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Abstract

Cognitively demanding tasks require neurons of the prefrontal cortex (PFC) to encode divergent behaviorally relevant information.
In discrimination tasks with arbitrary and learned categories, context-specific parameters shape and adapt the tuning functions of
PFC neurons. We explored if and how selectivity of PFC neurons to visual numerosities, a ‘natural’ abstract category, may
change depending on the magnitude context. Two monkeys discriminated visual numerosities (varying numbers of dot items) in a
delayed match-to-sample (DMS) task while single-cell activity was recorded from the lateral PFC. During a given recording ses-
sion, the numerosity task was either presented in isolation or randomly intermixed with DMS tasks with line lengths and colors as
discriminative stimuli. We found that the context of numerosity discriminations did not influence the response properties of numer-
osity detectors. The numerosity tuning curves of selective neurons, i.e. the preferred numerosity and the sharpness of tuning,
remained stable, irrespective of whether the numerosity task was presented in a pure numerosity block or a mixed magnitude
block. Our data suggest that numerosity detectors in the PFC do not adapt their response properties to code stimuli according to
changing magnitude context. Rather, numerosity representations seem to rely on a sparse and stable ‘labeled line’ code. In con-
trast to arbitrarily learned categories, numerosity as a ‘natural’ category may possess a privileged position and their neuronal rep-
resentations could thus remain unaffected by magnitude context.

Introduction

The prefrontal cortex (PFC) operates at the apex of the cortical hier-
archy and enables primates with unprecedented cognitive flexibility
(Miller & Cohen, 2001). Cognitively demanding tasks engage many
neurons of the PFC, the brain’s central executive, to encode diver-
gent information in different tasks or across different task periods.
Which coding strategies does the PFC employ to cope with this
information-processing challenge?

The ‘adaptive coding hypothesis’ posits that neurons in the PFC are
not inherently tuned to specific stimulus features, but rather adapt their
response properties to code stimuli according to task relevance. Within
this framework, context-specific parameters shape the tuning functions
of PFC neurons (Duncan, 2001). Consequently, context shifts the way
stimuli are encoded by single neurons within the PFC network. Adap-
tive coding has been demonstrated several times in monkeys learning
to categorise stimuli (Freedman et al., 2002; Cromer et al., 2010; Roy
et al., 2010) and during flexible decision-making tasks (Wallis et al.,
2001; Bongard & Nieder, 2010; Merten & Nieder, 2012, 2013; Val-
lentin et al., 2012; Eiselt & Nieder, 2013; Stokes et al., 2013).

In contrast to arbitrarily learned categories that seem to become
encoded on demand, certain ‘natural’ categories may possess a privi-
leged position and their neuronal representations could remain un-
affected by the magnitude context. Abstract numerical quantities
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represented in a dedicated fronto-parietal network might belong to
this group of ‘natural’ categories. Neurons in macaque PFC readily
encode visually (Nieder et al., 2002; Nieder & Merten, 2007; Nie-
der, 2013) and auditorily (Nieder, 2012) presented numerosities, and
maintain them online during delay periods. Recently, numerosity-
tuned neurons have been described in untrained monkeys. While
these numerically naive monkeys were engaged in a color discrimi-
nation task, neurons in the lateral PFC (and the posterior parietal
cortex) responded selectively to the number of the colored items
presented (Viswanathan & Nieder, 2013). Together with the psycho-
physical finding that numerical judgments are susceptible to adapta-
tion in the same way as visual properties (Burr & Ross, 2008) or
faces (Webster & MacLeod, 2011), this suggests a ‘sense of num-
ber’ (Danzig, 1930; Dehaene, 1997). In other words, numerosity
seems not to be a learned category, but rather a stimulus feature,
which is spontaneously and naturally encoded within visual neural
structures of the primate brain. If this is true, numerosity representa-
tions are expected to remain unaffected by changes of the magnitude
context in which they need to be discriminated.

To address this question, we investigated the coding properties of
numerosity-selective PFC neurons in different magnitude contexts.
Two monkeys were trained on a visual delayed match-to-numerosity
task and single-cell recordings were done from the lateral PFC.
Within a given recording session, the numerosity task was either
presented in isolation (pure numerosity block condition) or embed-
ded in equivalent delayed match-to-sample (DMS) tasks with other
magnitudes (line lengths and colors) as discriminative stimuli (mixed
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magnitude block condition). By comparing the proportion and tun-
ing properties of numerosity-selective neurons in the respective con-
ditions, the outlined alternative coding hypotheses could be tested.

