
Copyright © 2020 the authors

Research Articles: Systems/Circuits

Blockage of NMDA- and GABA(A) receptors
improves working memory selectivity of
primate prefrontal neurons

https://doi.org/10.1523/JNEUROSCI.2009-19.2019

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.2009-19.2019

Received: 19 August 2019
Revised: 3 December 2019
Accepted: 5 December 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Blockage of NMDA- and GABA(A) receptors 1 

improves working memory selectivity of primate 2 

prefrontal neurons 3 

 4 

 5 

Paul Rodermund, Stephanie Westendorff, and Andreas Nieder* 6 

 7 

Animal Physiology, Institute of Neurobiology, University of Tübingen, D-72076 8 
Tübingen, Germany 9 

 10 

 11 

*To whom correspondence should be addressed: andreas.nieder@uni-tuebingen.de 12 

Lead Contact: andreas.nieder@uni-tuebingen.de 13 

 14 

Number of pages: 32 15 

Number of figures: 11 16 

Number of words for abstract: 141 17 

Number of words for introduction: 664 18 

Number of words for discussion: 1638 19 

 20 

 21 

The authors declare no competing financial interests. 22 

 23 

Acknowledgments 24 

This research was supported by DFG grants NI 618/5-2 to Andreas Nieder. 25 

  26 



 

 2 

Abstract 27 

The ongoing activity of prefrontal neurons after a stimulus has disappeared is 28 
considered a neuronal correlate of working memory. It depends on the delicate but 29 
poorly understood interplay between excitatory glutamatergic and inhibitory 30 
GABAergic receptor effects. We administered the NMDA receptor antagonist MK-801 31 
and the GABA(A) receptor antagonist Bicuculline methiodide while recording cellular 32 
activity in prefrontal cortex of male rhesus monkeys performing a delayed decision task 33 
requiring working memory. The blockade of GABA(A) receptors strongly improved the 34 
selectivity of the neurons' delay activity, causing an increase in signal to noise ratio 35 
during working memory periods as well  as an enhancement of the neurons' coding 36 
selectivity. The blockade of NMDA-receptors resulted in a slight enhancement of 37 
selectivity and encoding capacity of the neurons. Our findings emphasize the delicate 38 
and more complex than expected interplay of excitatory and inhibitory transmitter 39 
systems in modulating working memory coding in prefrontal circuits.  40 
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 44 

Significance statement 45 

Ongoing delay activity of prefrontal neurons constitutes a neuronal correlate of working 46 
memory. However, how this delay activity is generated by the delicate interplay of 47 
synaptic excitation and inhibition is unknown. We probed the effects of excitatory 48 
neurotransmitter glutamate and inhibitory neurotransmitter GABA in regulating delay 49 
activity in rhesus monkeys performing a delayed decision task requiring working 50 
memory. Surprisingly, the blockade of both glutamatergic NMDA- and GABA(A) 51 
receptors improved neuronal selectivity of delay activity, causing an increase in 52 
neuronal signal to noise ratio. Moreover, individual neurons were similarly affected by 53 
blockade of both receptors. This emphasizes the delicate and more complex than 54 
expected interplay of excitatory and inhibitory transmitter systems in modulating 55 
working memory coding in prefrontal circuits. 56 

 57 

58 
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Introduction 59 

Working memory, the ability to retain, manipulate and recall information after ceasing 60 
of its sensory trace, is a vital cognitive function for everyday behaviour. Lesion studies 61 
in nonhuman primates have established that the prefrontal cortex (PFC) is obligatory 62 
for working memory in delayed response tasks (Blum, 1952; Mishkin, 1957). A 63 
physiological correlate of working memory is persistent activity of neurons in the PFC 64 
after removal of the sensory stimulus (Dash et al., 2007; Fuster, 2015; Goldman-Rakic, 65 
1996) and maintenance of behavioural principles (Miller et al. 2003; Vallentin et al. 66 
2012; Eiselt & Nieder, 2013). The persistent activity of these neurons is stimulus 67 
specific, commonly leading to elevated responses to a preferred memorandum and 68 
inhibitory responses to non-preferred ones (Goldman-Rakic, 1999). It has been 69 
suggested that the persistent activity of excitatory glutamatergic pyramidal cells found 70 
in cortical layer III of the lateral PFC of nonhuman primates arises from recurrent 71 
excitation of neurons tuned to the same memorandum (Goldman-Rakic, 1995). These 72 
pyramidal cells are thought to preserve response specificity by lateral inhibition from 73 
interneurons (Goldman-Rakic, 1995; Arnsten et al., 2012). 74 

Glutamate and γ-Aminobutyric acid (GABA) are the most prominent excitatory and 75 
inhibitory neurotransmitters, respectively, in the PFC (Dash et al., 2007). One of the 76 
important glutamate receptors is the N-Methyl-D-aspartate (NMDA) receptor. At a 77 
behavioural level, systemic and local administration of antagonists of NMDA and 78 
GABA receptors disrupted working memory performance in rodents and non-human 79 
primates (Auger & Floresco, 2014; Chrobak et al., 2008; Cole et al., 1993; Sawaguchi 80 
et al., 1989; Smith et al., 2011, Wang et al., 2013). 81 

NMDA receptors play a major role in working memory activity (Wang et al., 2013, 82 
Skoblenick & Everling, 2012; Wang, 1999). Such effects on NMDA receptors could be 83 
mediated by NMDA receptor subtype 2B subunits (NR2B) that show slow gaiting 84 
kinetics and saturation properties well suited for causing sustained elevated firing rates 85 
(Compte et al., 2000; Wang, 1999; Wang, 2001; Wang, 2002; Wang et al., 2013; Wang 86 
& Arnsten, 2015). However, the effects of general NMDA antagonists, such as MK-801 87 
(MK), are contradictory. Iontophoretic administration of MK in the PFC of behaving 88 
monkeys reduced task related firing, but not spontaneous activity per se (Wang et al., 89 
2013). While some studies with rodents found that MK preferentially blocked receptors 90 
on interneurons, others found stronger effects on pyramidal cells (Homayoun and 91 
Moghaddam, 2007; Jackson et al., 2004; Rotaru et al., 2011). As the excitatory effects 92 
of MK were only seen after systemic but not after local injection of NMDA antagonists 93 
in the rodent PFC, it has been suggested that they are based on blockage of inhibitory 94 
interneurons in other brain areas that project to the PFC (Suzuki et al., 2002; Lorrain 95 
et al., 2003; Skoblenick & Everling, 2012). 96 

