a multi-class

linear support vector machine (SVM) classifier (Chang & Lin,

2011). The ‘one-versus-one’ classification method was

https://doi.org/10.1016/j.cortex.2019.02.028
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Fig. 4 e Tuning differences between VIP and PFC and their

temporal evolution during the trial. (A) Categorical and

graded tuning profiles for empty set preferring responses.

Prototypical categorical (top) and continuous (bottom)

empty-set tuning functions. (B) Fitting of empty set

preferring tuning curves: The tuning curves of empty-set

preferring responses were fitted with a GLM containing as

regressors a step-like function and a monotonically

decreasing linear function. Bars represent the mean b

values assigned to each of these regressor in VIP (blue) and

PFC neurons (red), during the sample and delay periods.

Error bars indicate the SEM. Significance was tested with a

ManneWhitney U-test. [***p < .001, **p < .01, *p < .05]. (C)

Correlation coefficient of time defined tuning curves. For

each neuron, we obtained cross-correlation coefficients

between subsequent pairs of time-defined tuning curves

(200 msec sliding window, 20 msec step). After correcting

CCs with respect to baseline values (See methods) we

calculated mean CCs over neurons in VIP and PFC. Error

bars indicate the SEM. Significance was tested with a

ManneWhitney U-test. (D) Mean accumulated numerical
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deployed when dealing with five classes (0e4). Ten-fold cross-

validation was performed using the ‘leave-one-group-out’

paradigm. The whole procedure was repeated 50 times after

random resampling. We report the mean performance and

standard deviation over resamples. To test the generalization

across different conditions (Fig. 5H), we run the classification

procedure in both directions of training and testing (for

example, from circles to squares and vice versa) and report the

average in the main text. To test the stability of the neural

representation of numerosity we also run the classification

procedure using different trial epochs for training and testing

(for example, we trained the classifier with firing rates from

the sample epoch and tested with activity from the delay

period, and vice versa).
3. Results

We trained two monkeys in a delayed-match-to-sample task

to discriminate visual numerosities 0 (i.e., empty sets) to 4 (see

Fig. 1A). Low level and image-like visual features of the

numerosity displays were controlled by introducing two pro-

tocol conditions (standard or control) and two shapes for the

background (circle or square) (see Fig. 1B). After sample pre-

sentation, the monkeys were required to hold the displayed

numerosity in memory for a 1 sec delay. They subsequently

had to compare and match this memorized numerosity to a

test stimulus. Using the sample period, we have previously

shown that the monkeys treat empty sets as conveying a null

numerical value; the detailed behavioral results have been

reported in (Ramirez-Cardenas et al., 2016). This was evi-

denced by a ‘distance effect’ in the pattern of errors they

made. Specifically, empty sets were erroneously matched to

numerosity 1 more frequently than to numerosity 2. In the

same study (Ramirez-Cardenas et al., 2016), we showed that

neurons in the ventral intraparietal area (VIP) inside the

intraparietal sulcus (IPS), as well as the dorsolateral prefrontal

cortex (PFC) encoded numerosity, including empty sets, dur-

ing the sample presentation period. In this paper, we therefore

focus on the representation of numerosities 0 to 4 during the

working memory period following sample presentation.

3.1. VIP and PFC single neurons represent empty sets
during working memory

We recorded 861 single neurons from VIP, and 476 neurons in

the PFC while the monkeys performed the task (Fig. 1C). In

order to quantify the strength with which different stimulus

factors are encoded by neuronal firing rates in time, we

calculated the percentage of explained variance, specifically
shift. For each neuron the preferred numerosity of time-

defined tuning curves was identified and the difference

between consecutive preferred numerosities was

calculated. Then these differences were cumulatively

summed per neuron. The average in cumulative numerical

shift over parietal and prefrontal neurons are shown in

blue and red, respectively.

https://doi.org/10.1016/j.cortex.2019.02.028
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Fig. 5 e Decoding numerosities 0 to 4 using a statistical classifier. (A & B) General SVM Classifier accuracy performance

during the delay period. Confusionmatrices from the decoding performance of VIP and PFC classifiers in the memory period

(delay). Numerosity was decoded from the spiking activity of parietal and prefrontal neuronal populations. The performance
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Table 1 e Neuronal selectivity for the different task factors
(3-factor ANOVA on delay-phase firing rates evaluated at
p ≤ .01).

ANOVA Factor VIP (n ¼ 861) PFC (n ¼ 476)

Number 19.4% (167) 42.7% (203)

Number only 8.7% (75) 18.1% (86)

Protocol 6.6% (57) 12.6% (60)

Shape 19.6% (169) 23.1% (110)

Number & Protocol 2% (17) 6.3% (30)

Number & Shape 3.4% (29) 11.6% (55)

Protocol & Shape .8% (7) 3.6% (17)

c o r t e x 1 1 4 ( 2 0 1 9 ) 1 0 2e1 1 4 109
omega squared (PEV, u2), from a sliding three-way-ANOVA

(with main factors number, shape and protocol; 200 msec

window, 20 msec step, 25 permutations) for each neuron in

both cortical areas. Fig. 1D shows the mean u2 for factor

sample numerosity across neurons in the whole population of

parietal and prefrontal neurons. After the fixation period,

number information is higher in PFC than in VIP.

Accordingly, in both cortical areas the activity of many

neurons during the delay period was influenced by the

numerosity that was shown in the previous sample period.