Materials and methods
Animals

The subjects were two adult male rhesus monkeys, Macaca mulatta
(monkey H: 8 kg; monkey L: 7 kg). The monkeys were housed in
small social groups. Both animals had experience with color and
numerical stimuli, monkey H also with line stimuli, from previous
experiments. The monkeys worked under a controlled fluid access
protocol and received liquid rewards for correct responses. All pro-
cedures were in accordance with the guidelines for animal experi-
mentation, approved by the authority, the Regierungsprasidium
Tiibingen, Germany. All experiments were carried out in accordance
with the European Communities Council Directive of 24 November
1986 (86/609/EEC).

Behavioral protocol

The monkeys were trained to perform a DMS task, with numerosi-
ties, lines of different lengths and colors as stimuli. The trial began
when the monkeys grabbed a bar inside their primate chair and
faced the screen. When the fixation period started, the monkeys
were required to fixate a white dot superimposed on a gray circle
[fixation window: 3.5° visual angle (VA)]. After a fixation of
500 ms, a sample, either a numerosity, a line or a colored ring
(example with numerosity two in Fig. 1A), was presented for
800 ms. During a following 1000-ms delay period, the monkeys
needed to maintain fixation and memorise the sample. After the
delay period, a test image was presented. In half of the cases, the
first test image (Test 1) matched the sample image and the monkeys
were required to release the bar to receive a water reward. In 50%
of the trials, Test 1 did not match the sample. In this case, the mon-
keys were required to keep holding the bar until after 1200 ms a
second test image (Test 2) was presented, which always matched
the sample. Thus, chance performance was 50% correct trials.

Behavioural protocol and stimuli

The monkeys were trained to perform a DMS task with different
visual sample stimuli (Fig. 1A). Three different kinds of stimuli
were used: numerosities (numbers of black dots); length (lines or
different lengths); and color (colored rings; Fig. 1B). These stimuli
were presented in two different trial blocks, the ‘pure numerosity
block’ and the ‘mixed magnitude block’ (Fig. 1C).

In the pure numerosity block, exclusively numerosity trials were
presented. This block contained 48 trials, 16 for each sample numer-
osity, in pseudorandom order. Numerosity stimuli were one, two or
four black dots superimposed on a gray circle (Fig. 1B). The indi-
vidual item’s position and size were varied pseudorandomly. To
control for low-level features, two different stimulus protocols, the
‘standard protocol’ and the ‘control protocol’, were used. The dots
in standard stimuli had diameters between 0.55 and 0.95° of VA. In
the control stimulus protocol, parameters co-varying with changes of
the number of items (density and total dot area) were equalised for
the different samples. The control dots had diameters between 0.7°
VA and 1.55° VA. Standard and control numerosity stimuli were
presented with equal probability (P = 0.5) and in pseudorandom
order in the pure numerosity block.

Stable numerosity representations in monkey PFC 867

>

Fixation Sample Test2

Delay Test1

Match trial

50%
--- Non-match trial

50%

500ms 800 ms 1000 ms 1200 ms 1200 ms
-

Time

Color
Standard Control

B Numerosity
Standard Control

Line length
Standard Control

Numerosities

—

Pure block
—

Mixed magnitude block

One cycle

-

Time throughout the session

F1G. 1. Behavioral protocol. (A) DMS task. Monkeys were required to grasp
a bar and to maintain fixation, after a period of 500 ms a sample appeared.
After a delay of 1000 ms the monkeys viewed a test display. If the test
matched the sample in the relevant feature (here: number of dots) the mon-
keys were required to release the bar. (B) Example stimuli: six sets of stimuli
were used in every session: numerosity stimuli (one, two or four dots); line
length stimuli (1.1, 2.6 and 4.5°VA) and colored stimuli (red, orange and
yellow). Control stimuli were equalised for total black area (lines and numer-
osities), density (numerosities) or luminance (colors). Color stimuli were pre-
sented in two sizes: small rings as sample; and large rings as test images.
(C) Blocks of different trials with different magnitudes within one experi-
mental session. To complete one session the monkeys were required to com-
plete at least one repetition of the pure numerosity block (48 trials) and the
mixed magnitude block (144 trials of numerosity, line and color trials in
pseudorandom order). These blocks were interleaved by warm-up blocks,
which indicated to the monkeys which block is about to start.

