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Abstract 45 
 Acetylcholine is released in the prefrontal cortex and is a key modulator of 46 
cognitive performance in primates. Cholinergic stimulation has been shown to 47 
have beneficial effects on performance of cognitive tasks, and cholinergic 48 
receptors are being actively explored as promising targets for ameliorating 49 
cognitive deficits in Alzheimer’s disease. We hypothesized that cholinergic 50 
stimulation of prefrontal cortex during performance of a cognitive task would 51 
augment neuronal activity and neuronal coding of task attributes. We 52 
iontophoretically applied the general cholinergic receptor agonist carbachol onto 53 
neurons in dorsolateral prefrontal cortex (DLPFC) of male rhesus macaques 54 
performing rule-guided pro- and antisaccades, a well-established oculomotor 55 
task for testing cognitive control. Carbachol application had heterogeneous 56 
effects on neuronal excitability, with both excitation and suppression observed in 57 
significant proportions. Contrary to our prediction, neurons with rule-selective 58 
activity exhibited a reduction in selectivity during carbachol application. 59 
Cholinergic stimulation disrupted rule selectivity regardless of whether it had 60 
suppressive or excitatory effects on these neurons. In addition, cholinergic 61 
stimulation excited putative pyramidal neurons, while the activity of putative 62 
interneurons remained unchanged. Moreover, cholinergic stimulation attenuated 63 
saccade direction selectivity in putative pyramidal neurons due to non-specific 64 
increases in activity. Our results suggest excessive cholinergic stimulation has 65 
detrimental effects on DLPFC representations of task attributes. These findings 66 
delineate the complexity and heterogeneity of neuromodulation of cerebral cortex 67 
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by cholinergic stimulation, an area of active exploration with respect to the 68 
development of cognitive enhancers.  69 
 70 
Significance Statement 71 
 The neurotransmitter acetylcholine is known to be important for cognitive 72 
processes in the prefrontal cortex. Removal of acetylcholine from prefrontal 73 
cortex can disrupt short-term memory performance and is reminiscent of 74 
Alzheimer’s disease, which is characterized by degeneration of acetylcholine-75 
producing neurons. Stimulation of cholinergic receptors is being explored to 76 
create cognitive enhancers for the treatment of Alzheimer’s disease and other 77 
psychiatric diseases. Here, we stimulated cholinergic receptors in prefrontal 78 
cortex and examined its effects on neurons that are engaged in cognitive 79 
behavior. Surprisingly, cholinergic stimulation decreased neurons’ ability to 80 
discriminate between rules. This work suggests that overstimulation of 81 
acetylcholine receptors could disrupt neuronal processing during cognition and is 82 
relevant to the design of cognitive enhancers based on stimulating the 83 
cholinergic system. 84 
 85 
Introduction 86 
 Acetylcholine (ACh) is central to optimal cognitive performance in primates 87 
(Ballinger et al., 2016). Lesions of the basal forebrain nuclei, which provide 88 
corticopetal cholinergic innervation in primates (Mesulam et al., 1983), cause 89 
deficits in a variety of contexts, including acquisition of visual discriminations 90 
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(Ridley et al., 1984), shifting of spatial attention (Voytko et al., 1994), and 91 
mnemonic tasks such as delayed match-to-sample (Aigner et al., 1991). The 92 
importance of prefrontal cholinergic tone was delineated by Croxson et al. 93 
(2011), who tested macaques on a variety of tasks after cholinergic 94 
deafferentation of prefrontal cortex (PFC). Ablation of cholinergic neurons 95 
revealed selective, delay-dependent deficits in spatial working memory 96 
performance, but not in other PFC-dependent behavioral tasks. 97 
 Extensive degeneration of cholinergic neurons is also a hallmark of 98 
Alzheimer’s disease (Whitehouse et al., 1982). Cholinesterase inhibitors are the 99 
mainstay of pharmacological treatment, but their efficacy has been questioned 100 
(Amenta et al., 2001). Alternative measures of enhancing cholinergic stimulation 101 
are being investigated as treatment strategies (Caccamo et al., 2009; Foucault-102 
Fruchard and Antier, 2017). For example, recent evidence indicates that 103 
intermittent electrical stimulation of the basal forebrain cholinergic nuclei is 104 
beneficial to working memory performance (Liu et al., 2017). In addition, 105 
advancements in the design of cholinergic agonists allow researchers to 106 
dissociate the actions of specific receptor subtypes (Bubser et al., 2012; Ferreira-107 