Four example neurons that discriminated numerosity during

the delay period are shown in Fig. 2. Fig. 2A shows a neuron

from VIP that exhibited maximum discharge to empty sets

during thememory delay; empty sets (“numerosity 0”) was the

preferred numerosity. In contrast, the VIP cell in Fig. 2B

responded least to empty sets. Similarly, empty sets caused

the strongest (Fig. 2D) or weakest response (Fig. 2E) in PFC

neurons.

The selectivity of all neurons was tested with a three-way

ANOVA (with main factors number, shape and protocol),

evaluated at p < .01. In the working memory phase (delay

period), a proportion of VIP neurons (19.4%, 167/861) and PFC

neurons (42.7%, 203/476) was significantly modulated by the

numerosity previously presented as sample (Table 1). Fig. 2C,F

depict the distribution of delay selectivity for the three main

factors of single neurons in VIP and PFC, respectively.

Among the population of selective neurons in the delay

period, we identified 75 VIP and 86 PFC neurons with a sig-

nificant main effect for factor ‘number’ and no significantly

modulated by any other main factor or factor interactions;

these cells were called ‘exclusive number selective neurons’. To

obtain population tuning functions, we normalized and

averaged the tuning curves of exclusive selective neurons

with the same preferred numerosity. In both VIP and PFC the

population tuning curves for empty sets and countable

numerosities exhibit a gradual decrease in the level of activity

as the distance from preferred numerosity increases (‘dis-

tance-effect’) (Fig. 3A,C). This suggests that at the population

level empty sets are correctly ordered in the context of other

numerosities according to their null quantitative value.

We defined the preferred numerosity of each exclusive

selective neuron as the stimulus that elicited the highest

average firing rate. Fig. 3B,D shows the distribution of
curves for each true numerosity class are shown at the top of the

which the true class was labeled as other stimuli. (C & D) VIP an

sample and delay periods. In the right side of each plot the curv

true empty sets were labeled as different numerosities (sensitiv

depict how frequently trials labeled as empty sets corresponde

Discriminability of different numerosities in the SVM classifier p

others (AUROC, chance level .5) during the delay period in the S

with AUROC values. (G) Transfer in the encoding of numerosity

numerosity discriminability (AUROC, chance level .5) when a SV

delay activity (left), and vice versa (right) in VIP (blue) and PFC (

re-samples. (H) Generalization discriminability performance for

average discriminability of empty sets (AUROC, chance level .5)

different protocols (blue) or different background shapes (yellow

training and testing were performed on a dataset including tria

deviation over re-samples.
preferred numerosities in VIP and PFC during the working

memory epoch. Empty sets are the most frequently preferred

stimulus in both VIP and PFC during the delay period (VIP 41/

75, 54.7% and PFC 30/95, 34.9%). Compared to the sample

phase, these proportions suggest an increase in the number of

exclusive number-selective neurons preferring empty sets in

the delay period, however this tendency does not reach sta-

tistical significance (increase of 14.7% in VIP, X2 3.12, p ¼ .07;

and increase of 4% in PFC, X2 .0131, p ¼ .9, from sample to

delay) [for data on the sample phase, please see Ramirez-

Cardenas et al. (2016)]. Hereafter, neurons preferring empty

sets will be referred to as ‘empty set neurons’ in this paper.

3.2. Behavior is correlated with the activity of PFC empty
set neurons in the delay period

To explore the behavioral relevance of exclusive empty set

neurons in either VIP or PFC forworkingmemory,we analyzed

delay activity in error trials and compared it to responses in

correct trials. Particularly, we explored whether the firing rate

of these neurons correlated with successful completion of the

task. Only empty-set neurons with at least 3 error trials per

compared stimulus category were considered in the analysis

(n ¼ 13 in PFC and n ¼ 10 in VIP). If the responses of these

neurons to empty sets (their preferred stimulus, i.e., eliciting

maximal responses) were relevant for trial outcomes, lower

firing rates would be expected in failed empty set trials. This

was the case in prefrontal (Fig. 3G) but not parietal empty set

neurons (Fig. 3E) (PFC: 13.96 ± 4.8 Hz versus 8.11 ± 2.65 Hz, for

correct and error trials, p < .01, Wilcoxon signed-rank test,
confusion matrices. Each curve depicts the frequency with

d PFC classifier accuracy performance for empty sets in the

es (blue for sample and red for delay) show how frequently

ity) by the classifier. In the left side of each plot the curves

d indeed to different numerosities (specificity). (E & F)

erformance. Discriminability of each numerosity versus all

VM classifier performance. Discriminability was evaluated

between the sample and delay epochs. The bar plot depicts

M classifier is trained on the sample activity and tested on

red). Error bars indicate the standard deviation over

empty sets in VIP and PFC classifiers. The bars depict the

when training and testing were implemented in trials from

). The black bars depict the base performance, when both

ls from all conditions. Error bars indicate the standard
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n ¼ 13; VIP: 8.08 ± 2.04 Hz versus 5.9 ± 1.88 Hz, for correct and

error trials, p > .05, Wilcoxon signed-rank test, n ¼ 10). This

result suggests that only the working memory activity of

empty set neurons in PFC is relevant for the outcome of trials

in which an empty set was presented as sample.