In the ‘mixed magnitude block’, numerosity trials made up only
one-third of all trials and were pseudorandomly intermixed with tri-
als in which the monkey had to discriminate line lengths (the second
third of the trials) and colors (the last third of the trials) as alterna-
tive magnitudes. The mixed magnitude block contained 144 pseu-
dorandomised trials with all three magnitudes (numerosities, lines
and colors) as stimuli. Again, 16 trials per sample magnitude were
presented. All stimuli were again presented in two protocols: the
standard and the control. In the standard protocol, the magnitude
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(numerosity, length and color) varied at the expense of some co-
varying low-level visual features (see Nieder er al., 2002). In the
control stimulus protocol, parameters co-varying with changes of the
magnitudes (density and total dot area for numerosities, total area
and luminance for lines, and luminance for colors) were equalised
for the different samples.

The line stimuli consisted of horizontal lines of three different
lengths (1.125° VA, 2.625° VA and 4.5° VA), which were posi-
tioned pseudorandomly inside the gray circle. Standard lines had all
the same thickness of 0.26° VA. Control lines had the same area
irrespective of their length. Hence, they were varied in their thick-
ness (0.525° VA, 0.225° VA and 0.1312° VA).

The color stimuli were monochromatic rings (annuli). The mon-
keys were required to match the color of the stimulus and to ignore
the luminance. The annuli were always positioned in the middle of
the gray circle. Two different sizes were used. Sample stimuli had
rings with an outer diameter of 1.575° VA. To prevent adaptation
effects on the retina, the rings in test stimuli were bigger and had
outer diameters of 2.1° VA. The used colors were red, orange and
yellow. Standard stimuli had bright colors that varied in their lumi-
nance. Control stimuli were adjusted in their color to have the same
luminance of 10.6 £ 0.13 cd/m?, measured with LS-100 luminance
meter (Konica Minolta).

Both the pure numerosity block and the mixed magnitude block
were preceded by short warm-up blocks, which were discarded from
the analysis. The warm-up blocks had six trials with standard stimuli
each. The pure numerosity warm-up block consisted of two trials
with each sample numerosity. The mixed magnitude warm-up block
had three line and three color trials. The warm-up blocks were used
to signal to the monkey whether it had to attend to only the numer-
osities (pure numerosity block) or to all possible stimulus magni-
tudes (mixed magnitude block). To successfully complete an
experimental session, the monkeys were required to complete all
these four blocks (pure numerosity block and the mixed magnitude
block plus one warm-up block for each) at least once. To prevent
possible sequence effects, the session started with either numerosity
or the mixed magnitude blocks on alternating days.

To prevent the monkeys from memorizing the visual characteris-
tics of the displays, all stimuli with randomised features (numerosi-
ties and lines) were generated anew every day (20 images per
sample and stimulus protocol), for each experimental session. In
each trial, sample and test displays never showed the same image.
Every magnitude was presented in a balanced way as sample and as
test in control and standard conditions.

Electrophysiological recordings

Before the experiment, the monkeys were implanted with a titanium
head bar for head fixation and with a recording well, located over
the right dorso-lateral PFC and centered over the principal sulcus.
All surgeries were performed under general anesthesia.

Extracellular single-cell activity was recorded using arrays of 8-
12 1-MQ glass-insulated tungsten electrodes, which were lowered
into the brain every day. The recorded neurons were not preselected
for task-selectivity. Signals were amplified and digitised using the
Multichannel Acquisition Processor (Plexon). All single units were
sorted offline (Plexon).

Data analysis

Overall the two monkeys completed 60 recording sessions (monkey
H: 32 sessions; monkey L: 28 sessions). The behavior was analysed

over this entire recording period. The analysis of neural and behav-
ioral data was performed using custom-written MatLab software
(version 2011b). Significance level for all tests was P < 0.01.

The percentage of correct performance per session for a given
magnitude (e.g. numerosities) was averaged over all sessions. Paired
Wilcoxon tests were conducted to compare the performances under
the standard and control protocols, for numerosities, line lengths and
colors, respectively. For comparisons between blocks, the perfor-
mance was averaged over the stimulus protocol and recording ses-
sions. A two-way aNova (factors: sample numerosity and block
type) was used for these comparisons.

For neural data, only single units with discharge rates above 1 Hz
were analysed, if they were present for at least one complete cycle
of both main blocks (Fig. 1C). If a cell was recorded for more than
one complete cycle, the additional trials were truncated to the same
number in all conditions. Hence, for a given cell, the same number
of trials was analysed for every sample condition. The analysis
included only correct trials.