Vieira et al., 2016). While cholinergic stimulation has shown some promise in 108 
improving cognitive performance in macaques (Buccafusco and Terry, 2004; 109 
Tsukada et al., 2004) and Alzheimer’s disease patients (Bodick et al., 1997), its 110 
influence on local PFC neurophysiology has been less examined in primates 111 
(Inoue et al., 1983; Sawaguchi and Matsumura, 1985). 112 
 Previously, we examined the role of muscarinic receptors in macaque 113 
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dorsolateral prefrontal cortex (DLPFC) by iontophoretically applying the general 114 
muscarinic receptor antagonist scopolamine during performance of a conditional 115 
saccade task, in which subjects made a saccade towards a peripheral stimulus 116 
(prosaccade) or made an antisaccade away from a stimulus, depending on a 117 
previous instruction cue (Major et al., 2015). This cognitive control task, which 118 
incorporates working memory for task rules, prepotent response inhibition, and 119 
flexible stimulus-response associations, is sensitive to DLPFC integrity (Pierrot-120 
Deseilligny et al., 2003; Condy et al., 2007; Hussein et al., 2014). Moreover, 121 
deficits in antisaccade performance are a reliable indicator of prefrontal 122 
dysfunction in neuropsychiatric disorders, including Alzheimer’s disease and 123 
schizophrenia (Fukushima et al., 1994; Kaufman et al., 2010). Iontophoretic 124 
blockade of muscarinic receptors resulted in general inhibition of prefrontal 125 
neuron activity and decreased selectivity related to rule, stimulus, and response 126 
encoding (Major et al., 2015), exemplifying the cortical basis of cognitive deficits 127 
following pharmacological insults to the cholinergic system (Klinkenberg and 128 
Blokland, 2010). Here, we explored the neurophysiological consequences of 129 
locally stimulating cholinergic receptors in macaque DLPFC using the general 130 
cholinergic agonist carbachol. Carbachol is a cholinomimetic, more resistant to 131 
cholinesterase-mediated breakdown than ACh, and therefore hypothesized to 132 
have longer-lasting effects than ACh (Rosenberry et al., 2008). Extensively 133 
explored for its effects on neuronal physiology, carbachol results in the 134 
generation of graded persistent activity in rodent entorhinal cortical neurons 135 
(Egorov et al., 2002) and augments gamma oscillations in the mouse medial 136 
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PFC, which are associated with working memory performance (Pafundo et al., 137 
2013). Based on our previous results (Major et al., 2015), and other studies 138 
which found that stimulation of DLPFC nicotinic receptor subtypes enhanced 139 
spatial working memory representations (Yang et al., 2013; Sun et al., 2017), we 140 
hypothesized that iontophoretic application of carbachol in macaque DLPFC 141 
would increase neuronal discharge rates and augment neuronal representation 142 
of task attributes during performance of pro- and antisaccades.  143 
  We found that carbachol had complex effects on DLPFC neuronal 144 
excitability, increasing discharge rates in putative pyramidal neurons. Contrary to 145 
our hypothesis, cholinergic stimulation of DLPFC disrupted neuronal 146 
representation of task rules in working memory and diminished saccade direction 147 
selectivity in putative pyramidal neurons. Our findings indicate that continuous 148 
pharmacological stimulation of the DLPFC cholinergic system is detrimental to 149 
cognitive performance. 150 
 151 
Materials and Methods 152 
 Experimental procedures were performed on two adult male macaque 153 
monkeys (Macaca mulatta, age 8 – 11 years, weight 9 – 12 kg) in accordance 154 
with the Canadian Council of Animal Care policy and a protocol approved by the 155 
Animal Care Committee of the University of Western Ontario Council on Animal 156 
Care. These two monkeys were previously the subjects of other published 157 
studies, including iontophoretic investigations of muscarinic blockade (Major et 158 
al., 2015), dopaminergic receptors (Vijayraghavan et al., 2016), and a 159 
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multielectrode investigation of the systemic effects of ketamine on prefrontal 160 
cortex (Skoblenick and Everling, 2012, 2014, and 2016; Ma et al., 2015). Both 161 
animals had a plastic head restraint and plastic recording chambers implanted 162 
above their right lateral PFC as described previously (Skoblenick and Everling, 163 
2012). 164 
 165 
Behavioral task 166 
 The behavioral task and physiological techniques are similar to those 167 
described in previous reports (Major et al., 2015; Vijayraghavan et al., 2016). 168 
Briefly, animals performed a variant of the pro- and antisaccade task (Everling et 169 
