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Blockage of NMDA- and GABA(A) Receptors Improves
Working Memory Selectivity of Primate Prefrontal Neurons
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The ongoing activity of prefrontal neurons after a stimulus has disappeared is considered a neuronal correlate of working memory. It
depends on the delicate but poorly understood interplay between excitatory glutamatergic and inhibitory GABAergic receptor effects. We
administered the NMDA receptor antagonist MK-801 and the GABA(A) receptor antagonist bicuculline methiodide while recording
cellular activity in PFC of male rhesus monkeys performing a delayed decision task requiring working memory. The blockade of GABA(A)
receptors strongly improved the selectivity of the neurons’ delay activity, causing an increase in signal-to-noise ratio during working
memory periods as well as an enhancement of the neurons’ coding selectivity. The blockade of NMDA receptors resulted in a slight
enhancement of selectivity and encoding capacity of the neurons. Our findings emphasize the delicate and more complex than expected
interplay of excitatory and inhibitory transmitter systems in modulating working memory coding in prefrontal circuits.
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Introduction
Working memory, the ability to retain, manipulate, and recall
information after ceasing of its sensory trace, is a vital cognitive
function for everyday behavior. Lesion studies in nonhuman pri-
mates have established that the PFC is obligatory for working
memory in delayed response tasks (Blum, 1952; Mishkin, 1957).
A physiological correlate of working memory is persistent activity
of neurons in the PFC after removal of the sensory stimulus
(Goldman-Rakic, 1996; Dash et al., 2007; Fuster, 2015) and
maintenance of behavioral principles (Miller et al., 2003; Vallen-
tin et al., 2012; Eiselt and Nieder, 2013). The persistent activity of
these neurons is stimulus specific, commonly leading to elevated
responses to a preferred memorandum and inhibitory responses

to nonpreferred ones (Goldman-Rakic, 1999). It has been sug-
gested that the persistent activity of excitatory glutamatergic py-
ramidal cells found in cortical layer III of the lateral PFC of
nonhuman primates arises from recurrent excitation of neurons
tuned to the same memorandum (Goldman-Rakic, 1995). These
pyramidal cells are thought to preserve response specificity by
lateral inhibition from interneurons (Goldman-Rakic, 1995;
Arnsten et al., 2012).

Glutamate and GABA are the most prominent excitatory and
inhibitory neurotransmitters, respectively, in the PFC (Dash et al.,
2007). One of the important glutamate receptors is the NMDA re-
ceptor. At a behavioral level, systemic and local administration of
antagonists of NMDA and GABA receptors disrupted working
memory performance in rodents and nonhuman primates (Sawa-
guchi et al., 1989; Cole et al., 1993; Chrobak et al., 2008; Smith et al.,
2011; Wang et al., 2013; Auger and Floresco, 2014).

NMDA receptors play a major role in working memory activ-
ity (Wang, 1999; Skoblenick and Everling, 2012; Wang et al.,
2013). Such effects of NMDA receptors could be mediated by
NMDA receptor subtype 2B subunits (NR2B) that show slow
gaiting kinetics and saturation properties well suited for causing
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Significance Statement

Ongoing delay activity of prefrontal neurons constitutes a neuronal correlate of working memory. However, how this delay activity
is generated by the delicate interplay of synaptic excitation and inhibition is unknown. We probed the effects of excitatory
neurotransmitter glutamate and inhibitory neurotransmitter GABA in regulating delay activity in rhesus monkeys performing a
delayed decision task requiring working memory. Surprisingly, the blockade of both glutamatergic NMDA and GABA(A) recep-
tors improved neuronal selectivity of delay activity, causing an increase in neuronal signal-to-noise ratio. Moreover, individual
neurons were similarly affected by blockade of both receptors. This emphasizes the delicate and more complex than expected
interplay of excitatory and inhibitory transmitter systems in modulating working memory coding in prefrontal circuits.
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sustained elevated firing rates (Wang, 1999, 2001, 2002; Compte
et al., 2000; Wang et al., 2013; Wang and Arnsten, 2015). How-
ever, the effects of general NMDA antagonists, such as MK-801
(MK), are contradictory. Iontophoretic administration of MK in
the PFC of behaving monkeys reduced task-related firing, but not
spontaneous activity per se (Wang et al., 2013). While some stud-
ies with rodents found that MK preferentially blocked receptors
on interneurons, others found stronger effects on pyramidal cells
(Jackson et al., 2004; Homayoun and Moghaddam, 2007; Rotaru
et al., 2011). As the excitatory effects of MK were only seen after
systemic but not after local injection of NMDA antagonists in the
rodent PFC, it has been suggested that they are based on blockage
of inhibitory interneurons in other brain areas that project to the
PFC (Suzuki et al., 2002; Lorrain et al., 2003; Skoblenick and
Everling, 2012).