The analysis of the neuronal data was conducted for two time
periods, the sample and the delay phase. The sample phase began
100 ms after the sample onset and was 800 ms long. The delay
phase was also 800 ms long and began 200 ms after delay onset. In
these periods, the average discharge per time (discharge rate) was
calculated in each trial. To determine magnitude-selective cells,
these data were analysed with a two-way aNova for the mixed mag-
nitude block, with the factors being stimulus protocol and sample
magnitude, for numerosity, line length and color trials separately.
Numerosity-selectivity and block effects were assessed in a separate
three-way anova with the factors sample size, block condition and
stimulus protocol. Cells that showed a main effect of the protocol or
interaction with it in either the sample or the delay phase were not
analysed further in this phase.

Visual and selectivity latencies were determined for all cells that
were numerosity-selective in the sample phase. Visual response
latency was defined by the first of five consecutive 10-ms time bins
(slid in I-ms increments) that reached 3 SDs above baseline dis-
charge rate (average activity during the period of 250 ms, starting at
fixation onset). Latencies below 50 ms and above 400 ms were dis-
carded. The latency of numerosity-selectivity was measured by a
sliding Kruskal-Wallis test (kernel bin width 50 ms, slid in 1-ms
increments). Numerosity-selectivity latency was defined by the first
time bin, at least 50 ms after sample onset, where the test showed
significant differences (P < 0.01) in response to one of the three
numerosities.

To analyse numerosity-selectivity, tuning functions were created
for each cell in the two blocks and the two analysis windows by
averaging the discharge rate over the trials for the different sample
conditions. The sample that elicited the highest discharge rate in a
cell was called the ‘preferred’ sample of this neuron.

A population analysis was conducted with all cells that were
determined as numerosity-selective by the three-way aNova. A pop-
ulation peri-stimulus time histogram (PSTH) was created using nor-
malised discharge rates (normalisation: difference in SDs from the
average baseline discharge rate). For further analysis, numerical dis-
tance functions with normalised discharge rates were created
(Fig. 4C and F). The discharge rate for the preferred numerosity
during the pure numerosity block was defined as 100% and the low-
est discharge rate as 0%. Discharge rates to the second preferred
sample and all samples in the mixed magnitude block were normal-
ised accordingly to these values. These normalised discharge rates
were plotted against the numerical distance to the preferred quantity
of this cell and averaged over all numerosity-selective cells. The
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numerical distance functions for the mixed magnitude and the pure
numerosity block were compared by a Wilcoxon test for each dis-
tance to preferred number (the significance level was Bonferroni-
corrected).

To assess possible small, subthreshold effects of block, numerosi-
ty-selective neurons were assigned selectivity indices (SIs) for the
two blocks. The index was calculated as follows:

B discharge rateegeq — discharge rate,,preferred

~ discharge rate + discharge rate

preferred nonpreferred

To investigate the relationship of SIs for individual neurons dur-
ing the pure numerosity and mixed magnitude block, the selectivity
values in the pure numerosity block were plotted as a function of
the selectivity in the mixed magnitude block. The distance of the
resulting dots to the bisection line was calculated. Dots with posi-
tions above the bisection line (higher selectivity in the pure numer-
osity block than in the mixed magnitude block) were assigned
negative distance values, and dots with positions below the bisection
line (higher selectivity in the mixed magnitude block than in the
pure numerosity block) were assigned positive distance values. The
symmetry around zero of the distance distribution was assessed by a
signed-rank test. Hartigan’s dip test (Hartigan & Hartigan, 1985)
was used to test for bimodality.