al., 1998), in which the task rule had to be maintained in working memory (Fig. 170 
1A). After the monkey fixates on a central white spot (0.2°, 300 ms, fixation 171 
window 4° x 4°), this fixation spot briefly changed color to red or green (100 ms), 172 
indicating the task rule, before reverting to white. The rule cue had to be 173 
maintained in working memory, while the subject maintained fixation over the 174 
delay period (800 – 1300 ms). Subsequently, the fixation spot disappeared and 175 
after a brief gap period (150 – 300 ms) a peripheral stimulus was presented 176 
pseudorandomly to the left or right of the fixation spot (17° eccentricity). Subjects 177 
had to make the appropriate saccade, specified by the current rule, either 178 
towards (prosaccade) or away from (antisaccade) the stimulus within 500 ms to 179 
receive liquid reward. Task, behavior monitoring, and reward delivery were 180 
controlled using CORTEX (National Institutes of Mental Health). The gap period 181 
was utilized to increase task difficulty (Everling et al., 1998). Rule colors were 182 
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counterbalanced between subjects and rule/stimulus combinations were 183 
presented in pseudorandom order. 184 
 185 
Neuronal recordings and pharmacology 186 
 Carbachol was iontophoretically administered using custom-made seven-187 
barreled glass iontophoretic electrodes, which were modified from the design of 188 
Millar and Williams (1989) and fabricated as described previously (Major et al., 189 
2015). Briefly, a 50 μm diameter tungsten wire (Midwest Tungsten Service), 190 
which served as the recording electrode, was electrochemically etched and 191 
inserted into the central capillary of a seven-barreled glass pipette (Friedrich and 192 
Dimmock Inc.). The glass was then pulled over the wire resulting in a 193 
multibarrelled electrode with a fine tip (PMP107L-e Multipipette Puller, MicroData 194 
Instrument). Typical recording electrode impedances ranged from 0.5 to 1 MΩ 195 
(measured at 1 kHz). Carbachol (carbamoylcholine chloride; Tocris Bioscience; 196 
100 mM in pH 3 deionized water) was top-filled into the peripheral capillaries of 197 
the multibarrelled glass and pushed pneumatically to the tip of the iontophoretic 198 
electrode. Drugs were ejected using a Neuro Phore BH-2 iontophoretic ejection 199 
system (Harvard Apparatus). Constant ejection currents (5 – 100 nA, median: 30 200 
nA) were manually set and a retention current of -8 nA was employed to prevent 201 
leakage of drug from the barrel when ejection currents were not applied. Current 202 
balancing was not employed as drug ejection with such low current strengths 203 
typically does not stimulate neurons or create electrophysiological noise with the 204 
electrode design employed here (Vijayraghavan et al., 2007). Previous 205 
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iontophoretic studies have shown there is no effect of pH of the drug solution on 206 
neuronal discharge rate (Vijayraghavan et al., 2007; Disney et al., 2007). 207 
Carbachol was used as a proxy for ACh due to its greater resistance to 208 
acetylcholinesterase-mediated breakdown (Rosenberry et al., 2008), which we 209 
hypothesized would result in more reliable stimulation of cholinergic receptors. 210 
Carbachol has been shown to have slightly larger magnitudes and duration of 211 
effect than ACh in cat (Crawford et al., 1966) and rat cortex (Bassant et al., 212 
1990). The electrode was mounted on a hydraulic micromanipulator (MO-95, 213 
Narishige Group) and lowered into DLPFC (Fig. 1B) through a 23-gauge dura-214 
penetrating stainless steel guide tube.  215 
 Neuronal signals were amplified, digitized, and filtered (300 Hz – 6 kHz, 216 
four-pole Bessel) with an OmniPlex Neural Data Acquisition System (Plexon 217 
Inc.). Neuron waveforms were sorted offline in principal component space 218 
(Offline Sorter, Plexon Inc.) and analyzed offline (MATLAB, MathWorks). Spike 219 
density functions were created by convolving spike trains with a 50 ms Gaussian 220 
activation function (Richmond et al., 1987). 221 
 We collected data from blocks of trials with no drug application (control 222 
condition), followed by drug delivery (drug condition). For some sessions, an 223 
additional recovery condition was collected after cessation of drug application. 224 
Conditions typically lasted longer than 10 minutes (Fig. 1C) and neurons with 225 
less than 8 correct trials for each rule (pro-/antisaccade) and saccade direction 226 
(left-/rightward) combination in any of the conditions were discarded from further 227 
analysis (n = 5). Behavioral effects are not usually expected with 228 
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microiontophoretic drug application because the small amount of drug released 229 