Inhibitory effects of GABA are also thought to play a role in coding working memory 97 
and attention (Auger & Floresco, 2017; Bast et al., 2017; Compte et al., 2000; Yoon et 98 
al., 2016; Funahashi et al., 1989). Bicuculline methiodide (Bic) is a common GABA(A) 99 
antagonist that reduced the tuning of task related neurons in the PFC by elevating the 100 
firing rate to non-preferred stimuli and decreasing signal to noise ratio (Rao et al., 101 
2000). However, the behavioural effects elicited by GABA antagonists are not 102 
consistent. For example, studies with rodents have shown that GABA antagonists in 103 
some cases did not impair working memory, memory acquisition or retention learning, 104 
and had a supportive effect on memory consolidation (Luft et al., 2004; Kim et al., 2012; 105 
Auger and Floresco, 2014; Farahmandfar et al., 2017). 106 
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To investigate the effects of glutamate and GABA on neuronal response properties in 107 
the PFC, we iontophoretically blocked NMDA- and GABA(A) receptors while recording 108 
from PFC neurons of macaques performing a perceptual decision task. In this task, the 109 
monkeys had to decide and memorize over a delay period whether or not they had 110 
seen a stimulus displayed with different near-threshold intensities (Merten and Nieder, 111 
2012). Based on the previous literature, we hypothesized that both MK and Bic would 112 
decrease the coding capacity of delay-selective PFC neurons. However, we observed 113 
the opposite effect.  114 

115 
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Materials and Methods 116 

Subjects and surgery 117 

We trained two male rhesus monkeys (Macaca mulatta) on a delayed perceptual 118 
decision task. Monkey Q was 7 years old and weighed 8.5 kg, Monkey Z was 9 years 119 
old and weighed 8.1 kg. Monkeys were implanted with titanium head posts for head 120 
fixation and a recording chamber above the right lateral prefrontal cortex, centred over 121 
the principal sulcus (Fig. 1d). Surgery was conducted using aseptic techniques under 122 
general anaesthesia. Structural magnetic resonance imaging was performed before 123 
implantation to locate anatomical landmarks. All procedures were authorized by the 124 
relevant authority, the Regierungspräsidium Tübingen, Germany. 125 

Experimental Design 126 

Monkeys were trained to report the presence or absence of a visual stimulus by 127 
responding to an associated set of response rule-cues varying in colour or shape (Fig. 128 
1a). The sample stimulus consisted of a grey circle (1.5° of visual angle) presented at 129 
six intensity levels. Intensity levels were individually adapted to the monkeys: three 130 
sample stimuli were salient and three sample stimuli were around the perceptual 131 
threshold of the monkey (Fig. 1c). Intensity of threshold sample stimuli for monkey Q 132 
were slightly reduced after 14 of 70 recording days to ensure they were still around 133 
perceptual threshold. Stimulus intensities are depicted in RGB values, stimulus 134 
intensity levels in ordinal numbers, with lower values representing lower stimulus 135 
intensities. Note that the given values do not represent actual physical intensity levels 136 
of the presented stimuli. 137 

Throughout a trial the monkeys fixated on a central white fixation spot (0.1° of visual 138 
angle) and kept their gaze within 3° of visual angle. Eye movements were monitored 139 
with an infrared eye-tracking system (ISCAN). CORTEX program (National Institute of 140 
Mental Health) was used for experimental control and behavioural data acquisition. 141 

The animals initiated each experimental trial by grasping a lever and fixating a central 142 
fixation target (fixation period). After 500 ms a visual stimulus (grey circle) was 143 
displayed for 500 ms in half of the trials (stimulus period), in the other half no stimulus 144 
was shown. Both trial types were randomly intermixed. After the delay period (2000 145 
ms), a response-rule cue was presented. Two response-rule cues were associated 146 
with the presence of a sample stimulus (red square or grey triangle) and two response-147 
rule cues with its absence (blue square or grey cross). If a sample stimulus had been 148 
presented, a red square or a grey triangle as response-rule cue required the monkey 149 
to release the lever within 1200 ms to receive a fluid reward, whereas a blue square or 150 
grey cross as response-rule cue required the monkey to keep fixation and hold on to 151 
the lever for another 1200 ms. The associated response rule-cues applied in the 152 
inverse way if no sample stimulus had been presented (Fig. 1b). 153 

Electrophysiology 154 

We performed extracellular single-cell recordings in the right lateral PFC centred on 155 
the principal sulcus. In each recording session up to three custom-made electrode-156 
pipette combinations were inserted transduraly using a modified electrical microdrive 157 
(NAN Instruments) (Jacob et al., 2013). Neurons were recorded at random; no attempt 158 
was made to preselect neurons according to particular response properties. Signal 159 
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acquisition, amplification, filtering, and digitalization were accomplished with the MAP 160 
system (Plexon). Waveform separation was performed offline (Offline Sorter; Plexon). 161 

Iontophoresis 162 

MK and Bic were applied iontophoretically (MVCS iontophoresis system; npi 163 
electronic) using custom-made tungsten-in-glass electrodes flanked by two pipettes 164 
each (Thiele et al., 2006). Electrode impedances were usually around 1 MΩ, full range 165 
0.2–6.4 MΩ (measured at 500 Hz; Omega Tip Z; World Precision Instruments). Pipette 166 
resistances depended on the pipette opening diameter, drug, and solvent used. Typical 167 
resistances were between 15 and 60 MΩ, full range 10–168 MΩ. 168 

Retention currents were -7 nA for both drugs. Ejection currents for MK (0.01 mol/l in 169 
double-distilled water, pH 3.8 with HCl; Sigma-Aldrich) were usually at +25nA, full 170 
range +15-25nA, which was comparable to Wang et al. (2013). Ejection currents for 171 
Bic (0.002 mol/l in double-distilled water, pH 3.9 with HCl; Sigma-Aldrich) were usually 172 
at +15nA, full range +15-25nA, which was analogous to Rao et al. (2000). If only one 173 
drug was administered per electrode the other flanking pipette was filled with 0.9% 174 
NaCl, pH 7. Electrode impedance and pipette resistance were measured after each 175 
recording session.  176 

Trial blocks without drugs alternated with trial blocks during which drugs were 177 
continuously applied. Both control and drug blocks lasted between 8–26 min, 178 
depending on the time the monkeys needed to reach a sufficient number of correct 179 
trials. The first block and all odd-number blocks were control conditions; in the even-180 
number blocks the drug was administered. In the subset of neurons that were tested 181 
with both MK and Bic in sequence, the wash-out period was the duration of the control 182 
blocks, i.e. between 8–26 min. 183 