Next, we asked if the delay activity of empty-set neurons

also correlatedwith the performance in countable numerosity

trials. In correct trials, countable numerosities were encoded

with low firing rates by empty set neurons. If this low activity

was relevant for performance, higher firing rates to the non-

preferred numerosities of empty set neurons might lead to

errors. Therefore, we compared the firing rates of empty set

neurons to their least preferred stimulus (a countable

numerosity) in correct and error trials. During the delay

period, PFC empty set neurons showed significantly lower

firing rates in correct than in error trials involving their least

preferred numerosity (Fig. 3G) (8.03 ± 1.65 Hz vs 9.41 ± 1.89 Hz,

for correct and error trials, p < .05, n ¼ 48, Wilcoxon signed-

rank test). Again, this did not hold true for parietal empty

set neurons (Fig. 3E) (5.85 ± .58 Hz versus 6.06 ± .58 Hz, for

correct and error trials, p > .05, n ¼ 81, Wilcoxon signed-rank

test). Both results combined indicate that only the activity of

PFC empty set neurons affected the outcome of countable

numerosity trials. Overall, the activity of PFC empty set neu-

rons during the memory epoch is more robustly correlated

with success or failure in completing the task.

Finally, to explore how the temporal profile of VIP and PFC

number-selective neuronal activity contributes to the suc-

cessful completion of the task we compared the dynamics of

u2 (percentage of explained variance) for numerosity in cor-

rect and error trials. This measure indicates how much of the

firing rate variability across trials is driven by the numerosity

presented as sample in different moments of the trial. In this

case, we included neurons with at least 2 error trials per

numerosity category which are numerosity selective during

either the sample or the delay period (regardless their tuning

preference). Fig. 3F,H shows how u2 differs during correct and

error trials in parietal and prefrontal neurons. In PFC (Fig. 3H),

u2 is significantly lower in error trials during stimulus pre-

sentation (Sample .046 ± .001 vs .03 ± .001, p ¼ .041; Delay

.03 ± .003 vs .02 ± .007, p¼ .056, n¼ 34). In contrast, u2 does not

differ significantly in VIP (Fig. 3F) during either the sample or

the delay period (Sample .033 ± .007 vs .040 ± .014, p ¼ .98;

Delay .019 ± .003 vs .023 ± .011, p ¼ .74, n ¼ 21).

3.3. Empty sets are represented more categorically in
working memory

To study the temporal dynamics of selectivity and tuning in

the course of a whole trial we calculated firing rates and

different analysis measures from sliding time windows

(200msec duration, 20msec step). First, we identified the start

and end times of numerosity selective responses in each neuron

of the whole population using u2 (percentage of explained

variance) as parameter. We then investigated how the tuning

profile of empty set preferring responses changes in time.

Single neuron examples in Fig. 2 reveal that the tuning of

empty-set preferring responses is more categorical late in the

trial. Namely, during the delay period all stimuli containing

dots (countable numerosities) elicit similar levels of activity,
which contrasts with the response to empty sets. This ‘cate-

gorical’ tuning can be depicted by a step-like function and

entails a ‘something versus nothing’ representation of the

stimulus range (Fig. 4A, top). In contrast, in a ‘continuous’

tuning profile the level of activity decreases as the distance

from preferred numerosity increases (Fig. 4A, bottom). Single

neuron examples suggested that this type of tuning is more

prominent in the sample period than in the delay period.

Following the approach used by (Engel, Chaisangmongkon,

Freedman, & Wang, 2015), we fitted the tuning curve of each

empty set responsewith a generalized linearmodel (GLM) that

contained a linear combination of two regressor functions: a

step-like function and a monotonically decreasing linear

function (See Methods, Fig. 4B). b values correspond to the

weight assigned to each regressor in the GLM and therefore

reflect to what extent a particular tuning curve can be

described as the corresponding category. From sample to

delay, b values assigned to the step-function significantly

increased while those assigned to the linear function

decreased in both cortical areas (VIP: step function .51 ± .04 vs

.6 ± .02, p < .05; linear function .42 ± .03 vs .3 ± .02, p < .01. PFC:

step function .47 ± .04 vs .65 ± .03, p < .001; linear function

.48 ± .04 vs .32 ± .03, p < .01, for sample and delay, respectively,

ManneWhitney U-test). Our results suggest that empty sets

are represented more categorically in memory than during

perceptual encoding.

3.4. A dynamic shift in population tuning toward empty
sets

Neurons in the association cortices show flexibility and can

change tuningpreferences as a function of trial phases (Eiselt&

Nieder, 2016). To quantify how general numerosity tuning

changed throughout a trial, we derived time-defined tuning

curves (sliding window of 200 msec width, 20 msec step) in

neurons with exclusive numerosity selective responses in the

delay period. Then, the tuning-curve cross-correlation for each

neuron (Diester & Nieder, 2008) between subsequent pairs of

tuning curves was calculated. This method quantifies the

extent to which the shape of tuning curves changes from one

time bin to another. High cross-correlation values (maximum

1) indicate similarity between the compared tuning functions,

while lower values mark a change in neuronal tuning. Cross-

correlation values are higher during the delay period in PFC

than inVIP (PFC .05± .003 n¼ 179 vsVIP .04± .005n¼ 145,mean

CC baseline-corrected values over neurons ± sem; p < .05,

ManneWhitney U-test) (See Methods, Fig. 4C). This finding

suggests that during the memory period numerosity tuning is

more stable in prefrontal than in parietal neurons.

Besides the shape of tuning curves, preferred stimulus is

an important factor to consider when studying the tuning of

neuronal responses. Therefore, we also tracked changes in the

neurons' number preference. We first identified, per delay

selective neuron, the preferred numerosity of time-defined

tuning functions and calculated the difference between

consecutive pairs of preferred numerosities (numerical shift).