Inhibitory effects of GABA are also thought to play a role in
coding working memory and attention (Funahashi et al., 1989;
Compte et al., 2000; Yoon et al., 2016; Auger and Floresco, 2017;
Bast et al., 2017). Bicuculline methiodide (Bic) is a common
GABA(A) antagonist that reduced the tuning of task related neu-
rons in the PFC by elevating the firing rate to nonpreferred stim-
uli and decreasing signal-to-noise ratio (Rao et al., 2000).
However, the behavioral effects elicited by GABA antagonists are
not consistent. For example, studies with rodents have shown
that GABA antagonists in some cases did not impair working
memory, memory acquisition, or retention learning, and had a
supportive effect on memory consolidation (Luft et al., 2004;
Kim et al., 2012; Auger and Floresco, 2014; Farahmandfar et al.,
2017).

To investigate the effects of glutamate and GABA on neuronal
response properties in the PFC, we iontophoretically blocked
NMDA and GABA(A) receptors while recording from PFC neu-
rons of macaques performing a perceptual decision task. In this
task, the monkeys had to decide and memorize over a delay pe-
riod whether or not they had seen a stimulus displayed with
different near-threshold intensities (Merten and Nieder, 2012).
Based on the previous literature, we hypothesized that both MK
and Bic would decrease the coding capacity of delay-selective PFC
neurons. However, we observed the opposite effect.

Materials and Methods
Subjects and surgery. We trained 2 male rhesus monkeys (Macaca mu-
latta) on a delayed perceptual decision task. Monkey Q was 7 years old
and weighed 8.5 kg; Monkey Z was 9 years old and weighed 8.1 kg.
Monkeys were implanted with titanium head posts for head fixation and
a recording chamber above the right lateral PFC, centered over the prin-
cipal sulcus (see Fig. 1d). Surgery was conducted using aseptic techniques
under general anesthesia. Structural MRI was performed before implan-
tation to locate anatomical landmarks. All procedures were authorized
by the relevant authority, the Regierungspräsidium Tübingen, Germany.

Experimental design. Monkeys were trained to report the presence or
absence of a visual stimulus by responding to an associated set of re-
sponse rule-cues varying in color or shape (see Fig. 1a). The sample
stimulus consisted of a gray circle (1.5° of visual angle) presented at six
intensity levels. Intensity levels were individually adapted to the mon-
keys: three sample stimuli were salient and three sample stimuli were
around the perceptual threshold of the monkey (see Fig. 1c). Intensity of
threshold sample stimuli for Monkey Q were slightly reduced after 14 of
70 recording days to ensure they were still around perceptual threshold.
Stimulus intensities are depicted in RGB values, stimulus intensity levels
in ordinal numbers, with lower values representing lower stimulus inten-
sities. Given values do not represent actual physical intensity levels of the
presented stimuli.

Throughout a trial, the monkeys fixated on a central white fixation
spot (0.1° of visual angle) and kept their gaze within 3° of visual angle. Eye

movements were monitored with an infrared eye-tracking system
(ISCAN). CORTEX program (National Institute of Mental Health) was
used for experimental control and behavioral data acquisition.

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

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

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

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

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

In previous iontophoretic experiments using exactly the same appara-
tus and methods, we have ensured that neuronal effects are not caused by
positive ejection currents (Jacob et al., 2013; Ott et al., 2014). In such
control experiments with 0.9% physiological NaCl and ejection currents
of 25 nA (as used here), or even higher values of 50 nA, none of the tested
neuronal responses (either spontaneous activity or any of the selective
responses) was affected by ejection currents alone (Jacob et al., 2013; Ott
et al., 2014). In addition, we show here that application of MK and Bic
resulted in opposite effects on the neurons’ spontaneous firing rates, even
though both drugs were ejected by the same amounts of positive cur-
rents. Together, this confirms that the effects observed in the present
study were caused by pharmacological receptor blockade.

Statistical analysis. Data analysis was performed using MATLAB (The
MathWorks). All significance levels were � � 0.05. Behavioral perfor-
mance was assessed by signal detection theory, classifying the monkeys’
responses as correct (hits and correct rejections) or wrong (misses and
false alarms). To obtain psychometric detection curves, we calculated the
ratio of correct to wrong responses for each stimulus intensity. We com-
pared psychometric performance using two-way repeated-measures
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ANOVAs with main factors drug condition and stimulus intensity. The
amount of aborted trials was compared across drug conditions using
Wilcoxon signed-rank tests for paired data.

For neuronal analyses, we sorted spikes offline and studied the re-
sponses of all well-isolated neurons. Neurons that had a mean firing rate
�1 Hz and were recorded for at least 8 trials each when the stimulus was
present and absent during control and at least one drug condition were
analyzed. For spike density population plots, spike rates were normalized
by subtracting the mean baseline firing rate in control trials and dividing
by the respective SD.