In previous iontophoretic experiment using exactly the same apparatus and methods, 184 
we have ensured that neuronal effects are not caused by positive ejection currents 185 
(Jacob et al., 2013; Ott et al., 2014). In such control experiments with 0.9 % 186 
physiological NaCl and ejection currents of +25 nA (as used here), or even higher 187 
values of +50 nA, none of the tested neuronal responses, neither spontaneous activity 188 
nor any of the selective responses, were affected by ejection currents alone (Jacob et 189 
al., 2013; Ott et al., 2014). In addition, we show here that application of MK and Bic 190 
resulted in opposite effects on the neurons’ spontaneous firing rates, even though both 191 
drugs were ejected by the same amounts of positive currents. Taken together, this 192 
confirms that the effects observed in the present study were caused by 193 
pharmacological receptor blockade.  194 

Statistical Analysis 195 

Data analysis was performed using MATLAB (MathWorks, Natick, MA). All significance 196 
levels were α = 0.05. Behavioural performance was assessed by signal detection 197 
theory, classifying the monkeys’ responses as correct (hits and correct rejections) or 198 
wrong (misses and false alarms). To obtain psychometric detection curves we 199 
calculated the ratio of correct to wrong responses for each stimulus intensity. We 200 
compared psychometric performance using two-way repeated measures ANOVAs 201 
with main factors drug condition and stimulus intensity. The amount of aborted trials 202 
were compared across drug conditions using Wilcoxon signed-rank tests for paired 203 
data. 204 
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For neuronal analyses we sorted spikes offline and studied the responses of all well-205 
isolated neurons. Neurons that had a mean firing rate above 1 Hz and were recorded 206 
for at least 8 trials each when the stimulus was present and absent during control and 207 
at least one drug condition were analysed. For spike density population plots, spike 208 
rates were normalized by subtracting the mean baseline firing rate in control trials and 209 
dividing by the respective standard deviation. 210 

Neurons were classified as either broad- or narrow spiking cells, i.e. putative pyramidal 211 
cells or interneurons, with a linear classifier (k-means, k = 2, squared Euclidean 212 
distance) (Diester & Nieder, 2008). Only cells that had a downward deflection in voltage 213 
before an upward deflection were classified. More precisely, the minimum of the 214 
extracted waveform had to occur between 200 and 400 μs and the maximum after 215 
more than 300 μs. 49 of 281 units did not fulfil these criteria. Waveforms were 216 
normalized by their difference between maximum and minimum voltage deflection and 217 
aligned to their minimum.  218 

To examine drug effects on spontaneous firing rates we compared firing rate of these 219 
neurons during the fixation period between control and respective drug condition using 220 
a Wilcoxon signed-rank tests for paired data. In order to investigate modulation of 221 
spontaneous firing rates at the transition from control to drug phase, we normalized 222 
baseline firing rates by dividing with the mean firing rate during control condition. All 223 
reported neuronal analyses are based on correct trials only. 224 

As most neurons did not have an elevated firing rate throughout the whole delay period, 225 
we used a sliding-window approach. We calculated spike densities by convolving each 226 
spike with a Gaussian kernel (σ = 50 ms). Thus 95% of the area under the Gaussian 227 
correspond to a window size of 196 ms. The obtained spike density functions were 228 
sampled with 10 ms resolution. Next we calculated two-way ANOVAs with the main 229 
factors stimulus condition (present/absent) and drug condition (control/drug) for each 230 
10 ms bin of the spike densities in the delay phase. In order to ensure that neurons 231 
were no longer responsive to presentation of the sample stimulus we excluded the first 232 
100 ms of the delay. Cells that selectively responded to the stimulus condition for at 233 
least 300 consecutive milliseconds entered further analyses. In other words, the null 234 
hypothesis had to be rejected for at least 30 tests in a row. The longest selective time 235 
span was used as the analysis window for the respective neuron. 236 

We quantified selectivity of the stimulus selective neurons (defined by the procedure 237 
described above) using receiver operating characteristic (ROC) analysis on the firing 238 
rates of the neuron for stimulus absent and present trials (Green & Swets, 1966). The 239 
area under the ROC curve (AUROC) depicts the discriminability of two distributions, 240 
where 1 indicates perfect discriminability and 0.5 signals no separation. Stimulus 241 
present and absent conditions were labelled as preferred or non-preferred based on 242 
the respective AUROC values. If a neuron fired more strongly to the stimulus present 243 
condition (resulting in an AUROC value > 0.5), the stimulus present condition was the 244 
preferred condition. However, if a neuron responded more strongly to the stimulus 245 
absent condition, the stimulus absent condition was the preferred condition. For drug 246 
trials we kept the same analysis window and labels regarding stimulus preference as 247 
for control trials and calculated AUROC values again. AUROC values in control and 248 
drug condition were compared with a paired t-test.  249 

We calculated mean firing rates of stimulus selective neurons during their respective 250 
analysis window and compared drug effects on stimulus absence and –presence 251 
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preferring neurons with two-way repeated measures ANOVAs with drug condition and 252 
stimulus intensity as main factors. Next we compared mean firing rates and Fano 253 
factors for preferred and non-preferred stimulus conditions across drug conditions with 254 
paired t-tests (Fano, 1947). Mean firing rate differences between control and drug 255 
condition were calculated separately for preferred and non-preferred stimulus 256 
conditions and also compared with a paired t-test. 257 

The ROC analysis was repeated for those neurons that were tested in control and both 258 
drug (MK and Bic) conditions (n = 53). We used a binomial test to examine whether 259 
the amount of neurons that increased their AUROC values with administration of either 260 
drug was expected by the amount of neurons that increased their AUROC values with 261 
one of the drugs. 262 

263 
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Results 264 

We investigated two rhesus monkeys trained on a delayed perceptual decision task. 265 
At the beginning of a trial either a sample stimulus of varying intensity was flashed, or 266 
no sample stimulus was shown (stimulus absent trials) (Fig. 1a). The monkeys had to 267 
decide whether or not they had seen a stimulus. Intensity levels of the sample stimuli 268 
were individually adapted to the monkeys such that three sample stimuli were salient 269 
(stimulus present trials) and three sample stimuli were around the perceptual threshold 270 
(stimulus threshold trials). This challenged the monkeys’ stimulus present/stimulus 271 
absent judgments and forced subjective decisions. The monkeys maintained their 272 
decision in working memory to later report their decisions as a function of subsequent 273 
response-rule cues. Importantly, the response-rule cues informed the monkeys 274 
whether or not a motor act was required depending on their memorized decisions (Fig. 275 
1b). Neuronal activity in the delay period was thus working memory-related and 276 
dissociated from potential motor preparation.  277 