Negative values indicate a preference shift towards smaller

numerosities while positive values mark a preference shift

towards larger numerosities. These differences between sub-

sequent preferred numbers were cumulatively summed for

https://doi.org/10.1016/j.cortex.2019.02.028
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each neuron during the delay period. A decreasing cumulative

shift over time indicates that numerical preference consis-

tently changed in the direction of empty sets. Fig. 4D shows

themean cumulative numerical shift in the parietal (blue line)

and prefrontal (red line) neuronal populations. We concluded

that at the population level, stimulus preference progressively

changes towards empty sets in VIP and PFC during the 1-sec

period after the stimulus disappears, in the memory period.

However, the dynamics of this change differs in VIP and PFC.

The parietal cortex exhibits a progressive tendency toward

empty sets along the whole delay period. Contrastingly, in PFC

the negative shift evolves fast and is prominent in the first half

of the delay period but stops afterwards. Overall, by the end of

the delay period the change in preference towards empty sets

is pronounced in the parietal cortex (Fig. 4D, �.52 VIP, n ¼ 145;

�.40 PFC, n ¼ 179).

3.5. Decoding numerosity from working memory spiking
activity

We used a decoding approach to assess how much informa-

tion about numerosity is contained in VIP and PFC neuronal

activity in the course of a trial. A support vector machine

(SVM) classifier was trained to discriminate numerosity on the

firing rates of either parietal or prefrontal neurons. For a fair

comparison, we assembled pseudo-populations with similar

numbers of neurons and balanced tuning preferences. We

first trained the classifiers to discriminate each numerosity (5

classes, chance performance 20%). In the delay phase, classi-

fication accuracywas higher in PFC than in VIP throughout the

delay period (VIP accuracy 42.7% ± 7.2%; PFC accuracy

60.7% ± 7.3%, mean ± SD over resamples, training and testing

in the same time bin) (Fig. 5A,B). In both cortical areas, the

sensibility and specificity to identify empty sets increased

from the sample to the delay period (Sensibility: VIP from

73.5% to 78.7%; Specificity: VIP from 77.3% to 87.2%). Perfor-

mance confusion matrices showed that the tuning profile for

empty sets became more categorical than graded (Fig. 5C,D)

from sample to the delay, especially in VIP (Fig. 5E,F).

We further evaluated the ability of the classifier to

discriminate each numerosity from all others using the area

under the ROC-curve (AUROC, chance level .5) as measure

(Fig. 5E,F). According to the ‘numerical size effect’, we would

expect a graded decrease of discriminability with increasing

numerosity. In comparison to the sample period, this pattern

is less obvious during the delay period, predominantly in VIP.

This reflects, again, a more categorical representation of the

empty set in contrast to countable numerosities (‘something

vs nothing’) at the population level.

To estimate to which extent the encoding of numerosity

transfers between the sample and delay epochs, we trained

the classifier on spiking activity elicited in one period and

tested on the activity from other period (cross-training per-

formance). When the classifiers were trained on sample ac-

tivity and tested on delay activity numerosity discriminability

(AUROC, chance level .5) in PFCwas superior to VIP (.56 ± .05 in

VIP vs .64 ± .05 in PFC,mean ± SD over resamples, Fig. 5G). This

result indicates that number encoding in the memory period

can be better predicted from the previous activity during

sample presentation at the prefrontal level. Vice versa, when
training was performed on delay activity and testing on

sample activity, number discriminability was also better in

PFC than in VIP (.55 ± .05 in VIP vs .63 ± .05 in PFC, mean ± SD

over resamples). Taken together, these findings suggest that

the sensory and memory encoding of numerosity are more

similar in PFC than in VIP, offering evidence that the

prefrontal representation of number is more stable.

3.6. The representation of empty sets in VIP relies more
on low level visual features than in PFC during the memory
period

Finally, we investigated how invariant the representation of

empty sets to low level and visual features inworkingmemory

is. For that purpose we performed generalization tests across

conditions. For example, we trained a classifier on neural ac-

tivity in standard trials and test it on activity from control

trials, and vice versa. We also tested generalization across

shape conditions (circle and square) (Fig. 5H). A decrease in

performance when the training and test conditions differ

evidences that stimulus discrimination relies on stimuli low

level and image-like visual features. The discrimination per-

formance of the prefrontal classifier was robustly preserved in

generalization tests in the working memory period (from .998

to .993 ± .01 in protocol and .984 ± .02 in shape generalization

tests for empty sets). In contrast to PFC, discriminability of

empty sets in VIP decreased in shape generalization tests

(accuracy dropped from .97 ± .04 to .89 ± .04, mean ± SD) and

protocol generalization tests (accuracy dropped from .97 ± .04

to .9 ± .04, mean ± SD) (Fig. 5H). These results suggest that

even during the working memory period, the parietal repre-

sentation of empty sets relies more on low level visual

features of the previously presented stimulus.
4. Discussion & conclusions

In the current study, we report that the representation for

empty sets in working memory are also encoded by sustained

activity in PFC and VIP, two areas considered at the core of the

approximate number system (Nieder, 2016b). It is widely

accepted that neurons showing selective sustained (or

persistent) activity across temporal gaps keep task-relevant

information ‘on line’ during working memory (Fuster &

Alexander, 1971; Goldman-Rakic, 1987; Kubota & Niki, 1971),

and that, working memory for numerical information relies

on the interplay between prefrontal and parietal cortical re-

gions (Jacob & Nieder, 2014). In the following, we compare the

characteristics of delay cells in VIP and PFC and evaluate their

putative behavioral relevance.