does not spread to a large enough volume of cortical neuropil to affect behavior, 230 
especially in areas of broad specialization like PFC (Vijayraghavan et al., 2007). 231 
 232 
Data Analysis 233 
 Discharge rate analyses were performed in several epochs over the 234 
course of the trial: “entire” trial epoch (1500 ms before to 1000 ms after stimulus 235 
onset), fixation epoch (0 ms – 200 ms after fixation onset), cue epoch (0 ms – 236 
200 ms after colored cue onset), and delay epoch (600 ms before to 70 ms after 237 
peripheral stimulus onset). Based on prior studies, this delay epoch is when PFC 238 
neurons are found to display maximal rule discriminability (Everling and 239 
DeSouza, 2005; Bongard and Nieder, 2010). We also analyzed the stimulus 240 
epoch (0 ms – 400 ms after peripheral stimulus onset), post-saccade epoch (0 241 
ms – 400 ms after saccade onset), and intertrial interval (0 ms – 1000 ms after 242 
reward onset). We excluded neurons with very low discharge rates (< 1 spikes/s 243 
in both control and drug conditions) from the analysis as the low firing rates 244 
precluded reliable analysis of physiological effects of the drug. The task 245 
selectivity profile of each included neuron was determined by performing an 246 
analysis of variance (ANOVA) on the trial discharge rates in the cue and delay 247 
epochs with two factors: drug condition and rule. Neurons with a significant main 248 
effect of rule or an interaction of rule and drug (p < 0.05) were classified as rule-249 
selective neurons (“rule neurons”). Magnitude of rule selectivity was further 250 
quantified using area under the receiver operating characteristic curve (AUROC; 251 
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1000 steps; Green and Swets, 1966). AUROCs were computed from the mean 252 
discharge rates during the delay epoch for pro- and antisaccades. AUROC 253 
values range from 0 to 1. By convention, neurons showing higher activity 254 
(preference) for the prosaccade rule were deemed to possess AUROC values 255 
greater than 0.5. The AUROC values for neurons with greater activity for the 256 
antisaccade rule would thus be less than 0.5, and were subtracted from 1, 257 
therefore reported AUROC values were for preferred vs. nonpreferred rule. An 258 
AUROC of 1 signified a completely selective neuron with non-overlapping 259 
distributions of preferred and nonpreferred rule discharge rates. An AUROC of 260 
0.5 signified a lack of rule discriminability, wherein preferred and nonpreferred 261 
rule discharge rate distributions completely overlapped. Analysis of task 262 
selectivity was also performed on the stimulus epoch with three-way ANOVA 263 
(factors: drug condition, rule, and peripheral stimulus direction), where neurons 264 
with a significant main effect of stimulus direction or a significant interaction 265 
between stimulus direction and condition were classified as “visual neurons”. 266 
These neurons significantly discriminated between peripheral stimuli on the left 267 
vs. right side of the screen, regardless of trial rule. Similarly, discharge rates in 268 
the post-saccade epoch were explored with three-way ANOVA (factors: drug 269 
condition, rule, and saccade direction) to classify “saccade neurons”, with a 270 
significant main effect of saccade direction or significant interaction between 271 
saccade direction and drug condition. Activity of these neurons discriminated 272 
between left- and rightward saccade directions. Selectivities of visual and 273 
saccade neurons were also quantified with AUROC between the contralateral 274 
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and ipsilateral stimulus directions or saccade directions, respectively. AUROC 275 
data are reported for the preferred vs. nonpreferred direction. Since a change in 276 
AUROC can be explained by changes in either the mean discharge rates or trial-277 
to-trial discharge rate variances between trial types (e.g., prosaccade vs. 278 
antisaccade trials), neuronal reliability was measured with Fano factor: trial-wise 279 
discharge rate variance divided by the mean. Fano factors for preferred and 280 
nonpreferred rule trails were determined separately then averaged together, as 281 
these two trials types intrinsically vary between each other in rule-selective 282 
neurons. 283 
 To compare discharge rate changes across task-selective neurons, mean 284 
discharge rates for preferred and nonpreferred trial types in the control and drug 285 
conditions were normalized as follows: 286 

 

The preferred and nonpreferred trial type would be the preferred rule and 287 
nonpreferred rule in the case of rule selectivity, and would be preferred and 288 