Neurons were classified as either broad-spiking (BS) or narrow-
spiking (NS) cells (i.e., putative pyramidal cells or interneurons) with a
linear classifier (k-means, k � 2, squared Euclidean distance) (Diester
and Nieder, 2008). Only cells that had a downward deflection in voltage
before an upward deflection were classified. More precisely, the mini-
mum of the extracted waveform had to occur between 200 and 400 �s
and the maximum after �300 �s. A total of 49 of 281 units did not fulfill
these criteria. Waveforms were normalized by their difference between
maximum and minimum voltage deflection and aligned to their
minimum.

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

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

We quantified selectivity of the stimulus-
selective neurons (defined by the procedure
described above) using receiver operating
characteristic (ROC) analysis on the firing
rates of the neuron for stimulus absent and
present trials (Green and Swets, 1966). The
area under the ROC curve (AUROC) depicts
the discriminability of two distributions, where
1 indicates perfect discriminability and 0.5 sig-
nals no separation. Stimulus present and ab-
sent conditions were labeled as preferred or
nonpreferred based on the respective AUROC
values. If a neuron fired more strongly to the
stimulus present condition (resulting in an
AUROC value � 0.5), the stimulus present
condition was the preferred condition. How-
ever, if a neuron responded more strongly to
the stimulus absent condition, the stimulus ab-
sent condition was the preferred condition. For
drug trials, we kept the same analysis window
and labels regarding stimulus preference as for

control trials and calculated AUROC values again. AUROC values in
control and drug condition were compared with a paired t test.

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

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

Results
We investigated 2 rhesus monkeys trained on a delayed percep-
tual decision task. At the beginning of a trial, either a sample
stimulus of varying intensity was flashed or no sample stimulus
was shown (stimulus absent trials) (Fig. 1a). The monkeys had to
decide whether or not they had seen a stimulus. Intensity levels of
the sample stimuli were individually adapted to the monkeys

Figure 1. Behavioral protocol, performance, and recording site. a, After grasping a lever and holding fixation for 500 ms, a
sample stimulus of varying contrast was flashed for 500 ms in 50% of the trials (top branch), and no stimulus was shown in the
remaining 50% (bottom branch). After a delay of 2000 ms, one of four target stimuli was shown and, depending on whether or not
a sample stimulus was presented, either instructed the monkey to release the bar or to withhold a response. b, Instructed response
rules (left column) with respect to stimulus condition (middle and right column) by the respective rule cues. c, Psychometric
detection curves for Monkey Q (top, 70 sessions) and Monkey Z (bottom, 59 sessions) subdivided in control (Cntl), Bic, and MK trials.
d, Lateral view of a macaque monkey brain. Circled area represents the area of extracellular recording and iontophoresis targeting
GABA(A) and NMDA receptors at the principal sulcus.
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such that three sample stimuli were salient (stimulus present tri-
als) and three sample stimuli were around the perceptual thresh-
old (stimulus threshold trials). This challenged the monkeys’
stimulus present/stimulus absent judgments and forced subjec-
tive decisions. The monkeys maintained their decision in work-
ing memory to later report their decisions as a function of
subsequent response-rule cues. Importantly, the response-rule
cues informed the monkeys whether or not a motor act was
required depending on their memorized decisions (Fig. 1b). Neu-
ronal activity in the delay period was thus working memory-
related and dissociated from potential motor preparation.

The monkeys’ behavioral performance was classified accord-
ing to signal detection theory. Hits and correct rejections were
rewarded, whereas misses and false alarms were not reinforced.
Not reinforcing misses of stimuli that were presented around
perceptual threshold leads to a small bias of the monkeys to er-
roneously report the presence of a stimulus in some of the stim-
ulus absent trials. Both monkeys were able to detect the salient
stimuli in �90% of the cases and correctly rejected �80% of the
trials in which no stimulus was shown. Psychometric detection
curves are depicted in Figure 1c.

While the monkeys performed the task, we recorded 281 sin-
gle neurons from the lateral PFC (118 from Monkey Q and 163

Figure 2. Waveform separation and drug effects on spontaneous firing rate. a, Waveforms
of recorded neurons. b, Distribution of BS and NS neurons. c, d, Spontaneous firing rate during
the fixation period in control and drug conditions: c, MK, 186 neurons; d, Bic, 193 neurons. e,
Normalized spontaneous firing rate for BS and NS neurons for the last 50 correct trials in control
condition before drug on switch and the first 50 correct trials after drug on switch.

Figure 3. Drug effects on firing rate for neurons preferring stimulus absence or presence.
Because the monkeys worked with different absolute intensity values, the data are plotted in
relative intensity values according to the monkeys’ individual psychometric functions (Fig. 1c).
Relative stimulus intensity levels 0 – 6 correspond to absolute stimulus intensities 0, 6, 7, 8, 15,
20, 30 for Monkey Q and 0, 10, 11, 12, 20, 30, 40 for Monkey Z. Firing rate means were derived
during each neuron’s respective analysis window. a, Red represents firing rates with MK relative
to control discharges in black and gray. b, Blue represents firing rates with Bic relative to control
firing rates. Solid lines and darker colors represent neurons preferring stimulus presence.
Dashed lines and lighter colors neurons preferring stimulus absence. Error bars indicate SEM.