The monkeys’ behavioural performance was classified according to signal detection 278 
theory. Hits and correct rejections were rewarded, while misses and false alarms were 279 
not reinforced. Not reinforcing misses of stimuli that were presented around perceptual 280 
threshold leads to a small bias of the monkeys to erroneously report the presence of a 281 
stimulus in some of the stimulus absent trials. Both monkeys were able to detect the 282 
salient stimuli in over 90% of the cases and correctly rejected over 80% of the trials in 283 
which no stimulus was shown. Psychometric detection curves are depicted in Figure 284 
1c. 285 

While the monkeys performed the task, we recorded 281 single neurons from the 286 
lateral PFC (118 from monkey Q, and 163 from monkey Z) (Fig. 1d). These neurons 287 
were classified into narrow spiking and broad spiking neurons based on their waveform 288 
characteristics (Diester and Nieder, 2009; Viswanathan and Nieder, 2015). During 289 
recordings, trial blocks without pharmacological manipulation (control condition) 290 
alternated with blocks in which either MK or Bic was applied to the vicinity of the 291 
recorded cells by iontophoresis (drug condition). A total of 186 neurons fulfilled the 292 
criteria in control and MK conditions, 193 neurons in control and Bic conditions, and 293 
98 neurons in control and both drug conditions.  294 

We first explored the potential effects of the drugs on the monkeys’ behaviour. 295 
Administration of either drug improved psychometric performance for monkey Q (F(2) 296 
= 3.75, p = 0.029, two-way repeated measures ANOVA), but not for monkey Z (F(2) = 297 
0.49, p = 0.614, two-way repeated measures ANOVA) (Fig. 1c). In addition, both 298 
monkeys aborted significantly more trials in both drug conditions, independent of the 299 
respective stimulus intensity. Specifically, monkey Q aborted 43.80% of all trials during 300 
MK administration, compared to 20.26% during respective control trials (Z = -6.27, p < 301 
0.001, paired Wilcoxon signed-rank test), and 42.31% during Bic administration, 302 
compared to 20.55% during respective control trials (Z = -6.27, p < 0.001, paired 303 
Wilcoxon signed-rank test). Similarly, Monkey Z aborted 42.96% of all trials during MK 304 
administration, compared to 20.51% during respective control trials (Z = -6.15, p < 305 
0.001, paired Wilcoxon signed-rank test), and 41.84% during Bic administration, 306 
compared to 20.71% during respective control trials (Z = -6.21, p < 0.001, paired 307 
Wilcoxon signed-rank test). 308 

NMDA receptor blockade reduced spontaneous firing rate, whereas GABA(A) 309 
receptor blockade increased it 310 
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We first evaluated the general effect of MK and Bic on the PFC neurons’ spontaneous 311 
firing rates. Application of MK slightly decreased spontaneous firing rates (Z = -2.41, p 312 
= 0.016, paired Wilcoxon signed-rank test), while Bic significantly increased them (Z = 313 
7.39, p < 0.001, paired Wilcoxon signed-rank test) (Fig. 2c-d). We next separated the 314 
neurons into broad-spiking (i.e. putative pyramidal cells, BS) and narrow-spiking cells 315 
(i.e. putative interneurons, NS) based on the waveform of the extracellularly-measured 316 
spikes (see Methods). The effects of MK and Bic were similar for the subpopulation of 317 
BS and NS. BS tended to decrease their firing rate with application of MK (n = 106, Z 318 
= -1.87, p = 0.061, paired Wilcoxon signed-rank test), NS were not modulated by MK 319 
(n = 46, Z = -1.61, p = 0.107, paired Wilcoxon signed-rank test. Bic increased firing 320 
rates for BS (n = 115, Z = 6.35, p < 0.001, paired Wilcoxon signed-rank test as well as 321 
for NS (n = 47, Z = 4.42, p < 0.001, paired Wilcoxon signed-rank test. Note that the 322 
number of BS and NS do not add up to the total of 186 neurons analysed for MK, and 323 
the total of 193 neurons analysed for Bic, because the waveform of some neurons 324 
could not be classified as neither broad nor narrow and were excluded.  325 

Next, we examined the time course of modulation of firing rates at the transition from 326 
control to drug phases (Fig. 2e). In the pooled data, drug effects of MK are no longer 327 
significant. The continuously increasing firing rate enhancement caused by Bic is 328 
clearly visible, and was stronger for BS compared to NS. 329 

NMDA and GABA(A) receptor blockade each improved selectivity to preferred 330 
stimulus condition 331 

Many of our recorded neurons showed selective activity either for stimulus present 332 
trials or stimulus absent trials. We used a sliding window ANOVA to assess selectivity 333 
of the neurons to stimulus condition in the delay period (see Methods) and refer to the 334 
stimulus condition that caused a significantly elevated firing rate as the preferred 335 
stimulus condition, whereas the other condition is referred to as the non-preferred 336 
stimulus condition. Of 186 neurons recorded in the MK condition, 72 were stimulus 337 
selective; of those, 46 preferred stimulus presence and 26 preferred stimulus absence. 338 
Likewise, of the 193 neurons recorded under the Bic conditions, 83 were stimulus 339 
selective; of those, 56 preferred stimulus presence and 27 preferred stimulus absence. 340 
Of the 98 neurons recorded in both drug conditions, 53 were stimulus selective, with 341 
34 preferring stimulus presence and 19 preferring stimulus absence. 342 

Next, we explored the neuromoteric functions with and without drugs for the stimulus-343 
absent and stimulus-present neuron population separately. To that aim, we compared 344 
the mean firing rates of neurons preferring stimulus presence or absence in control 345 
and drug condition across all stimulus intensities (Fig. 3). Significant firing rate 346 
differences after drug applications were observed for both, neurons that preferred the 347 
stimulus present condition and neurons that preferred the stimulus absent condition. 348 
Bic, in particular, caused a clear upwards parallel shift of the neurometric functions for 349 
both cell categories (Fig. 3b).  350 