nonpreferred saccade direction in the case of saccade direction selectivity.  is 289 
the mean discharge rate for a given trial type in control or drug (e.g., activity in 290 
control preferred rule trials);  and  are the minimum and maximum 291 
discharge rates among the four values: control preferred, control nonpreferred, 292 
drug condition preferred, and drug condition nonpreferred mean discharge rate; 293 
and  is the normalized mean discharge rate for that given trial type (e.g., 294 
preferred rule trials in control condition). Relative contributions of changes in 295 
mean and variability of discharge rate on changes in neuronal selectivity were 296 
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estimated for the population of rule-selective neurons with the following multiple 297 
linear regression model, 298 

 

Here,  represents the carbachol-induced change in normalized discharge 299 
rate for the preferred rule between the control and carbachol conditions.  300 
coefficients represent the slope between the respective predictor and change in 301 
AUROC when all other predictors are held constant. 302 
 We also performed an analysis of action potential waveforms to classify 303 
neuronal types (“broad-spiking” putative pyramidal neurons and “narrow-spiking” 304 
putative nonpyramidal neurons), using methodology derived from previous 305 
studies (Mountcastle et al., 1969; Mitchell et al., 2007; Johnston et al., 2009). 306 
Action potential waveforms were extracted from the delay epoch during the 307 
control condition at a temporal resolution of 25 μs (40 kHz sampling frequency) 308 
and increased to 1 μs resolution with spline interpolation. After aligning to voltage 309 
trough and averaging all waveforms, duration from waveform trough (negative 310 
deflection) to peak (positive deflection) was measured. Neurons that did not 311 
show the typical shape of a downward trough, followed by a positive peak in 312 
voltage, were removed from further waveform analysis (n = 15; see Jacob et al., 313 
2013). A neuron was defined as a broad-spiking neuron (putative pyramidal 314 
neuron) if trough to peak duration was greater than 270 μs (Johnston et al., 2009; 315 
Ma et al., 2015) and defined as a narrow-spiking neuron (putative nonpyramidal 316 
neuron) if trough to peak duration was less than 270 μs. 317 
 318 
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Statistical Analysis  319 
  Wilcoxon rank sum test was used for determining significance of changes 320 
in discharge rate among individual neurons. Significance of changes in 321 
population discharge rate, Fano factor, and selectivity (AUROC) were determined 322 
using the Wilcoxon signed rank test. Fisher’s exact test was used to determine if 323 
excitability or suppression of discharge rate of task-selective neurons was 324 
contingent on trial preference (e.g., preference for pro- or antisaccades, or ipsi- 325 
or contralateral saccade directions). To determine unimodality of the distribution 326 
of trough to peak durations of narrow- and broad-spiking neurons, we performed 327 
Hartigan’s Dip Test (Hartigan and Hartigan, 1985). 328 
 329 
Results 330 
 Extracellular recordings and microiontophoretic carbachol application were 331 
performed in 100 DLPFC neurons. After exclusion of neurons due to cutoff 332 
criteria (see Materials and Methods) 83 neurons (50 from monkey T, 33 from 333 
monkey O) over the course of 79 recording sessions remained for further 334 
analysis (37 from monkey T, 42 from monkey O). Throughout control and drug 335 
conditions, monkeys performed the pro- and antisaccade task (described in 336 
Materials and Methods). Recovery from drug effects was tested in 28 recording 337 
sessions. Although minute decreases in performance were observed for both 338 
prosaccade (correct performance; mean ± S.E.M.; control: 95.1 ± 0.01%, 339 
carbachol: 93.4 ± 0.01%) and antisaccade trials (control: 90.7 ± 0.02%, 340 
carbachol: 88.0 ± 0.02%), this declining trend continued into the recovery 341 
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condition (recovery prosaccade: 92.7 ± 0.01%, recovery antisaccade: 86.4 ± 342 
0.02%), and therefore was more likely a consequence of non-drug related 343 
factors, such as waning motivation over the course of the experiment. Similarly, 344 
reaction times were longer in the carbachol condition (control prosaccade: 138 ± 345 
1 ms, carbachol prosaccade: 142 ± 1 ms; control antisaccade: 192 ± 3 ms, 346 
carbachol antisaccade: 194 ± 3 ms), but continued to increase in recovery 347 
conditions (recovery prosaccade: 144 ± 1 ms, recovery antisaccade: 196 ± 3 348 
ms). 349 
 350 
Effect of carbachol on discharge rates 351 
 We examined the effects of microiontophoretic application of carbachol at 352 