Figure 4. Drug effects on selectivity for example neurons. Raster plots (row represents a
trial; dot represents a spike) and spike density histograms (time-resolved average firing rates)
representing the activity of an example neuron with increased delay selectivity during MK
administration (a,b) and an example neuron with increased delay selectivity during Bic admin-
istration (c,d). Dashed vertical lines indicate beginning of stimulus presentation and delay
period. Shaded backgrounds represent the analysis window. Dark colors represent stimulus-
present trials. Light colors represent stimulus-absent trials. Shaded areas around the spike
density histograms represent respective SEs. a, b, An NS cell preferring stimulus-absent trials
from Monkey Z in control (a) and MK (b) condition. c, d, An NS cell preferring stimulus-absent
trials from Monkey Q in control (c) and Bic (d) condition.
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from Monkey Z; Fig. 1d). These neurons were classified into NS
and BS neurons based on their waveform characteristics (Diester
and Nieder, 2008; Viswanathan and Nieder, 2015). During re-
cordings, trial blocks without pharmacological manipulation
(control condition) alternated with blocks in which either MK or
Bic was applied to the vicinity of the recorded cells by iontopho-
resis (drug condition). A total of 186 neurons fulfilled the criteria
in control and MK conditions, 193 neurons in control and Bic
conditions, and 98 neurons in control and both drug conditions.

We first explored the potential effects of the drugs on the
monkeys’ behavior. Administration of either drug improved psy-
chometric performance for Monkey Q (F(2) � 3.75, p � 0.029,
two-way repeated-measures ANOVA), but not for Monkey Z
(F(2) � 0.49, p � 0.614, two-way repeated-measures ANOVA)
(Fig. 1c). In addition, both monkeys aborted significantly more
trials in both drug conditions, independent of the respective
stimulus intensity. Specifically, Monkey Q aborted 43.80% of all
trials during MK administration, compared with 20.26% during
respective control trials (Z � �6.27, p � 0.001, paired Wilcoxon
signed-rank test), and 42.31% during Bic administration, com-
pared with 20.55% during respective control trials (Z � �6.27,
p � 0.001, paired Wilcoxon signed-rank test). Similarly, Monkey
Z aborted 42.96% of all trials during MK administration, com-
pared with 20.51% during respective control trials (Z � �6.15,
p � 0.001, paired Wilcoxon signed-rank test), and 41.84% during
Bic administration, compared with 20.71% during respective
control trials (Z � �6.21, p � 0.001, paired Wilcoxon signed-
rank test).

NMDA receptor blockade reduced spontaneous firing rate,
whereas GABA(A) receptor blockade increased it
We first evaluated the general effect of MK and Bic on the PFC
neurons’ spontaneous firing rates. Application of MK slightly
decreased spontaneous firing rates (Z � �2.41, p � 0.016, paired
Wilcoxon signed-rank test), whereas Bic significantly increased
them (Z � 7.39, p � 0.001, paired Wilcoxon signed-rank test)
(Fig. 2c,d). We next separated the neurons into broad-spiking

(i.e., putative pyramidal cells, BS) and narrow-spiking cells (i.e.,
putative interneurons, NS) based on the waveform of the extra-
cellularly measured spikes (Fig. 2a,b; see Materials and Methods).
The effects of MK and Bic were similar for the subpopulation of
BS and NS. BS tended to decrease their firing rate with applica-
tion of MK (n � 106, Z � �1.87, p � 0.061, paired Wilcoxon
signed-rank test); NS were not modulated by MK (n � 46, Z �
�1.61, p � 0.107, paired Wilcoxon signed-rank test). Bic in-
creased firing rates for BS (n � 115, Z � 6.35, p � 0.001, paired
Wilcoxon signed-rank test) as well as for NS (n � 47, Z � 4.42,
p � 0.001, paired Wilcoxon signed-rank test). The number of BS
and NS do not add up to the total of 186 neurons analyzed for
MK, and the total of 193 neurons analyzed for Bic, because the
waveform of some neurons could not be classified as neither
broad nor narrow and were excluded.

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

Figure 5. Drug effects on the selectivity for the population of stimulus-selective neurons.
AUROC values represent discriminability between preferred and nonpreferred stimulus condi-
tion in control and drug condition (a: MK, 72 neurons; b: Bic, 83 neurons). Left, AUROC values for
each neuron. Right, Mean (and SE) for the respective population.