Specifically, we found no effect of MK on the firing rate of stimulus presence preferring 351 
neurons (F(1) < 0.01, p = 0.999, two-way repeated measures ANOVA), and no 352 
interaction of firing rate with intensities (F(6) = 1.11, p = 0.355). We also found no effect 353 
of MK on the firing rate of stimulus absence preferring neurons (F(1) = 2.30, p = 0.142, 354 
two-way repeated measures ANOVA), but a marginal interaction of firing rate with 355 
intensities (F(6) = 2.25, p = 0.042). Post-hoc testing revealed significant differences at 356 
stimulus intensities 3 and 4. In contrast, we found significant differences in firing rate 357 
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following Bic administration for stimulus presence preferring (F(1) = 23.51, p < 0.001, 358 
two-way repeated measures ANOVA), without significant interaction (F(6) = 1.22, p = 359 
0.294). Similarly, Bic administration significantly changed activity for stimulus absence 360 
preferring neurons (F(1) = 5.41, p = 0.028, two-way repeated measures ANOVA), 361 
again without significant interaction (F(6) = 0.78, p = 0.587). 362 

We further analysed the impact of both drugs on the encoding of the stimulus condition 363 
of these stimulus selective neurons. To evaluate the drug effects on the population of 364 
PFC cells, we derived and compared the area under the ROC-curve (AUROC) as a 365 
measure of neuronal selectivity. Here, the AUROC is a nonparametric measure of the 366 
discriminability of two distributions of firing rates recorded in the stimulus present and 367 
stimulus absent conditions, respectively. Values of 0.5 indicate no separation, and 368 
values of 1 signal perfect discriminability. Figure 4 depicts example cells showing 369 
improved stimulus selectivity after blocking NMDA- (MK condition, Fig. 4a-b) and 370 
GABA(A) receptors (Bic condition, Fig. 4c-d). In the former case the AUROC value 371 
increases from 0.87 in control condition to 0.97 in MK condition and in the latter case 372 
the AUROC value increases from 0.61 in control condition to 0.77 in Bic condition. 373 
Comparing AUROC values during drug and control conditions for the population of 374 
stimulus selective neurons yielded significantly higher AUROC values in both drug 375 
conditions. Mean AUROC values increased from 0.71 (SE = 0.01) in control to 0.74 376 
(SE = 0.01) with administration of MK (t(71) = -2.20, p = 0.031, paired t-test), and from 377 
0.68 (SE = 0.01) in control to 0.74 (SE = 0.01) with administration of Bic (t(82) = -4.19, 378 
p < 0.001, paired t-test). The blockade of both NMDA- and GABA(A) receptors thus 379 
improved working memory selectivity to stimulus condition (Fig. 5). The distribution of 380 
analysis window durations during which neurons exhibited stimulus selectivity is 381 
depicted in Figure 6. For both MK (Fig. 6a) and Bic (Fig. 6b), neurons show a mixture 382 
of brief and sustained selectivity.  383 

As every recording session started with a control block, we wanted to ensure that drug 384 
effects were not based on duration of recording time. Therefore, we compared AUROC 385 
values of the first and second control block separately for both drug conditions. AUROC 386 
values were comparable for neurons recorded in MK condition (t(10) = 0.47, p = 0.647, 387 
paired t-test) as well as for neurons recorded in Bic condition (t(20) = -0.72, p = 0.478, 388 
paired t-test). 389 

In order to elucidate mechanisms that lead to enhanced selectivity, we further 390 
investigated drug effects on firing rates in the preferred and non-preferred stimulus 391 
condition separately. For stimulus selective neurons modulated with MK, firing rates in 392 
control trials were by definition higher for the preferred stimulus condition (M = 5.92, 393 
SE = 0.79) than for the non-preferred condition (M = 2.88, SE = 0.43) (Fig. 7). MK did 394 
not change absolute firing rates of these neurons, neither in the preferred stimulus 395 
condition (M = 6.3912, SE = 0.77, t(71) = -0.60, p = 0.552, paired t-test, Fig. 7a), nor 396 
in the non-preferred stimulus condition (M = 2.82, SE = 0.44, t(71) = 0.02, p = 0.981, 397 
paired t-test, Fig. 7b). Firing rate differences between drug and control trials for 398 
preferred (M = 0.47, SE = 0.85) and non-preferred (M = -0.06, SE = 0.47) stimulus 399 
conditions were comparable (t(71) = 0.97, p = 0.334, paired t-test, Fig. 7c). The 400 
absence of MK-effects at the population level is also depicted in Figure 8 showing the 401 
normalized spike density histograms of the population of stimulus selective neurons 402 
treated with MK. An analysis of the Fano factor, a measure of firing rate dispersion and 403 
variability, revealed no significant difference between control and MK trials, neither for 404 
the preferred (t(71) = 0.287, p = 0.775, paired t-test), nor the non-preferred stimulus 405 
condition(t(68) = 1.44, p = 0.156, paired t-test). Taken together these results suggests, 406 



 

 12 

that the improved selectivity with MK arises from a combination of non-significant 407 
changes in the activity of selective neurons. 408 

Next, we analysed how Bic achieved the improved selectivity reported above. Again, 409 
by definition, mean firing rates in control trials were higher for the preferred stimulus 410 
condition (M = 5.67, SE = 0.94) than for the non-preferred condition (M = 2.81, SE = 411 
0.59) for stimulus selective neurons modulated with Bic (Fig. 9). Bic did not increase 412 
absolute firing rates, neither in the preferred stimulus condition (t(82) = -1.61, p = 0.111, 413 
paired t-test, Fig. 9a), nor in the non-preferred condition (t(82) = -1.27, p = 0.207, 414 
paired t-test, Fig. 9b). A comparison of firing rate differences between control and drug 415 
trials for preferred and non-preferred stimulus condition revealed that Bic tended to 416 
increase firing rates stronger for the preferred stimulus condition (M = 2.47, SE = 1.54) 417 
than for the non-preferred condition (M = 1.24, SE = 0.97) (t(82) = 1.79, p = 0.077, 418 
paired t-test, Fig. 9c). Figure 10 depicts normalized spike density histograms of the 419 
population of stimulus selective neurons treated with Bic that illustrate these effects 420 
across time. The Fano factors for Bic were comparable between control and drug trials, 421 
both for the preferred condition (t(82) = 0.10, p = 0.920, paired t-test), and the non-422 
preferred condition (t(79) = 0.61, p = 0.547, paired t-test).  423 

Individual neurons increased selectivity in response to both NMDA and GABA(A) 424 
receptor blockade 425 