various current doses on discharge rates of 83 prefrontal neurons. We found that 353 
carbachol had heterogeneous effects on population activity. Figure 2A shows the 354 
mean discharge rate of each neuron in control (abscissa) and after drug 355 
application (ordinate). Carbachol application did not have a significant overall 356 
effect on population neuronal activity (p = 0.212, Wilcoxon signed rank test; 357 
median change in discharge rate of +0.4 spikes/s), although individual neurons 358 
were excited or suppressed. Of the 83 neurons, discharge rates of 41 neurons 359 
(49%) were significantly increased (“entire” epoch, p < 0.05, Wilcoxon rank sum 360 
test), 32 neurons (39%) were inhibited, and discharge rates of 10 neurons (12%) 361 
were unaffected after carbachol application (Fig. 2A). Further, change in 362 
population discharge rate was nonsignificant in every task epoch (fixation epoch: 363 
p = 0.241, cue: p = 0.124, delay: p = 0.238, stimulus: p = 0.256, post-saccade: p 364 
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= 0.364, intertrial interval: p = 0.316, Wilcoxon signed rank test), indicating that 365 
the drug did not differentially affect discharge rate during a specific component of 366 
the task. 367 
 To further explore the heterogeneous effects of carbachol application on 368 
prefrontal neuronal activity, we examined 23 neurons on which successive doses 369 
of carbachol were applied, and wherein drug application resulted in a significant 370 
change (increase or decrease) in the discharge rate (“entire” epoch, p < 0.05, 371 
Wilcoxon rank sum test). Figure 2B demonstrates the effects of progressively 372 
increasing doses of carbachol on two of these DLPFC neurons that were excited 373 
and suppressed by cholinergic stimulation (top and bottom panels, respectively). 374 
Increasing doses of carbachol application on the neuron depicted in the upper 375 
panel progressively and significantly increased discharge rate (control: 5.3 ± 0.1 376 
spikes/s; highest dose of carbachol: 14.2 ± 0.3 spikes/s). After cessation of drug 377 
application, there was significant partial recovery from carbachol-induced 378 
excitation, with neuronal discharge rate declining to 12.2 ± 0.2 spikes/s. 379 
However, carbachol application did not have an excitatory effect on all recorded 380 
neurons. This trend is illustrated by the neuron depicted in the bottom panel of 381 
Figure 2B. This neuron was gradually suppressed after successive doses of 382 
carbachol (control: 9.1 ± 0.2 spikes/s; highest dose of carbachol: 3.2 ± 0.1 383 
spikes/s), followed by partial recovery of discharge rate (control: 8.0 ± 0.2 384 
spikes/s). 385 
 We further analyzed effects of dose on discharge rates in the 23 386 
aforementioned neurons with multiple carbachol dose applications (13 excited, 387 
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10 inhibited) by grouping doses into “low” and “high”, based on a median split of 388 
the applied dose range (median carbachol dose = 30 nA). Figure 2C shows the 389 
effects of low and high doses of carbachol on neurons that were excited (top 390 
panel) and inhibited (bottom panel) by drug application. Discharge rates of 391 
carbachol-excited neurons increased monotonically with carbachol dose. Low-392 
dose application caused significant increase in excitability compared to control, 393 
and high dose application resulted in further increases to neuronal discharge rate 394 
(Fig. 2C, top panel; “entire” epoch). Carbachol-suppressed neurons, however, 395 
did not show monotonicity of suppression with drug dose (Fig. 2C, bottom panel). 396 
High-dose carbachol application (> 30 nA) could not further suppress neuronal 397 
discharge rates. It is noteworthy that this was not due to a floor effect, as neurons 398 
still had substantial activity after high dose application. 399 
 We tested 27 neurons (15 excited, 12 inhibited) for recovery from 400 
physiological effects after cessation of drug application. Figure 2D shows this 401 
data for neurons that were significantly excited (upper) or inhibited (lower) by 402 
carbachol application. Neurons that were excited by carbachol had reduction in 403 
discharge rates after drug cessation, though not reaching significance, thus 404 
indicating partial recovery from drug effects (“entire” epoch, p = 0.169, Wilcoxon 405 
signed rank test). However, in neurons that were significantly suppressed, 406 
recoveries did not occur during our recording sessions of approximately 10 min 407 
(p = 1). Thus, differential effects of carbachol on neuronal excitability were 408 
accompanied by different post-drug physiological effects. 409 
 410 
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Effect of carbachol on task-selective neurons 411 