4.1. Sample versus delay activity to empty sets

The task design allows us to compare numerosity selectivity

during the encoding (sample phase) and the memorization

(delay phase) of the number of dots. In both VIP and PFC, a

higher percentage of neurons preferred empty sets in the

delay period with respect to sample presentation. This in-

dicates a stronger encoding of empty sets in the memory

period than in the encoding stage of the task.
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During the sample or encoding stage of empty sets, VIP

neurons were found to be more categorically tuned than PFC

neurons, which showed a more gradual tuning function in

agreement with the observed behavioral numerical distance

effect (Ramirez-Cardenas et al., 2016). This difference between

areas, however, was absent in the delay or working memory

stage. In both areas, empty set neurons showed a more cate-

gorical tuning during the delay memory period than during

perceptual encoding. It has been suggested that in working

memory categorical representations aremore economical and

resistant to interference from distractors (Freeman, Rule,

Adams Jr, & Ambady, 2010; Fukuda, Awh, & Vogel, 2010;

Zhang & Luck, 2008). It is possible that a categorical repre-

sentation of empty sets could be processed and subsequently

manipulated more efficiently than a continuous representa-

tion. The change to a categorical encoding of empty sets in the

delay period could be therefore advantageous.

4.2. Differential encoding of working memory for empty
sets in VIP and PFC

Despite the presence of empty-set tuned neurons in both VIP

and PFC, some interesting differences emerged between pa-

rietal and frontal lobes. All three parameters discussed below

suggest sustained delay activity in PFC as being more directly

relevant for the monkeys' judgment of ‘nothing’ (Merten &

Nieder, 2012) and empty sets (Ramirez-Cardenas et al., 2016).

First, an analysis of delay activity in error trials relative to

correct trials suggests that primarily numerosity-selective

delay neurons in PFC are decision relevant. The assumption

is that the monkeys' correct judgments rely on selective

neurons that encode their respective preferred numerosity

with maximum discharge. However, if such neurons respond

with belowmaximum discharge rates, the monkeys would be

prone to judgment errors. In VIP, no differential delay activity

of empty-set neurons in correct or error trials was detected.

The delay activity of VIP neurons tuned to empty sets was also

indifferent during correct and error trials involving countable

numerosities. This indicates that VIP neurons are not directly

relevant for the workingmemory of numerosities. In contrast,

empty-set delay tuned neurons in PFC showed significantly

reduced responses during error trials compared to correct

trials. Moreover, empty-set delay neurons exhibited signifi-

cantly increased responses to countable numerosities during

error trials. Both findings suggest that the delay responses of

PFC empty-set tuned neurons are directly relevant for the

monkeys performance.

Additional support for the prominent role of empty set

neurons in PFC for behavior was found when we compared

the stability of tuning from the sample to the delay period.

Even though stimulus preference progressively changes to-

wards empty sets during the delay period in both VIP and PFC,

the change in preference towards empty sets is more pro-

nounced in the parietal cortex by the end of the delay period.

This indicates more stable tuning in PFC delay neurons.

Finally, the representation of empty sets by the population

of prefrontal neurons during the delay period was more ab-

stract. Using a classifier approach, we show that the parietal

representation of empty sets relies more on low level visual

features of the previously presented stimulus. When we
tested classifier performance generalization across shape

(circle and square) and protocol (standard and control) con-

ditions, VIP performance suffered significantly more than PFC

performance. These results together suggest that PFC activity

to empty sets and countable numerosities is more robust,

abstract and behaviorally relevant than VIP activity.

4.3. Empty sets in a labeled-line code for number

We have previously reported that PFC and VIP neurons selec-

tive to countable numerosities showed peaked tuning func-

tions to preferred numerosities, indicating a labeled-line code

for the working memory of numerical information (Nieder

et al., 2002; Nieder & Merten, 2007; Nieder & Miller, 2004).

Neurons tuned to empty sets showed very selective tuning

curves. On average, they exhibited a mild neuronal distance

effect and responded slightly to the adjacent numerosity 1, but

from numerosity 2 on the function was basically flat. This

suggests that empty-set preferring delay neurons are better

considered as detectors tuned to numerical value 0, rather than

as summation units that show monotonically decreasing dis-

charges as a function of number, as has been suggested for

neurons selective to countable numerosities in area LIP

(Roitman, Brannon, & Platt, 2007). Tuning to preferred numer-

osity has also been proposed by computational models of

numerosity detection (Dehaene & Changeux, 1989; Verguts &

Fias, 2004) albeit empty sets (“numerosity 0”) was not part of

the modeled number line.

Our results support the view that empty-set neurons are

functionally similar to those selective to countable numer-

osities. This is supported by the finding of a distance effect in

the tuning curves of the population empty-set neurons. Such a

distance effect is characteristic for neurons tuned to count-

able numerosities (Nieder, 2017). Similarly, neurons tuned to

countable numerosities responded to empty sets as value

adjacent to one and thus included empty sets in their range of

numerical responses.

4.4. Putative physiological mechanism to generate
empty-set tuned working memory neurons

How can the brain produce sustained activity for empty sets

that are characterized by the absence of any stimulus to be

enumerated? While countable numerosities are represented

spontaneously in human behavior (Anobile, Cicchini, & Burr,

2016; Burr & Ross, 2008; Cicchini, Anobile, & Burr, 2016) and by

neurons in the monkey brain (Viswanathan & Nieder, 2013,

2015), representing empty sets requires explicit training about

the meaning of quantity. We think that zero-like representa-

tions need to develop over time as the result of trial-and-error

reinforcement learning to become behaviorally relevant. With

behavioral feedback, reward prediction error signals arising

from the dopamine system (Schultz, 2007) could modulate

reward-dependent plasticity. Reinforcement learning could

refine recurrent connectionswithin associative cortical areas to

support neuronal selectivity and sustained working memory

coding (Law&Gold, 2009; Rombouts, Bohte,& Roelfsema, 2012).