To find out how individual neurons were affected by blockage of NMDA and GABA(A) 426 
receptors, we further analysed the subset of 53 stimulus selective neurons in 427 
sequential MK- and Bic- conditions. Figure 11a-c depicts an example cell showing 428 
enhanced delay selectivity with administration of either drug. Note that MK in this case 429 
increases selectivity by diminishing the firing rate stronger for the stimulus absent 430 
condition than for the stimulus present condition. 431 

A population analysis applying again an ROC analysis of selectivity to stimulus 432 
condition during the respective analysis windows in the delay revealed that 33 of these 433 
neurons enhanced their selectivity with administration of MK, 38 did so by 434 
administration of Bic and 28 neurons enhanced selectivity with either drug compared 435 
to control. Other possible combinations were infrequent, with 10 neurons decreasing 436 
selectivity with MK but increasing it with Bic, 5 neurons increasing selectivity with MK 437 
but decreasing it with Bic, and 10 neurons decreasing selectivity with either drug (Fig. 438 
11d). Statistical testing revealed that the proportion of cells that improved their 439 
selectivity with both drugs (52.83%) was within the range expected by the proportion 440 
of cells that improved their selectivity with one of the drugs (44.64%) (p = 0.143, 1-441 
sided binomial test). Overall, 85% (28 of 33) of the neurons that improved their 442 
selectivity with application of MK also improved their selectivity when Bic was applied. 443 
Likewise, 74% (28 of 38) of those neurons that improved their selectivity with 444 
application of Bic also improved their selectivity when MK was applied. 445 

Effects were comparable for the subset of BS and NS. Ten of the 53 neurons could not 446 
be classified as neither NS nor BS, 26 were BS and 17 were NS. Of the 26 BS 17 447 
improved their selectivity with administration of MK, 19 did so with administration of Bic 448 
and 13 with either drug. The proportion of BS that improved selectivity with both drugs 449 
(50.00%) was within the range expected by the proportion of cells that improved their 450 
selectivity with one of the drugs (47.78%) (p = 0.489, 1-sided binomial test). Of the 17 451 
NS, eleven improved their selectivity with administration of MK, 13 did so with 452 
administration of Bic and nine with either drug. Again the proportion of NS that 453 
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improved selectivity with both drugs (52.94%) was within the range expected by the 454 
proportion of cells that improved their selectivity with one of the drugs (49.48%) (p = 455 
0.483, 1-sided binomial test). 456 

457 
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Discussion 458 

In rhesus monkeys performing a delayed decision task requiring working memory, we 459 
probed the effects of the excitatory glutamatergic and inhibitory GABAergic transmitter 460 
systems on single neurons by combining single-cell recordings and simultaneous 461 
micro-iontophoretic drug applications. As major results, we found that both the 462 
blockade of excitatory glutamatergic synapses with NMDA-receptor antagonists MK-463 
801 (MK), as well as the inactivation of inhibitory synapses by GABA(A)-receptor 464 
antagonist Bicuculline methiodide (Bic) increased prefrontal neurons’ stimulus 465 
selectivity during the delay period, albeit only subtle for NMDA-receptors. These results 466 
contrast previous findings in behaving monkeys (Rao et al., 2000; Wang et al., 2013). 467 
Moreover, we probed individual neurons not only with one of the receptor antagonists, 468 
but with both. We found that most neurons (both putative pyramidal cells as well as 469 
inhibitory interneurons) that improved their signal to noise ratio with one of the drugs 470 
also increased their selectivity with the other. 471 

Performance changes by the drugs were only seen in one of the two tested monkeys; 472 
administration of either drug improved performance of monkey Q, but not monkey Z. 473 
Additionally, we observed that both monkeys significantly aborted more trials in drug 474 
conditions. Overall, these behavioural findings were rather unexpected, given that the 475 
effect of micro-iontophoresis is very focal (Herz et al., 1969). We thus assume that the 476 
drugs affected small clusters or micro-networks of neurons, rather than individual cells 477 
alone. 478 

Blocking NMDA receptors increases spontaneous responses and improves 479 
stimulus selectivity 480 

We show a significant, albeit mild reduction of spontaneous firing rate after 481 
administration of glutamatergic NMDA-receptor antagonist MK in awake behaving 482 
monkeys. Only previous in vitro studies have shown a decrease in spontaneous firing 483 
rate after administration of MK (Huettner & Bean, 1988; Rotaru et al., 2011) or studies 484 
in anesthetized rats after previous administration of NMDA (Zhang et al., 1992). Wang 485 
and colleagues (2013) found that iontophoretic administration of MK in awake 486 
behaving monkeys produced no significant decrease in spontaneous firing rate, albeit 487 
a marked reduction of firing rates in all task epochs for delay selective neurons. The 488 
discrepancy of our findings to Wang and colleagues (2013) might be explained 489 
because MK only acts on open channels and its effectiveness thus depends on the 490 
presence of glutamate (Huettner & Bean, 1988).  491 

Whether MK has a net excitatory or inhibitory effect on clusters of neurons should 492 
depend on the ratio of recruited pyramidal cells and interneurons and may possibly be 493 
a function of drug dosage. In fact, high dosages of MK caused excitatory effects in 494 
rodents, whereas low dosages did not (Jackson et al., 2004). Such excitatory effects 495 
of MK are suspected to be mediated by an inhibition of glutamatergic input in inhibitory 496 
interneurons, which would lead to net disinhibition of local circuits.  497 

An important finding of the current study is that blockade of NMDA receptors by MK 498 
improved neuronal selectivity during working memory phases. In agreement with our 499 
finding, Jackson and colleagues (2004) found improved working memory performance 500 
at low doses of MK in the PFC of rats. In the same study performance was however 501 
impaired at high doses. Wang and colleagues (2013) found impaired performance as 502 
well as reduced task related firing of delay cells of monkeys in an oculomotor delayed 503 
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response (ODR) task after systemic administration of different doses of the NMDA 504 
antagonist Ketamine. In the ODR task, monkeys have to make a saccade to a 505 
remembered spatial location after a memory delay period. In this ODR task, 506 
iontophoretic application of MK mimicked the neuronal effects of systemic Ketamine 507 
administration by reducing the activity of delay cells, however more so for the preferred 508 
direction. This effect caused an impairment of stimulus coding during the ODR task, 509 
as opposed to an enhancement of stimulus selectivity as observed in the current study.  510 