Figure 6. Distribution of analysis windows of stimulus-selective neurons. Stimulus-selective
neurons in MK (a) and Bic (b) condition are sorted according to the beginning of their analysis
window.
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NMDA and GABA(A) receptor
blockade each improved selectivity to
preferred stimulus condition
Many of our recorded neurons showed se-
lective activity either for stimulus present
trials or stimulus absent trials. We used a
sliding window ANOVA to assess selectiv-
ity of the neurons to stimulus condition in
the delay period (see Materials and Meth-
ods) and refer to the stimulus condition
that caused a significantly elevated firing
rate as the preferred stimulus condition,
whereas the other condition is referred to
as the nonpreferred stimulus condition.
Of 186 neurons recorded in the MK con-
dition, 72 were stimulus-selective; of
those, 46 preferred stimulus presence and
26 preferred stimulus absence. Likewise,
of the 193 neurons recorded under the Bic
conditions, 83 were stimulus-selective; of
those, 56 preferred stimulus presence and
27 preferred stimulus absence. Of the 98
neurons recorded in both drug condi-
tions, 53 were stimulus-selective, with 34
preferring stimulus presence and 19 pre-
ferring stimulus absence.

Next, we explored the neuromoteric
functions with and without drugs for the
stimulus-absent and stimulus-present
neuron population separately. To that
aim, we compared the mean firing rates of
neurons preferring stimulus presence or
absence in control and drug condition
across all stimulus intensities (Fig. 3). Sig-
nificant firing rate differences after drug
applications were observed for both neu-
rons that preferred the stimulus-present
condition and neurons that preferred the
stimulus-absent condition. Bic, in partic-
ular, caused a clear upward parallel shift of
the neurometric functions for both cell
categories (Fig. 3b).

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

We further analyzed the impact of both drugs on the encoding
of the stimulus condition of these stimulus-selective neurons. To
evaluate the drug effects on the population of PFC cells, we de-
rived and compared the area under the ROC curve (AUROC) as

a measure of neuronal selectivity. Here, the AUROC is a nonpara-
metric measure of the discriminability of two distributions of
firing rates recorded in the stimulus present and stimulus absent
conditions, respectively. Values of 0.5 indicate no separation, and
values of 1 signal perfect discriminability. Figure 4 depicts exam-
ple cells showing improved stimulus selectivity after blocking
NMDA (MK condition; Fig. 4a,b) and GABA(A) receptors (Bic
condition; Fig. 4c,d). In the former case, the AUROC value in-
creases from 0.87 in control condition to 0.97 in MK condition;
and in the latter case, the AUROC value increases from 0.61 in
control condition to 0.77 in Bic condition. Comparing AUROC
values during drug and control conditions for the population of
stimulus-selective neurons yielded significantly higher AUROC
values in both drug conditions. Mean AUROC values increased
from 0.71 (SE 0.01) in control to 0.74 (SE 0.01) with administra-
tion of MK (t(71) � �2.20, p � 0.031, paired t test), and from 0.68
(SE 0.01) in control to 0.74 (SE 0.01) with administration of Bic
(t(82) � �4.19, p � 0.001, paired t test). The blockade of both
NMDA and GABA(A) receptors thus improved working mem-
ory selectivity to stimulus condition (Fig. 5). The distribution of

Figure 7. MK effects on the firing rate for preferred and nonpreferred stimuli. a, b, Firing rates for control and MK condition
separated for preferred (a) and nonpreferred (b) stimulus condition. Left, Firing rates for each neuron. Right, Mean firing rates for
the respective population. c, Differences in mean firing rate between MK and control condition for the preferred and nonpreferred
stimulus condition. Error bars indicate SEs. n.s., not significant.

Figure 8. Time-resolved effects of MK on the preferred and nonpreferred stimulus condition. Spike density histograms repre-
sent the activity of the population of stimulus-selective neurons in control (left) and after MK administration (right). Dashed
vertical lines indicate beginning of stimulus presentation and delay period. Solid lines indicate preferred stimulus conditions.
Dashed lines indicate nonpreferred stimulus conditions. Shaded areas around the spike density histograms represent respective
SEMs.
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analysis window durations during which neurons exhibited stim-
ulus selectivity is depicted in Figure 6. For both MK (Fig. 6a) and
Bic (Fig. 6b), neurons show a mixture of brief and sustained
selectivity.

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

To elucidate mechanisms that lead to enhanced selectivity, we
further investigated drug effects on firing rates in the preferred
and nonpreferred stimulus condition separately. For stimulus-
selective neurons modulated with MK, firing rates in control tri-
als were by definition higher for the preferred stimulus condition
(5.92 � 0.79) than for the nonpreferred condition (2.88 � 0.43)
(Fig. 7). MK did not change absolute firing rates of these neurons
in either the preferred stimulus condition (6.3912 � 0.77, t(71) �
�0.60, p � 0.552, paired t test; Fig. 7a) or in the nonpreferred
stimulus condition (2.82 � 0.44, t(71) � 0.02, p � 0.981, paired t
test; Fig. 7b). Firing rate differences between drug and control
trials for preferred (0.47 � 0.85) and nonpreferred (�0.06 �
0.47) stimulus conditions were comparable (t(71) � 0.97, p �
0.334, paired t test; Fig. 7c). The absence of MK effects at the
population level is also depicted in Figure 8 showing the normal-
ized spike density histograms of the population of stimulus-
selective neurons treated with MK. An analysis of the Fano factor,
a measure of firing rate dispersion and variability, revealed no
significant difference between control and MK trials for either the
preferred (t(71) � 0.287, p � 0.775, paired t test) or the nonpre-
ferred stimulus condition (t(68) � 1.44, p � 0.156, paired t test).
Together, these results suggest that the improved selectivity with
MK arises from a combination of nonsignificant changes in the
activity of selective neurons.