This has been modeled in a recent cortical circuit model from

which category-selective neurons arose through reinforcement

learning (Engel et al., 2015). In this model, weak but systematic
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correlationsbetween trial-to-trial fluctuations of thefiring rates

and the accompanying reward after appropriate behavioral

choices cause neurons to gradually become category selective.

Interestingly, initial tuning of the neurons is not required for

successful learning. Even nonselective neurons can become

category selective, as long as they carry neuronal fluctuations

that correlate with behavioral choices. Such a mechanism

might be enough to produce empty-set tuned neurons from

originally untuned neurons when a subject learns the appro-

priate response to empty sets in order to receive a reward.
Disclosures

No conflicts of interest, financial or otherwise, are declared by

the authors.
Author contributions

A.N. and A.R.C. designed research; A.R.C. performed research;

A.R.C. analyzed data; A.N. provided analytical guidance; A.R.C

and A.N. wrote the paper.

Acknowledgment

Supported by DAAD Research Scholarship 91540420 to A.R.C.,

and by DFG grant NI 618/4-1 to A.N.
r e f e r e n c e s

Anobile, G., Cicchini, G. M., & Burr, D. C. (2016). Number as a
primary perceptual attribute: A review. Perception, 45(1e2),
5e31. http://doi.org/10.1177/0301006615602599.

Biro, D., & Matsuzawa, T. (2001). Use of numerical symbols by the
chimpanzee (Pan troglodytes): Cardinals, ordinals, and the
introduction of zero. Animal Cognition, 4(3e4), 193e199. http://
doi.org/10.1007/s100710100086.

Boyer, C. B. (1944). Zero: The symbol, the concept, the number.
National Mathematics Magazine, 18(8), 323e330.

Buckley, P. B., & Gillman, C. B. (1974). Comparisons of digits and
dot patterns. Journal of Experimental Psychology, 103(6),
1131e1136.

Burr, D., & Ross, J. (2008). A visual sense of number. Current
Biology, 18(6), 425e428. http://doi.org/10.1016/j.cub.2008.02.
052.

Chang, C.-C., & Lin, C.-J. (2011). LIBSVM: A library for support
vector machines. ACM Transactions on Intelligent Systems and
Technology, 2(3), 27:1e27:27.

Cicchini, G. M., Anobile, G., & Burr, D. C. (2016). Spontaneous
perception of numerosity in humans. Nature Communications,
7, 12536. http://doi.org/10.1038/ncomms12536.

Dantzig, T. (1954). Number: The language of science (4th ed.). The
Free Press.

Dehaene, S., & Changeux, J.-P. (1989). A simple model of
prefrontal cortex function in delayed-response tasks. Journal of
Cognitive Neuroscience, 1(3), 244e261. http://doi.org/10.1162/
jocn.1989.1.3.244.

Diester, I., & Nieder, A. (2008). Complementary contributions of
prefrontal neuron classes in abstract numerical
categorization. Journal of Neuroscience, 28(31), 7737e7747.
http://doi.org/10.1523/JNEUROSCI.1347-08.2008.

Eiselt, A. K., &Nieder, A. (2016). Single-cell codingof sensory, spatial
and numericalmagnitudes in primate prefrontal, premotor and
cingulate motor cortices. Experimental Brain Research, 234,
241e254. https://doi.org/10.1007/s00221-015-4449-8.

Engel, T. A., Chaisangmongkon, W., Freedman, D. J., & Wang, X.-J.
(2015). Choice-correlated activity fluctuations underlie
learning of neuronal category representation. Nature
Communications, 6, 6454. http://doi.org/10.1038/ncomms7454.

Freeman, J. B., Rule, N. O., Adams, R. B., Jr., & Ambady, N. (2010).
The neural basis of categorical face perception: Graded
representations of face gender in fusiform and orbitofrontal
cortices. Cerebral Cortex, 20, 1314e1322. http://doi.org/10.1093/
cercor/bhp195.

Fukuda, K., Awh, E., & Vogel, E. K. (2010). Discrete capacity limits
in visual working memory. Current Opinion in Neurobiology,
20(2), 177e182. http://doi.org/10.1016/j.conb.2010.03.005.

Fuster, J. M., & Alexander, G. E. (1971). Neuron activity related to
short-term memory. Science (New York, N.Y.), 173(3997),
652e654. Retrieved from: http://www.ncbi.nlm.nih.gov/
pubmed/4998337.

Goldman-Rakic, P. (1987). Circuitry of primate prefrontal cortex
and regulation of behaviour by representational memory. In
Handbook of physiology: The nervous system. Higher functions of
the brain. (pp. 373e417). Bethesda, MD: American Physiological
Society.

Jacob, S. N., & Nieder, A. (2014). Complementary roles for primate
frontal and parietal cortex in guarding working memory from
distractor stimuli. Neuron, 83(1), 226e237. http://doi.org/10.
1016/j.neuron.2014.05.009.

Kubota, K., & Niki, H. (1971). Prefrontal cortical unit activity and
delayed alternation performance in monkeys. Journal of
Neurophysiology, 34(3), 337e347. http://doi.org/10.1152/jn.1971.
34.3.337.