The disparate findings on working memory activity in ODR tasks versus feature-based 511 
delayed response tasks may relate to anatomically distinct PFC neurons that have 512 
been described for spatial and feature-based working memory (Wilson et al., 1993), 513 
even though many single neurons represent both spatial and visual information (Rao 514 
et al., 1997). An alternative explanation is that the delay activity in the ODR task might 515 
reflect mainly motor preparation signals or allocation of spatial attention rather than 516 
maintenance of signals in working memory (Takeda & Funahashi, 2004; Lebedev et 517 
al., 2004; Markowitz et al., 2015). This is because the monkeys know from the onset 518 
of the sample location where they have to make a saccade to in the subsequent test 519 
phase. In our delayed decision task, however, the monkeys lacked information during 520 
the delay period that would have allowed them to prepare an action. Thus, the ODR 521 
task might entail specific circuits engaged in preparatory motor signalling, which could 522 
be differentially modulated by glutamatergic and GABAergic receptors. Such disparate 523 
pharmacological findings on working memory activity in ODR tasks versus feature-524 
based delayed response tasks have also been reported for the dopaminergic 525 
modulatory system (Ott & Nieder, 2016; Vijayraghavan et al., 2016; Ott & Nieder, 526 
2019).  527 

The precise mechanisms behind the increase in stimulus selectivity remains elusive. 528 
In our study, MK effects for preferred and non-preferred stimuli were comparable, 529 
suggesting that NMDA receptors are not only active for preferred stimulus, but at least 530 
partially also for the non-preferred stimulus. We believe that it was an interplay 531 
between modest (but in themselves non-significant) changes in firing rates and firing 532 
variability that added up to significant changes in selectivity as detected by the ROC 533 
analysis. 534 

Blocking GABA(A) receptors increases neuronal selectivity preferentially by 535 
disinhibiting preferred stimuli  536 

Iontophoretic administration of GABA(A)-antagonist Bic generally increased the 537 
spontaneous firing rates of pyramidal cells and interneurons in lateral PFC. Bic had a 538 
stronger effect on pyramidal cells than on interneurons. Both findings are in line with 539 
similar previous studies (e.g. Rao et al., 2000). 540 

As a major finding of the current study, blockade of GABA(A) receptors by Bic also 541 
improved neuronal selectivity during working memory periods. The supportive effect of 542 
blocking GABA receptors on memory is in partial agreement with behavioural studies 543 
in rodents that found improved memory retention and consolidation after administration 544 
of GABA antagonists (Luft et al., 2004; Kim et al., 2012). The blockade of GABA(A) 545 
receptors by Bic tended to increase the firing rate stronger for the preferred than the 546 
non-preferred stimulus condition and thereby improved selectivity. This suggests that 547 
GABA downregulates memory processing by diminishing coding of preferred stimuli. 548 
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Contrary to our findings, Rao and colleagues (2000) found that iontophoretic 549 
administration of Bic in PFC of macaque monkeys performing an ODR task cancels 550 
spatial tuning of pyramidal cells and interneurons, especially in the delay phase. In 551 
their study, Bic impaired tuning by disinhibition of the non-preferred direction as well 552 
as directions neighbouring the preferred one, but also created tuning in a subset of 553 
previously untuned cells. 554 

As discussed previously, the disparate findings in the study by Rao et al. (2000) 555 
compared to our study may be based on differences in spatial versus feature-based 556 
task protocols, as well as different types of cognitive signals (premotor versus pure 557 
working memory aspects) activated during the delay periods. In addition, GABA most 558 
likely affects working memory in a dose-dependent manner, and possibly follows an 559 
inverted-U response curve. This idea is supported by the findings that too much as well 560 
as too little GABA impaired optimal behavioural performance (Bast et al., 2017; 561 
Ferguson & Gao, 2018; Pezze et al., 2014).  562 

NMDA and GABA(A) effects are mediated by the same neurons 563 

In previous iontophoretic studies with monkeys, only one pharmacological substance 564 
was explored per neuron. We were therefore interested to find out if and how individual 565 
neurons would react to application of both NMDA and GABA antagonists. We found 566 
that most neurons which improved their signal to noise ratio with one of the drugs also 567 
increased their selectivity with the other. This was true for both, putative pyramidal cells 568 
and inhibitory interneurons. This leads to the conclusion that both major classes of 569 
cortical neurons contained glutamatergic NMDA and GABA receptors. The observed 570 
selectivity-promoting effects of MK and Bic were hence also visible at the single cell 571 
level, so that more than half of our recorded neurons increase their selectivity with 572 
either drug. 573 

The observed drug effects were comparable for the subset of broad and narrow spiking 574 
neurons, i.e. putative pyramidal cells and inhibitory interneurons. This is to be expected 575 
when the input of a recorded neuron is affected. However, the net output effect of both 576 
cell types on the postsynaptic neurons is expected to be in the opposite direction. Since 577 
iontophoresis does not only affect one particular neuron at the recording site but also 578 
nearby neurons as parts of cortical microcircuits, the observed effects may not 579 
necessarily be due to direct effects on the respective receptors of the recorded 580 
neurons, but could also stem from secondary effects mediated via microcircuits. This 581 
could explain some of the variance found at the single-neuron level and emphasizes 582 
the importance of larger neuron population analyses. 583 

Differentiating NMDA and GABA effects hence gets more complicated as 584 
glutamatergic transmission is controlled by GABA receptors and vice versa GABAergic 585 
transmission is controlled by NMDA receptors (Del Arco & Mora, 2002; Higley, 2014; 586 
Farahmandfar et al., 2017). Because of this delicate interplay of excitation and 587 
inhibition in cortical networks, neuropsychiatric conditions like schizophrenia have also 588 
been associated with impairments in the NMDA system as well as the GABA system 589 
(Benes, 1995; Gonzalez-Burgos & Lewis, 2012; Datta & Arnsten, 2018). This suggests 590 
that a better understanding of these transmitter systems, also with respect to potential 591 
psychiatric therapies, requires an investigation of glutamatergic and GABAergic effects 592 
back-to-back. 593 