Next, we analyzed how Bic achieved the improved selectivity
reported above. Again, by definition, mean firing rates in control
trials were higher for the preferred stimulus condition (5.67 �
0.94) than for the nonpreferred condition (2.81 � 0.59) for
stimulus-selective neurons modulated with Bic (Fig. 9). Bic did
not increase absolute firing rates in either the preferred stimulus
condition (t(82) � �1.61, p � 0.111, paired t test; Fig. 9a) or in the
nonpreferred condition (t(82) � �1.27, p � 0.207, paired t test;
Fig. 9b). A comparison of firing rate differences between control
and drug trials for preferred and nonpreferred stimulus condi-
tion revealed that Bic tended to increase firing rates stronger for
the preferred stimulus condition (2.47 � 1.54) than for the non-
preferred condition (1.24 � 0.97) (t(82) � 1.79, p � 0.077, paired
t test; Fig. 9c). Figure 10 depicts normalized spike density histo-
grams of the population of stimulus-selective neurons treated
with Bic that illustrate these effects across time. The Fano factors
for Bic were comparable between control and drug trials, both for
the preferred condition (t(82) � 0.10, p � 0.920, paired t test) and
the nonpreferred condition (t(79) � 0.61, p � 0.547, paired t test).

Individual neurons increased selectivity in response to both
NMDA and GABA(A) receptor blockade
To find out how individual neurons were affected by blockage of
NMDA and GABA(A) receptors, we further analyzed the subset
of 53 stimulus-selective neurons in sequential MK and Bic con-
ditions. Figure 11a– c depicts an example cell showing enhanced
delay selectivity with administration of either drug. MK in this

case increases selectivity by diminishing the firing rate stronger
for the stimulus absent condition than for the stimulus present
condition.

A population analysis applying again an ROC analysis of se-
lectivity to stimulus condition during the respective analysis win-
dows in the delay revealed that 33 of these neurons enhanced
their selectivity with administration of MK, 38 did so by admin-
istration of Bic, and 28 neurons enhanced selectivity with either
drug compared with control. Other possible combinations were
infrequent, with 10 neurons decreasing selectivity with MK but
increasing it with Bic, 5 neurons increasing selectivity with MK
but decreasing it with Bic, and 10 neurons decreasing selectivity
with either drug (Fig. 11d). Statistical testing revealed that the
proportion of cells that improved their selectivity with both drugs
(52.83%) was within the range expected by the proportion of cells
that improved their selectivity with one of the drugs (44.64%)
(p � 0.143, one-sided binomial test). Overall, 85% (28 of 33) of
the neurons that improved their selectivity with application of
MK also improved their selectivity when Bic was applied. Like-
wise, 74% (28 of 38) of those neurons that improved their selec-
tivity with application of Bic also improved their selectivity when
MK was applied.

Effects were comparable for the subset of BS and NS. Ten of
the 53 neurons could not be classified as neither NS nor BS, 26
were BS, and 17 were NS. Of the 26 BS, 17 improved their selec-
tivity with administration of MK, 19 did so with administration
of Bic, and 13 with either drug. The proportion of BS that im-
proved selectivity with both drugs (50.00%) was within the range
expected by the proportion of cells that improved their selectivity
with one of the drugs (47.78%) (p � 0.489, one-sided binomial
test). Of the 17 NS, 11 improved their selectivity with adminis-
tration of MK, 13 did so with administration of Bic, and 9 with
either drug. Again, the proportion of NS that improved selectivity
with both drugs (52.94%) was within the range expected by the
proportion of cells that improved their selectivity with one of the
drugs (49.48%) (p � 0.483, one-sided binomial test).

Discussion
In rhesus monkeys performing a delayed decision task requiring
working memory, we probed the effects of the excitatory gluta-

Figure 9. Bic effects on firing rate for preferred and nonpreferred stimulus condition. a, b,
Firing rates for control and Bic condition separated for preferred (a) and nonpreferred (b)
stimulus condition. Left, Firing rates for each neuron. Right, Mean firing rates for the respective
population. c, Differences in mean firing rate between Bic and control condition for the pre-
ferred and nonpreferred stimulus condition. Error bars indicate SEs. n.s., not significant.
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matergic and inhibitory GABAergic trans-
mitter systems on single neurons by
combining single-cell recordings and si-
multaneous micro-iontophoretic drug
applications. As major results, we found
that both the blockade of excitatory gluta-
matergic synapses with NMDA-receptor
antagonists MK, as well as the inactivation
of inhibitory synapses by GABA(A)-
receptor antagonist Bic increased pre-
frontal neurons’ stimulus selectivity
during the delay period, albeit only subtle
for NMDA receptors. These results con-
trast previous findings in behaving mon-
keys (Rao et al., 2000; Wang et al., 2013).
Moreover, we probed individual neurons
not only with one of the receptor antago-
nists, but with both. We found that most neurons (both putative
pyramidal cells as well as inhibitory interneurons) that improved
their signal-to-noise ratio with one of the drugs also increased
their selectivity with the other.