Results
Behavioral performance

The monkeys were trained to perform a numerosity DMS task in
two blocked conditions within one session, ‘pure numerosity block’
and a ‘mixed magnitude block’ (see Materials and methods).
Figure 2A shows the comparable average performances of the
monkeys for the different magnitudes and stimulus protocols in the
mixed magnitude block. The monkeys were very proficient, with
average performances of over 90% correct in all conditions. The
performance in the different magnitude conditions was very similar,
but still significantly different (Kruskall-Wallis test x>, = 25.36,
P < 0.001). The effect of stimulus protocol was not significant for
numerosity and color stimuli (Wilcoxon test, Z = 2.57, P = 0.0102;
Z =0.92, P = 0.36 for numerosities and color stimuli, respectively).
With a negligibly small effect size (3.7%), the only significant effect
of protocol was found for line stimuli (Z = 5.36, P < 0.001). We
therefore pooled the data over the two stimulus protocols for further
analysis.
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FIG. 2. Behavioral performance. (A) Average performance of both monkeys
in the mixed magnitude block in the standard and control stimulus protocols
during the recording sessions. (B) Average performance of both monkeys in
numerosity trials in both the mixed magnitude and the pure numerosity
block, pooled over standard and control stimulus protocols. Chance level was
50%. All error bars: standard error of the mean (SEM).
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To test whether the addition of different magnitude trials had an
impact on performance in the numerosity trials, we compared the
pure numerosity block and the mixed magnitude block (numerosity
conditions only; Fig. 2B). The monkeys discriminated equally well
numerosities in the different block conditions, with monkey H per-
forming at 97.2% and 98.3%, and monkey L at 98.4% and 98.0%,
in the mixed magnitude and the pure numerosity block, respectively
(two-way ANovaA; Fy = 2.53, P = 0.11). In addition, performance for
all three numerosity samples (1, 2 and 4 dots) was equal
(F, = 0.82, P = 0.44).

In summary, the behavioral data show that the monkeys were
highly proficient in this DMS task with all three kinds of stimuli.
The performance for numerosity trials was comparable in both block
types. This indicates that the addition of line and color trials in the
mixed magnitude block did not change task demands for the numer-
osity trials, but only changed the contextual framework of numerosi-
ty discriminations.

Neural activity of single cells

We recorded 394 single units from the PFC (monkey H: 220; mon-
key L: 174). The neural activity of single cells was analysed in two
time windows: the sample phase, starting 100 ms after the onset of
the sample stimulus; and the delay phase, starting 200 ms after the
offset of the sample stimulus. Both time windows were 800 ms in
duration. The discharge rates in these analysis windows were aver-
aged over trials, and analysed separately for sample and delay.

In the mixed magnitude block, two-way anovas were used sepa-
rately for every magnitude to determine whether a cell was selective
for this magnitude and/or for the stimulus protocol (P < 0.01). All
cells that showed a significant main effect of the stimulus protocol
or an interaction with the main effect ‘protocol’ were excluded from
further analysis, because such cells were not regarded as abstract
magnitude detectors. Table 1 shows the distribution of pure magni-
tude-selective cells for the sample and delay phases. Overall, 14.1%
(56/394) of the cells were magnitude-selective during the sample
phase, and 18.4% (77/394) during the delay phase. The majority of
these cells were selective only for one magnitude, only a small pro-
portion of cells showed selectivity for two, or even all three magni-
tudes.

To assess the effect of magnitude context on the representation of
numerosities, discharge rates of individual cells in the numerosity
conditions were analysed across pure numerosity and mixed magni-
tude blocks, with main factors numerosity, stimulus protocol and
block condition (three-way anova, P < 0.01). Cells that showed
only a significant main effect of numerosity were called ‘pure num-
erosity’ cells. All numerosity-selective neurons, including the ones
that, in addition to the main effect of numerosity, had a main effect
of block or an interaction with it, were called ‘numerosity’ cells.

TABLE 1. Proportion of magnitude-selective PFC neurons in the two trial
phases, sample and delay (mixed magnitude block).

Main effect of Sample Delay
Numerosity 5.8% (23) 7.9% (31)
Line length 3.8% (15) 4.6% (18)
Color 3% (12) 2.3% (9)
Two or more magnitudes 1.5% (6) 3.6% (14)

Selective cells were identified by a two-factor anova, with the factors
sample magnitude and stimulus protocol, separately for each magnitude.
Total number of cells: n = 394.
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Cells that showed a significant main effect of stimulus protocol or
an interaction with it were excluded from further analysis. Table 2
shows the distribution of numerosity-selective cells during the sam-
ple and the delay phase. Out of the 10.7% (42/394) of task-selective
cells found in the sample period, 8.9% (35/394) were purely numer-
osity-selective, without any other main effects or interactions. Dur-
ing the delay phase, the number of numerosity-selective neurons
increased to 17% (67/394), with 13.2% (52/394) of cells showing
pure numerosity-selectivity.

Whether the monkeys were engaged in a pure numerosity block
or a mixed magnitude block seemed to have little effect on numer-
osity representation. During the sample phase, a main effect of block
condition (in addition to the main effect of numerosity) was present
only in 0.5% (2/394, 5.7% relative to all numerosity-selective cells)
of the cells (neurons showing an interaction between numerosity
and block condition were absent). During the delay period, a main
effect of block condition could be found in only 1.8% (7/394,
13.5% relative to all numerosity-selective cells) of the neurons; in
0.5 % (2/394, 3.9% relative to all numerosity-selective cells) of the
cells a significant interaction between the numerosity and the block
condition was present. Thus, the context of the numerosity discrimi-
nation hardly modulated the response properties of numerosity
detectors.