594 
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Figure legends 754 

 755 

Figure 1. Behavioural protocol, performance and recording site. a, After grasping a 756 
lever and holding fixation for 500 ms, a sample stimulus of varying contrast was flashed 757 
for 500 ms in 50% of the trials (top branch) and no stimulus was shown in the remaining 758 
50% (bottom branch). After a delay of 2000 ms one of four target stimuli was shown 759 
and, depending on whether or not a sample stimulus was presented, either instructed 760 
the monkey to release the bar or to withhold a response. b, Instructed response rules 761 
(left column) with respect to stimulus condition (middle and right column) by the 762 
respective rule cues c, Psychometric detection curves for monkey Q (top, 70 sessions) 763 
and monkey Z (bottom, 59 sessions) subdivided in control- (Cntl), Bicuculline 764 
methiodide- (Bic) and MK-108 (MK) trials. d, Lateral view of a macaque monkey brain. 765 
The circled area depicts the area of extracellular recording and iontophoresis targeting 766 
GABA(A)- and NMDA receptors at the principal sulcus. 767 

 768 

Figure 2. Waveform separation and drug effects on spontaneous firing rate. a, 769 
Waveforms of recorded neurons. b, Distribution of broad- and narrow spiking neurons. 770 
c-d, Spontaneous firing rate during the fixation period in control and drug condition (c: 771 
MK-108 (MK), 186 neurons; d: Bicuculline methiodide (Bic), 193 neurons). e, 772 
Normalized spontaneous firing rate for broad- (BS) and narrow spiking (NS) neurons 773 
for the last 50 correct trials in control condition before drug on switch and the first 50 774 
correct trials after drug on switch. 775 

 776 

Figure 3. Drug effects on firing rate for neurons preferring stimulus absence or 777 
presence. Because the monkeys worked with different absolute intensity values, the 778 
data are plotted in relative intensity values according to the monkeys’ individual 779 
psychometric functions (see Fig. 1c). Relative stimulus intensity levels 0 to 6 780 
correspond to absolute stimulus intensities 0, 6, 7, 8, 15, 20, 30 for monkey Q and 0, 781 
10, 11, 12, 20, 30, 40 for monkey Z. Firing rate means were derived during each 782 
neuron’s respective analysis window. a: Firing rates with MK are depicted in reddish 783 
colours relative to control discharges in black and grey. b: Firing rates with Bic are 784 
depicted in bluish colours relative to control firing rates. Neurons preferring stimulus 785 
presence are depicted in solid lines and darker colours. Neurons preferring stimulus 786 
absence are drawn in dashed lines and lighter colours. Error bars indicate SEM. 787 

 788 

Figure 4. Drug effects on selectivity for example neurons. Raster plots (every row 789 
stands for a trial, and every dot represents a spike) and spike density histograms (time-790 
resolved average firing rates) depicting the activity of an example neuron with 791 
increased delay selectivity during MK administration (a-b) and an example neuron with 792 
increased delay selectivity during Bic administration (c-d). Beginning of stimulus 793 
presentation and delay period are depicted with dashed vertical lines. Shaded 794 
backgrounds indicate the analysis window. Stimulus-present trials are drawn in dark 795 
colours, stimulus-absent trials in light colours. Shaded areas around the spike density 796 
histograms represent respective standard errors. a-b shows a narrow spiking cell 797 
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preferring stimulus-absent trials from monkey Z in control (a) and MK (b) condition. c-798 
d shows a narrow spiking cell preferring stimulus-absent trials from monkey Q in 799 
control (c) and Bic (d) condition.  800 

 801 

Figure 5. Drug effects on the selectivity for the population of stimulus selective 802 
neurons. AUROC values depict discriminability between preferred and non-preferred 803 
stimulus condition in control and drug condition (a: MK, 72 neurons; b: Bic, 83 804 
neurons). Left panels show AUORC values for each neuron, right panels show mean 805 
(and standard error) for the respective population. 806 

 807 

Figure 6. Distribution of analysis windows of stimulus selective neurons. Stimulus 808 
selective neurons in MK (a) and Bic (b) condition are sorted according to the beginning 809 
of their analysis window. 810 

 811 

Figure 7. MK effects on the firing rate for preferred and non-preferred stimuli. a-b, 812 
Firing rates for control and MK condition separated for preferred (a) and non-preferred 813 
(b) stimulus condition. Left panels show firing rates for each neuron, right panels show 814 
mean firing rates for the respective population. (c) Differences in mean firing rate 815 
between MK and control condition for the preferred and non-preferred stimulus 816 
condition. Error bars indicate standard errors. 817 

 818 

Figure 8. Time resolved effects of MK on the preferred and non-preferred stimulus 819 
condition. Spike density histograms depict the activity of the population of stimulus 820 
selective neurons in control (left panel) and after MK administration (right panel). 821 
Beginning of stimulus presentation and delay period are depicted with dashed vertical 822 
lines. Preferred stimulus conditions are drawn with solid lines, non-preferred stimulus 823 
conditions with dashed lines. Shaded areas around the spike density histograms 824 
represent respective SEMs. 825 

 826 

Figure 9. Bic effects on firing rate for preferred and non-preferred stimulus condition. 827 
a-b, Firing rates for control and Bic condition separated for preferred (a) and non-828 
preferred (b) stimulus condition. Left panels show firing rates for each neuron, right 829 
panels show mean firing rates for the respective population. (c) Differences in mean 830 
firing rate between Bic and control condition for the preferred and non-preferred 831 
stimulus condition. Error bars indicate standard errors. 832 

 833 

Figure 10. Time resolved effects of Bic on the preferred and non-preferred stimulus 834 
condition. Spike density histograms depict the activity of the population of stimulus 835 
selective neurons in control (left panel) and after Bic administration (right panel). 836 
Beginning of stimulus presentation and delay period are depicted with dashed vertical 837 
lines. Preferred stimulus conditions are drawn with solid lines, non-preferred stimulus 838 
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conditions with dashed lines. Shaded areas around the spike density histograms 839 
represent respective standard errors. 840 

 841 

Figure 11. Stimulus selective neurons modulated by Bic and MK. a-c, Raster plots and 842 
spike density histograms depicting the activity of a broad spiking cell preferring 843 
stimulus-present trials from monkey Q in control (a), Bic (b) and MK (c) condition. The 844 
beginning of stimulus presentation and delay period are depicted with dashed vertical 845 
lines. Shaded backgrounds indicate the analysis window. Stimulus-present trials are 846 
drawn in dark colours, stimulus-absent trials in light colours. Shaded areas around the 847 
spike density histograms represent respective standard errors. d, Amount of neurons 848 
that increased/decreased their selectivity with drug administration. The less-than (<) 849 
and greater-than (>) signs show whether the AUROC value, signifying discriminability 850 
between preferred and non-preferred stimulus condition, was higher in the respective 851 
drug or control condition. 852 
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