Performance changes by the drugs were only seen in 1 of the 2
tested monkeys; administration of either drug improved perfor-
mance of Monkey Q, but not Monkey Z. Additionally, we ob-
served that both monkeys significantly aborted more trials in
drug conditions. Overall, these behavioral findings were rather
unexpected, given that the effect of micro-iontophoresis is very
focal (Herz et al., 1969). We thus assume that the drugs affected
small clusters or micro-networks of neurons, rather than individ-
ual cells alone.

Blocking NMDA receptors increases spontaneous responses
and improves stimulus selectivity
We show a significant, albeit mild reduction of spontaneous fir-
ing rate after administration of glutamatergic NMDA-receptor
antagonist MK in awake behaving monkeys. Only previous in
vitro studies have shown a decrease in spontaneous firing rate
after administration of MK (Huettner and Bean, 1988; Rotaru et
al., 2011) or studies in anesthetized rats after previous adminis-
tration of NMDA (Zhang et al., 1992; Wang et al. 2013) found
that iontophoretic administration of MK in awake behaving
monkeys produced no significant decrease in spontaneous firing
rate, albeit a marked reduction of firing rates in all task epochs for
delay selective neurons. The discrepancy of our findings to Wang
et al. (2013) might be explained because MK only acts on open
channels, and its effectiveness thus depends on the presence of
glutamate (Huettner and Bean, 1988).

Whether MK has a net excitatory or inhibitory effect on clus-
ters of neurons should depend on the ratio of recruited pyramidal
cells and interneurons and may possibly be a function of drug
dosage. Indeed, high dosages of MK caused excitatory effects in
rodents, whereas low dosages did not (Jackson et al., 2004). Such
excitatory effects of MK are suspected to be mediated by an inhi-
bition of glutamatergic input in inhibitory interneurons, which
would lead to net disinhibition of local circuits.

An important finding of the current study is that blockade of
NMDA receptors by MK improved neuronal selectivity during
working memory phases. In agreement with our finding, Jackson
et al. (2004) found improved working memory performance at
low doses of MK in the PFC of rats. In the same study, perfor-
mance was, however, impaired at high doses. Wang et al. (2013)
found impaired performance as well as reduced task related
firing of delay cells of monkeys in an oculomotor delayed

response (ODR) task after systemic administration of differ-
ent doses of the NMDA antagonist ketamine. In the ODR task,
monkeys have to make a saccade to a remembered spatial
location after a memory delay period. In this ODR task, ion-
tophoretic application of MK mimicked the neuronal effects
of systemic ketamine administration by reducing the activity
of delay cells, however more so for the preferred direction.
This effect caused an impairment of stimulus coding during
the ODR task, as opposed to an enhancement of stimulus
selectivity as observed in the current study.

The disparate findings on working memory activity in ODR
tasks versus feature-based delayed response tasks may relate to
anatomically distinct PFC neurons that have been described for
spatial and feature-based working memory (Wilson et al., 1993),
even though many single neurons represent both spatial and vi-
sual information (Rao et al., 1997). An alternative explanation is
that the delay activity in the ODR task might reflect mainly motor
preparation signals or allocation of spatial attention rather than
maintenance of signals in working memory (Lebedev et al., 2004;
Takeda and Funahashi, 2004; Markowitz et al., 2015). This is
because the monkeys know from the onset of the sample location
where they have to make a saccade in the subsequent test phase.
In our delayed decision task, however, the monkeys lacked infor-
mation during the delay period that would have allowed them to
prepare an action. Thus, the ODR task might entail specific cir-
cuits engaged in preparatory motor signaling, which could be
differentially modulated by glutamatergic and GABAergic recep-
tors. Such disparate pharmacological findings on working mem-
ory activity in ODR tasks versus feature-based delayed response
tasks have also been reported for the dopaminergic modulatory
system (Ott and Nieder, 2017, 2019; Vijayraghavan et al., 2016;
Stalter et al., 2020).