Figure 3 shows the responses of an example cell that was purely
numerosity-selective (no other main effects or interactions) during
the sample phase. The PSTHs show the averaged and smoothed dis-
charge rates (Gaussian kernel, 100-ms sliding window) plotted over
time. The different colors represent different sample numerosities.
Numerosity-selective cells showed discharge rates that were signifi-
cantly different to one numerosity compared with the others. This
numerosity that elicited the highest discharge rate was called the
‘preferred’ numerosity of the cell. On average, the discharge rate
decreased with increasing distance to the preferred quantity, thus
resulting in a tuning curve for each individual cell. The example cell
in Fig. 3 showed a clear preference for the sample numerosity one.
This preference was the same in the mixed magnitude block and in
the pure numerosity block. The inserts show the cell’s tuning
curves, which were virtually identical in the pure numerosity and
the mixed magnitude block. These results indicate that there was no
influence of the block condition on the coding properties of single
neurons in the PFC.

Population responses

To assess whether the magnitude context caused changes at the neu-
ronal population level, we analysed the temporal and the tuning
characteristics of numerosity-selective neurons. To determine
whether the time course of numerosity representation was altered as
a function of the magnitude context, we calculated the visual and

TABLE 2. Proportion of numerosity-selective PFC neurons in the two trial
phases, sample and delay

Numerosity-selectivity Sample Delay
Pure 8.9% (35) 13.2% (52)
With main effect of block 0.5% (2) 1.8% (7)
With interaction with block - 0.5% (2)
With main effect and/or interaction with protocol  1.3% (5) 1.5% (6)

Selective cells were identified by a three-factor aNova, with the factors sam-
ple numerosity, presentation block and stimulus protocol. Total number of
cells: n = 394.

the numerosity-selectivity latencies for all cells that were numerosi-
ty-selective in the sample phase. The median latency of visual
response was 200 ms in the pure numerosity block and 185 ms in
the mixed magnitude block. This difference between the blocks was
not significant (Mann—Whitney U-test, Z = 1.07, P = 0.29). This
indicates a similar onset in visual response in the two block types.

The latency of numerosity-selectivity was measured by a sliding
Kruskal-Wallis test for each numerosity-selective neuron in the sam-
ple phase. The median selectivity latencies were 299.5 ms for the
pure numerosity and 260 ms for the mixed magnitude block condi-
tions. There was no significant difference in the onset of selectivity
between the two block conditions (Mann—Whitney U-test, Z = 0.76,
P = 0.491). Hence, the context of numerosity discrimination did not
affect the time course of the numerical representations in the PFC.

Next, we analysed the tuning properties of numerosity-selective
cells in the two block conditions. Figure 4 shows average PSTHs of
the numerosity-selective neurons. Figure 4A and B shows the popu-
lation of sample-selective neurons in the mixed magnitude and the
pure numerosity block, respectively. The population responses were
very similar in the two blocks, with a clear differentiation between
the responses to the preferred numerosity from the responses to the
second preferred numerosity about 200 ms after sample onset.
Delay-selective numerosity cells (Fig. 4D and E) showed the same
discharge properties in the mixed magnitude and the pure numerosity
block, differentiating between the numerosities from the beginning
of the delay phase.

To assess the sharpness of tuning (e.g. the width of the tuning
curve) and thus how well the neurons discriminated between the
numerosities in the two block conditions, the discharge rates of
numerosity neurons were normalised and plotted against the numeri-
cal distance to the preferred numerosity of the cell. The highest dis-
charge rate of each cell, in the pure numerosity block, was defined
as 100%, the lowest as 0%. All other discharge rates were normal-
ised relative to these values. These normalised discharge rates were
averaged over all cells for the two different blocks (Fig. 4C and F).
For both blocking conditions, the discharge rates dropped monoto-
nously with increasing numerical distance to the preferred quantity.
The normalised discharge rates in the two blocks were compared
separately for each distance to the preferred numerosity. There were
no significant differences between the two blocks, neither in the
sample nor in the delay phase, indicating the same sharpness of tun-
ing irrespective of the magnitude context (Wilcoxon test with Bon-
ferroni correction, for all comparisons P > 0.01).