 Next, we examined the effects of cholinergic stimulation with carbachol on 412 
task selectivity of neurons in the pro- and antisaccade task. Our task involved 413 
retaining the specified rule in working memory, and we explored the effects of 414 
carbachol on working memory representation of the rule in prefrontal neuronal 415 
activity (Everling and DeSouza, 2005). We identified task selectivity in prefrontal 416 
neurons using a two-way ANOVA with factors: rule (pro- or antisaccade trial) and 417 
drug condition (control or carbachol), using discharge rates during the delay 418 
epoch of the task. Based on the ANOVA, we classified 24 neurons as possessing 419 
rule selectivity (“rule neurons”; significant main effect of rule or interaction of rule 420 
and drug). We assessed the magnitude of rule selectivity in this population with 421 
the AUROC metric (see Materials and Methods). Figure 3A displays an example 422 
neuron that had a greater delay epoch discharge rate in the control condition 423 
during antisaccade trials (17.4 ± 1.4 spikes/s) compared to prosaccade trials (9.0 424 
± 1.3 spikes/s). Upon carbachol application, the baseline activity of this neuron 425 
was excited (fixation epoch control vs. carbachol discharge rate, p < 0.0001, 426 
Wilcoxon rank sum test) and selectivity for the task rule was decreased 427 
(carbachol antisaccade: 16.3 ± 0.8 spikes/s, carbachol prosaccade: 11.5 ± 0.8 428 
spikes/s; control AUROC: 0.74, carbachol AUROC: 0.67). Another prefrontal 429 
neuron (Fig. 3B) displayed a preference for antisaccades during the control 430 
condition delay epoch (antisaccade: 11.2 ± 0.4 spikes/s, prosaccade: 8.3 ± 0.3 431 
spikes/s). Similar to the first example, this neuron was excited in the fixation (p < 432 
0.0001) and delay epochs (control: 9.8 ± 0.2 spikes/s, carbachol: 12.5 ± 0.1 433 
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spikes/s, p < 0.0001) after carbachol application and rule selectivity was 434 
diminished (control AUROC: 0.76, carbachol AUROC: 0.59). 435 
 For the 24 rule neurons, we examined changes in population rule 436 
selectivity due to carbachol application (15 from Monkey T, 9 from Monkey O; 14 437 
prosaccade-preferring, 10 antisaccade-preferring). Figure 4A shows the 438 
population normalized spike density functions (mean ± S.E.M.) of rule neurons 439 
before (left; blue: preferred rule, green: nonpreferred rule) and after carbachol 440 
application (right). Change in rule selectivity was quantified using AUROC. Figure 441 
4B shows the AUROCs for each rule neuron during control (abscissa) and 442 
carbachol conditions (ordinate). Although drug effects on selectivity of individual 443 
neurons varied, carbachol significantly decreased population rule selectivity (p = 444 
0.0397, Wilcoxon signed rank test; blue: prosaccade-rule-preferring, red: 445 
antisaccade-rule-preferring). We also examined Fano factor as a measure of 446 
trial-to-trial variability of neuronal spike count. Fano factor was not significantly 447 
affected during application of carbachol (control: 2.7 ± 0.4, carbachol: 2.4 ± 0.3, p 448 
= 0.0675). As reduced rule AUROC can be due to either reduced difference in 449 
pro- vs. antisaccade discharge rates or increased neuronal variability, we 450 
explored the relative contributions of changes in neuronal discharge rate and 451 
variability using multiple linear regression with four predictors: change in 452 
normalized preferred rule discharge rate, change in normalized nonpreferred rule 453 
discharge rate, change in preferred rule variance, and change in nonpreferred 454 
rule variance (see Materials and Methods). This multiple regression model was 455 
significant (F(4, 19) = 25.56, p < 0.0001) with R2 = 0.843. As seen in Table 1, 456 
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carbachol-induced change in normalized preferred and nonpreferred rule 457 
discharge rates and change in preferred rule variance were significant predictors 458 
of change in AUROC. Of these three factors, change in preferred and 459 
nonpreferred rule discharge rate contributed the most to altered selectivity, as the 460 
magnitude of their β coefficients were much larger than that of preferred rule 461 
variance. 462 
 We further explored the relative changes in preferred and nonpreferred 463 
discharge rate in Figure 4C. Change in normalized preferred discharge rate is 464 
plotted (abscissa) against change in normalized nonpreferred discharge rate 465 
(ordinate). Neurons in which carbachol application reduced or increased the 466 
AUROC are labeled with filled and unfilled circles, respectively. Since change in 467 
AUROC is largely determined by the change in preferred and nonpreferred 468 
discharge rate, neurons above the equality line (dark grey dashed line) generally 469 