Law, C.-T., & Gold, J. I. (2009). Reinforcement learning can account
for associative and perceptual learning on a visual-decision
task. Nature Neuroscience, 12(5), 655e663. http://doi.org/10.
1038/nn.2304.

Lewis, J. W., & Van Essen, D. C. (2000). Corticocortical connections
of visual, sensorimotor, and multimodal processing areas in
the parietal lobe of the macaque monkey. The Journal of
Comparative Neurology, 428(1), 112e137. Retrieved from: http://
www.ncbi.nlm.nih.gov/pubmed/11058227.

Merritt, D. J., & Brannon, E. M. (2013). Nothing to it: Precursors to a
zero concept in preschoolers. Behavioural Processes, 93, 91e97.
http://doi.org/10.1016/j.beproc.2012.11.001.

Merritt, D. J., Rugani, R., & Brannon, E. M. (2009). Empty sets as
part of the numerical continuum: Conceptual precursors to
the zero concept in rhesus monkeys. Journal of Experimental
Psychology: General, 138(2), 258e269. http://doi.org/10.1037/
a0015231.Empty.

Merten, K., & Nieder, A. (2009). Compressed scaling of abstract
numerosity representations in adult humans and monkeys.
Journal of Cognitive Neuroscience, 21(2), 333e346. http://doi.org/
10.1162/jocn.2008.21032.

Nieder, A. (2012). Supramodal numerosity selectivity of neurons
in primate prefrontal and posterior parietal cortices.
Proceedings of the National Academy of Sciences, 109(29),
11860e11865. http://doi.org/10.1073/pnas.1204580109/-/
DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.
1204580109.

Nieder, A. (2016a). Representing something out of nothing: The
dawning of zero. Trends in Cognitive Sciences, 20(11), 830e842.
http://doi.org/10.1016/j.tics.2016.08.008.

Nieder, A. (2016b). The neuronal code for number. Nature
Reviews Neuroscience, 17(6), 366e382. http://doi.org/10.1038/
nrn.2016.40.

http://doi.org/10.1177/0301006615602599
http://doi.org/10.1007/s100710100086
http://doi.org/10.1007/s100710100086
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref3
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref3
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref3
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref4
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref4
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref4
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref4
http://doi.org/10.1016/j.cub.2008.02.052
http://doi.org/10.1016/j.cub.2008.02.052
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref6
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref6
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref6
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref6
http://doi.org/10.1038/ncomms12536
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref8
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref8
http://doi.org/10.1162/jocn.1989.1.3.244
http://doi.org/10.1162/jocn.1989.1.3.244
http://doi.org/10.1523/JNEUROSCI.1347-08.2008
https://doi.org/10.1007/s00221-015-4449-8
http://doi.org/10.1038/ncomms7454
http://doi.org/10.1093/cercor/bhp195
http://doi.org/10.1093/cercor/bhp195
http://doi.org/10.1016/j.conb.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/4998337
http://www.ncbi.nlm.nih.gov/pubmed/4998337
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref16
http://doi.org/10.1016/j.neuron.2014.05.009
http://doi.org/10.1016/j.neuron.2014.05.009
http://doi.org/10.1152/jn.1971.34.3.337
http://doi.org/10.1152/jn.1971.34.3.337
http://doi.org/10.1038/nn.2304
http://doi.org/10.1038/nn.2304
http://www.ncbi.nlm.nih.gov/pubmed/11058227
http://www.ncbi.nlm.nih.gov/pubmed/11058227
http://doi.org/10.1016/j.beproc.2012.11.001
http://doi.org/10.1037/a0015231.Empty
http://doi.org/10.1037/a0015231.Empty
http://doi.org/10.1162/jocn.2008.21032
http://doi.org/10.1162/jocn.2008.21032
http://doi.org/10.1073/pnas.1204580109/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1204580109
http://doi.org/10.1073/pnas.1204580109/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1204580109
http://doi.org/10.1073/pnas.1204580109/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1204580109
http://doi.org/10.1016/j.tics.2016.08.008
http://doi.org/10.1038/nrn.2016.40
http://doi.org/10.1038/nrn.2016.40
https://doi.org/10.1016/j.cortex.2019.02.028
https://doi.org/10.1016/j.cortex.2019.02.028


c o r t e x 1 1 4 ( 2 0 1 9 ) 1 0 2e1 1 4114
Nieder, A. (2017). Magnitude codes for cross-modal working
memory in the primate frontal association cortex. Frontiers in
Neuroscience, 11, 202. http://doi.org/10.3389/fnins.2017.00202.

Nieder, A., Freedman, D. J., & Miller, E. K. (2002). Representation of
the quantity of visual items in the primate prefrontal cortex.
Science (New York, N.Y.), 297(5587), 1708e1711. http://doi.org/
10.1126/science.1072493.

Nieder, A., & Merten, K. (2007). A labeled-line code for small and
large numerosities in the monkey prefrontal cortex. The
Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 27(22), 5986e5993. http://doi.org/10.1523/
JNEUROSCI.1056-07.2007.

Nieder, A., & Miller, E. K. (2003). Coding of cognitive magnitude:
Compressed scaling of numerical information in the primate
prefrontal cortex. Neuron, 37(1), 149e157. Retrieved from:
http://www.ncbi.nlm.nih.gov/pubmed/12526780.