To compare the strengths of numerosity-selectivity, a SI was
calculated for individual neurons in the mixed magnitude block and
the pure numerosity block (Fig. 5A). No difference in SI values was
detected in the sample phase (mean pure numerosity block
SI = 0.39; mean mixed magnitude block SI = 0.35; Wilcoxon test,
Z=1.24, P = 0.21; n = 37). Similarly, SI values were equal during
the delay period (mean pure numerosity block SI = 0.42; mean
mixed magnitude block SI = 0.42; Wilcoxon test, Z = 0.23,
P =0.82; n=061). Even if SIs are equal on average, it might be
possible that two separate neuron populations react differently in the
two blocks, leading on average to indiscriminable differences
between blocks. To address this question, the SI in the pure numer-
osity block was plotted as a function of selectivity in the mixed
magnitude block (Fig. 5B and C). The distance of the resulting
points to the bisection line was calculated. The distribution of dis-
tances is depicted in the inserts. A skewed or a bimodal distribution
would suggest two different populations of neurons. Hence, we
tested the distribution of distances for symmetry around zero and
bimodality. The distribution was not significantly asymmetrical,
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ple. Inset: neuronal filter function (tuning curve) over the sample phase.
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Fi1G. 4. Average PSTH for preferred, second and least preferred numerosities for sample-selective (A) and (B), and delay-selective cells (D) and (E). (C and F)
Normalised response rates of numerosity-selective neurons as a function of distance to the preferred numerosity in the pure numerosity and the mixed
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FI1G. 5. (A) Average Sls of all numerosity-selective neurons in the pure
numerosity and the mixed magnitude blocks. Scatter plot of SIs in the pure
numerosity block as a function of selectivity in the mixed magnitude block
(B) sample- and (C) delay-selective cells. Each dot represents one cell.
Inserts: distances of the dots to the bisection line, positive values were
assigned to dots below the line (higher selectivity in the mixed than in the
pure numerosity block) and negative to the dots above the line (higher selec-
tivity in the pure numerosity than in the mixed magnitude block).

neither in the sample (signed-rank test, Z = 1.24, P = 0.21) nor in
the delay phase (signed-rank test, Z = 0.23, P = 0.89). A potential
bimodal distribution was tested with the Hartigan’s dip test

(Hartigan & Hartigan, 1985) and was also not significant (sample:
P = 0.78; delay: P = 0.82).

Discussion

In this study, we report that the context of numerosity discrimina-
tions did not influence the response properties of numerosity detec-
tors. Whether monkeys discriminated visual numerosity in an
isolated delayed match-to-numerosity task or embedded in equiva-
lent DMS tasks with other magnitudes as discriminative stimuli had
little, if any, effect on the tuning curves of selective neurons (i.e.
the preferred numerosity and the sharpness of tuning), the time
course of selectivity or the average population responses.

These results were not expected based on the ‘adaptive coding
hypothesis’, which posits that neurons in the PFC are not inherently
tuned to specific stimulus features, but rather adapt their response
properties to code stimuli according to task relevance. Within this
framework, context-specific parameters would shape the tuning func-
tions of PFC neurons (Duncan, 2001). Support for this hypothesis
comes from studies with complex behavioral protocols (Stokes
et al., 2013), showing dynamic response properties of PFC neurons
that often are not specialised for a single function but highly adap-
tive. Selectivity for arbitrary visual categories often emerges after
explicit training to distinguish those categories. For example, Freed-
man et al. (2002) showed that monkeys trained to discriminate com-
puter-generated stimuli into ‘cats’ and ‘dogs’ categories had PFC
neurons selective for both categories. Subsequently, the monkeys
were retrained to assign the same stimuli into three new categories
(with the two new category boundaries orthogonal to the original
two-category boundary). After this learning process, tuning to the
previously learned, now-irrelevant, cat and dog categories was lost.
Instead, information about the three-category scheme was evident in
the population of PFC neurons. Accordingly, it might be expected
that PFC neurons change, at least to some extent, their tuning to
numerosity and split or adapt their coding capacities according to
the different magnitude contexts at hand. After all, encoding and
memorizing three magnitudes (numerosity, length and color) in one
task requires three times more coding capacities than representing
only one quantity (numerosity). One way to deal with this increased
coding demand might have been for a single neuron to represent
more than one magnitude simultaneously and become multitasking
(Cromer et al., 2010). Alternatively, cells might have switched from
coding line lengths or colors to coding numerosities in the pure
numerosity block, leading to an increased number of selective cells.
Instead, the vast majority of PFC neurons showed stable selectivity
(Roy et al., 2010) for a specific, preferred numerosity category, irre-
spective of the magnitude context. Alternatively, neurons could have
decreased their strength of numerosity coding as a function of the
increased stimulus space in the three-magnitude block condition.
This was observed by Meyer et al. (2011) who examined the spatial
and shape selectivity of neurons in the PFC after training in various
working memory tasks. Neurons were sampled on a spatial working
memory task, a feature working memory task, and a spatial-feature
conjunction working memory task. Relative to the selectivity found
in the feature working memory task alone, the average neuronal
selectivity decreased in the conjunction task (requiring both feature
and spatial working memory). This observed shift in neuronal selec-
tivity was not due to an increase of difficulty in the conjunction
task, because the monkeys performed equally well in both the fea-
ture working memory task and a spatial-feature conjunction working
memory task. In our study, however, SI values of individual
numerosity-tuned neurons remained unchanged between the pure
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numerosity block and the mixed magnitude block. Thus, in contrast
to simple spatial or feature discrimination task, the strength of num-
erosity representations remained stable irrespective of task demands
or context.