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

Blocking GABA(A) receptors increases neuronal selectivity
preferentially by disinhibiting preferred stimuli
Iontophoretic administration of GABA(A)-antagonist Bic gener-
ally increased the spontaneous firing rates of pyramidal cells and

Figure 10. Time-resolved effects of Bic on the preferred and nonpreferred stimulus condition. Spike density histograms repre-
sent the activity of the population of stimulus-selective neurons in control (left) and after Bic administration (right). Dashed vertical
lines indicate beginning of stimulus presentation and delay period. Solid lines indicate preferred stimulus conditions. Dashed lines
indicate nonpreferred stimulus conditions. Shaded areas around the spike density histograms represent respective SEs.
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interneurons in lateral PFC. Bic had a stronger effect on pyrami-
dal cells than on interneurons. Both findings are in line with
similar previous studies (e.g., Rao et al., 2000).

As a major finding of the current study, blockade of GABA(A)
receptors by Bic also improved neuronal selectivity during work-
ing memory periods. The supportive effect of blocking GABA
receptors on memory is in partial agreement with behavioral
studies in rodents that found improved memory retention and
consolidation after administration of GABA antagonists (Luft et
al., 2004; Kim et al., 2012). The blockade of GABA(A) receptors
by Bic tended to increase the firing rate stronger for the preferred
than the nonpreferred stimulus condition and thereby improved
selectivity. This suggests that GABA downregulates memory pro-
cessing by diminishing coding of preferred stimuli.

Contrary to our findings, Rao et al. (2000) found that ionto-
phoretic administration of Bic in PFC of macaque monkeys per-
forming an ODR task cancels spatial tuning of pyramidal cells
and interneurons, especially in the delay phase. In their study, Bic
impaired tuning by disinhibition of the nonpreferred direction as
well as directions neighboring the preferred one, but also created
tuning in a subset of previously untuned cells.

As discussed previously, the disparate findings in the study by
Rao et al. (2000) compared with our study may be based on
differences in spatial versus feature-based task protocols, as well
as different types of cognitive signals (premotor vs pure working
memory aspects) activated during the delay periods. In addition,
GABA most likely affects working memory in a dose-dependent

manner, and possibly follows an inverted-U response curve. This
idea is supported by the findings that too much as well as too little
GABA impaired optimal behavioral performance (Pezze et al.,
2014; Bast et al., 2017; Ferguson and Gao, 2018).

NMDA and GABA(A) effects are mediated by the
same neurons
In previous iontophoretic studies with monkeys, only one phar-
macological substance was explored per neuron. We were there-
fore interested to find out if and how individual neurons would
react to application of both NMDA and GABA antagonists. We
found that most neurons that improved their signal-to-noise ra-
tio with one of the drugs also increased their selectivity with the
other. This was true for both putative pyramidal cells and inhib-
itory interneurons. This leads to the conclusion that both major
classes of cortical neurons contained glutamatergic NMDA and
GABA receptors. The observed selectivity-promoting effects of
MK and Bic were hence also visible at the single-cell level, so that
more than half of our recorded neurons increase their selectivity
with either drug.

The observed drug effects were comparable for the subset of
BS and NS neurons (i.e., putative pyramidal cells and inhibitory
interneurons). This is to be expected when the input of a recorded
neuron is affected. However, the net output effect of both cell
types on the postsynaptic neurons is expected to be in the oppo-
site direction. Since iontophoresis does not only affect one par-
ticular neuron at the recording site but also nearby neurons as

Figure 11. Stimulus-selective neurons modulated by Bic and MK. a– c, Raster plots and spike density histograms representing the activity of a broad spiking cell preferring stimulus-present trials
from Monkey Q in control (a), Bic (b), and MK (c) conditions. Dashed vertical lines indicate beginning of stimulus presentation and delay period. Shaded backgrounds represent the analysis window.
Dark colors represent stimulus-present trials. Light colors represent stimulus-absent trials. Shaded areas around the spike density histograms represent respective SEs. d, Amount of neurons that
increased/decreased their selectivity with drug administration. �, �, show whether the AUROC value, signifying discriminability between preferred and nonpreferred stimulus condition, was
higher in the respective drug or control condition.
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parts of cortical microcircuits, the observed effects may not nec-
essarily be due to direct effects on the respective receptors of the
recorded neurons but could also stem from secondary effects
mediated via microcircuits. This could explain some of the vari-
ance found at the single-neuron level and emphasizes the impor-
tance of larger neuron population analyses.

Differentiating NMDA and GABA effects hence gets more
complicated as glutamatergic transmission is controlled by
GABA receptors; and vice versa, GABAergic transmission is con-
trolled by NMDA receptors (Del Arco and Mora, 2002; Higley,
2014; Farahmandfar et al., 2017). Because of this delicate inter-
play of excitation and inhibition in cortical networks, neuropsy-
chiatric conditions, such as schizophrenia, have also been
associated with impairments in the NMDA system as well as the
GABA system (Benes, 1995; Gonzalez-Burgos and Lewis, 2012;
Datta and Arnsten, 2018). This suggests that a better understand-
ing of these transmitter systems, also with respect to potential
psychiatric therapies, requires an investigation of glutamatergic
and GABAergic effects back-to-back.
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