Nieder, A., & Miller, E. K. (2004). A parieto-frontal network for
visual numerical information in the monkey. Proceedings of the
National Academy of Sciences of the United States of America,
101(19), 7457e7462. http://doi.org/10.1073/pnas.0402239101.

Okuyama, S., Kuki, T., & Mushiake, H. (2015). Representation of
the numerosity “zero” in the parietal cortex of the monkey.
Scientific Reports, 5, 10059. http://doi.org/10.1038/srep10059.

Ramirez-Cardenas, A., Moskaleva, M., & Nieder, A. (2016).
Neuronal representation of numerosity zero in the primate
parieto-frontal number network. Current Biology. http://doi.
org/10.1016/j.cub.2016.03.052.

Roitman, J. D., Brannon, E. M., & Platt, M. L. (2007). Monotonic
coding of numerosity in macaque. Lateral Intraparietal Area,
5(8). http://doi.org/10.1371/journal.pbio.0050208.
Rombouts, J. O., Bohte, S. M., & Roelfsema, P. (2012). Neurally
plausible reinforcement learning of working memory
tasks. Advances in Neural Information Processing, 25,
1880e1888.

Sawamura, H., Shima, K., & Tanji, J. (2002). Numerical
representation for action in the parietal cortex of the monkey.
Nature, 415(6874), 918e922. http://doi.org/10.1038/415918a.

Schultz, W. (2007). Multiple dopamine functions at different time
courses. Annual Review of Neuroscience, 30(1), 259e288. http://
doi.org/10.1146/annurev.neuro.28.061604.135722.

Verguts, T., & Fias, W. (2004). Representation of number in
animals and humans: A neural model. Journal of Cognitive
Neuroscience, 16(9), 1493e1504. http://doi.org/10.1162/
0898929042568497.

Viswanathan, P., & Nieder, A. (2013). Neuronal correlates of a
visual “sense of number” in primate parietal and prefrontal
cortices. Proceedings of the National Academy of Sciences of the
United States of America, 110(27), 11187e11192. http://doi.org/
10.1073/pnas.1308141110.

Viswanathan, P., & Nieder, A. (2015). Differential impact of
behavioral relevance on quantity coding in primate frontal
and parietal neurons. Current Biology: CB, 25(10), 1259e1269.
http://doi.org/10.1016/j.cub.2015.03.025.

Wellman, H. M., & Miller, K. F. (1986). Thinking about nothing:
Development of concepts of zero. British Journal of
Developmental Psychology, 4(1), 31e42. http://doi.org/10.1111/j.
2044-835X.1986.tb00995.x.

Zhang, W., & Luck, S. J. (2008). Discrete fixed-resolution
representations in visual working memory. Nature, 453(7192),
233e235. http://doi.org/10.1038/nature06860.

http://doi.org/10.3389/fnins.2017.00202
http://doi.org/10.1126/science.1072493
http://doi.org/10.1126/science.1072493
http://doi.org/10.1523/JNEUROSCI.1056-07.2007
http://doi.org/10.1523/JNEUROSCI.1056-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/12526780
http://doi.org/10.1073/pnas.0402239101
http://doi.org/10.1038/srep10059
http://doi.org/10.1016/j.cub.2016.03.052
http://doi.org/10.1016/j.cub.2016.03.052
http://doi.org/10.1371/journal.pbio.0050208
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref35
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref35
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref35
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref35
http://refhub.elsevier.com/S0010-9452(19)30097-8/sref35
http://doi.org/10.1038/415918a
http://doi.org/10.1146/annurev.neuro.28.061604.135722
http://doi.org/10.1146/annurev.neuro.28.061604.135722
http://doi.org/10.1162/0898929042568497
http://doi.org/10.1162/0898929042568497
http://doi.org/10.1073/pnas.1308141110
http://doi.org/10.1073/pnas.1308141110
http://doi.org/10.1016/j.cub.2015.03.025
http://doi.org/10.1111/j.2044-835X.1986.tb00995.x
http://doi.org/10.1111/j.2044-835X.1986.tb00995.x
http://doi.org/10.1038/nature06860
https://doi.org/10.1016/j.cortex.2019.02.028
https://doi.org/10.1016/j.cortex.2019.02.028

	Working memory representation of empty sets in the primate parietal and prefrontal cortices
	1. Introduction
	2. Methods
	2.1. Subjects & surgical procedures
	2.2. Behavioral protocol
	2.3. Stimuli
	2.4. Neurophysiological recordings
	2.5. Analytical methods
	2.5.1. Error analysis
	2.5.2. Time-defined definition of numerosity selectivity
	2.5.3. Characterization of the tuning profile of empty-set preferring neurons
	2.5.4. Cross-correlation coefficients between subsequent time-defined tuning curves
	2.5.5. Mean cumulative numerical shift
	2.5.6. Decoding analysis


	3. Results
	3.1. VIP and PFC single neurons represent empty sets during working memory
	3.2. Behavior is correlated with the activity of PFC empty set neurons in the delay period
	3.3. Empty sets are represented more categorically in working memory
	3.4. A dynamic shift in population tuning toward empty sets
	3.5. Decoding numerosity from working memory spiking activity
	3.6. The representation of empty sets in VIP relies more on low level visual features than in PFC during the memory period

	4. Discussion & conclusions
	4.1. Sample versus delay activity to empty sets
	4.2. Differential encoding of working memory for empty sets in VIP and PFC
	4.3. Empty sets in a labeled-line code for number
	4.4. Putative physiological mechanism to generate empty-set tuned working memory neurons

	Disclosures
	Author contributions
	Acknowledgment
	References