While learning effect requires plasticity of neurons and their
response properties, ubiquitously changing selectivities of PFC neu-
rons may not be the best computational strategy for all types of
abstract information. The current data suggest that numerosity repre-
sentations in the PFC rely on a sparse code (Olshausen & Field,
2004) with dedicated and stable ‘labeled lines’ (Nieder & Merten,
2007). Perhaps numerosity, like faces (Gross et al., 1972; Moeller
et al., 2008), constitutes an exceptionally relevant type of informa-
tion essential for survival, which is best represented by strictly spe-
cialised neurons.

Our recent finding of numerosity-selective neurons in numerically
naive monkeys (Viswanathan & Nieder, 2013) supports the idea of
a visual ‘number sense’, the faculty to perceive visual collections
intuitively (Danzig, 1930; Dehaene, 1997). Neurons in areas 46/45
of the lateral PFC reliably encode the number of visual items in
numerically naive monkeys, i.e. monkeys that have never been
trained to discriminate numerosities and demonstrably ignored them
during the color discrimination task. Thus, visual numerosity-selec-
tive neurons may develop spontaneously and naturally within visual
neural structures of the primate brain, prior to learning how to use
this information (in an arbitrary task). Based on psychophysical find-
ings, Burr & Ross (2008) suggested visual numerosity as a sensory
attribute because perceived numerosity is susceptible to adaptation
just like color, contrast or speed. However, it is difficult to imagine
numerosity to be represented at the level of the early visual cortex.
Moreover, adaptation is not restricted to primary visual attributes,
but also is observed for high-level visual categories, such as faces
(Webster & MacLeod, 2011). Adaptation processes indicate a spe-
cialised neural pathway with a limited number of units, which get
recruited by the adaptive stimulus and are biased by it when the
stimulus changes. Such adaptation of complex visual categories is
also found in other domains, particularly within the ventral visual
stream leading to the anterior inferotemporal (IT) cortex (Kovacs
et al., 2006). In the IT cortex, neurons are specifically responsive to
faces, places and body parts, and seem to be located in dedicated
neural substrates (Tsao et al., 2008; Pinsk et al., 2009; Bell et al.,
2011). The category ‘set size’ could therefore emerge as a special
perceptual category represented spontaneously in a dedicated pari-
eto-frontal network. Neuronal selectivity for numerosity, body parts
or faces may thus constitute ‘natural’ categories, and be present at
birth in both humans (Fried et al., 1997; Kreiman et al., 2000) and
monkeys (Rodman ez al., 1991, 1993).

To further test the notion of stable numerosity coding in the PFC,
it will be necessary to also investigate the tuning properties of num-
erosity detectors in more radically changing contexts, such as genu-
ine task-switching protocols. For instance, it would be interesting to
see whether or not switching from a delayed match-to-numerosity
task (Nieder et al., 2002; Nieder & Merten, 2007) to a rule-switching
task based on numerosities (Vallentin et al., 2012; Eiselt & Nieder,
2013) would modify the coding properties. In addition, it remains to
be investigated whether long-term learning is suited to modify the
proportion or tuning functions of numerosity-selective neurons.

Abbreviations

DMS, delayed match-to-sample; IT, inferotemporal; PFC, prefrontal cortex;
PSTH, peri-stimulus time histogram; SD, standard deviation; SEM, standard
error of the mean; SI, selectivity index; VA, visual angle.
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