experienced decreased AUROC and neurons below the line increased AUROC. 470 
We observed two distinct clusters of neurons (k-means clustering, k = 2, 471 
centroids shown as crosshairs), one of suppressed neurons (n = 10, 42%; 472 
labeled in purple), and one of excited neurons (n = 14, 58%; orange). Carbachol 473 
reduced selectivity of almost all suppressed neurons, although the change in 474 
selectivity did not reach significance (n = 10, p = 0.0840). This decreased 475 
selectivity was due to greater inhibition during preferred rule trails compared to 476 
nonpreferred rule trials. Carbachol had more equivocal effects on the AUROC of 477 
excited rule neurons (n = 14, p = 0.296). Some neurons decreased selectivity 478 
due to relatively greater excitation of nonpreferred rule (above equality line), and 479 
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others increased selectivity due to greater excitation of preferred rule. Thus, 480 
carbachol both excited and suppressed discharge rate of rule neurons, often 481 
resulting in decreased selectivity, which can be attributed to either a relatively 482 
greater suppression of activity for preferred rules or a relatively greater increase 483 
in nonpreferred rule discharge rate. 484 
 Selectivity of prosaccade-preferring rule neurons (Fig 4B, blue) were not 485 
significantly affected by carbachol (n = 14, p = 0.463), but selectivity of 486 
antisaccade-preferring rule neurons (red) was significantly decreased (n = 10, p 487 
= 0.0371). The preference of rule neurons for pro- or antisaccade did not have 488 
any bearing on whether rule neurons were excited or inhibited by carbachol (p = 489 
0.421, Fisher’s exact test). 490 
 In some rule neurons (n = 7), multiple doses of carbachol were applied 491 
(Fig. 4C). In these rule neurons, low doses (< 30 nA) did not significantly change 492 
AUROC values (p = 0.688), but high doses (> 30 nA) resulted in significant 493 
diminishment of rule selectivity (p = 0.0156). Thus, disruption of rule selectivity in 494 
the delay period by cholinergic stimulation is dose-dependent. 495 
  Unlike the disruptive effects on rule representation in the delay epoch, 496 
population rule selectivities were unaffected in the cue epoch (n = 11, p = 0.0830, 497 
Wilcoxon signed rank test; 4 prosaccade-preferring, 7 antisaccade-preferring), 498 
stimulus epoch (n = 25, p = 0.757; 11 prosaccade-preferring, 14 antisaccade-499 
preferring) and post-saccade epoch (n = 24, p = 0.265; 6 prosaccade-preferring, 500 
18 antisaccade-preferring). 501 



 

 22 

 We examined the effects of cholinergic stimulation on neurons with 502 
selectivity for other attributes observed in the task. We identified 19 prefrontal 503 
neurons that were selective for peripheral stimulus location during the stimulus 504 
epoch (8 contralateral-stimulus-preferring, 11 ipsilateral-stimulus-preferring). 505 
Additionally, 40 neurons were selective for the direction of saccade in the post-506 
saccade epoch (32 contralateral-saccade-preferring, 8 ipsilateral-saccade-507 
preferring). Carbachol application had equivocal effects on population selectivity 508 
of both peripheral stimulus direction (control vs. carbachol stimulus direction 509 
AUROC, p = 0.968, Wilcoxon signed rank test) and for the saccade direction 510 
(control vs. carbachol saccade direction AUROC, p = 0.122). 511 
 512 
Effects of carbachol on putative pyramidal and nonpyramidal neurons 513 
 Past studies have reported that drug-induced modulation of discharge 514 
characteristics, signal-to-noise ratio, and coding of task attributes can be different 515 
between cortical neuronal classes (Mountcastle et al., 1969; Jacob et al., 2013; 516 
Ma et al., 2015; Thiele et al., 2016). To ascertain if cholinergic stimulation had 517 
differential effects on putative pyramidal neurons and interneurons defined by 518 
electrophysiological characteristics, we performed a similar analysis, whereby we 519 
classified prefrontal neurons (n = 68, see Materials and Methods) as “broad-520 
spiking” (putative pyramidal neurons) or “narrow-spiking” (putative nonpyramidal 521 
neurons; see Materials and Methods; also see Johnston et al., 2009). The 522 
distribution of waveform trough to peak durations was not unimodal (Fig. 5A; p = 523 
0.00910, Hartigans’ Dip Test, Hartigan and Hartigan, 1985). Based on a previous 524 
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study in our lab, neurons with a waveform trough to peak duration less than 270 525 
μs were classified as narrow-spiking and neurons with a trough to peak duration 526 
greater than 270 μs were classified as broad-spiking (Fig. 5B; green: mean 527 
narrow-spiking waveforms, pink: broad-spiking waveforms), yielding 21 narrow 528 
waveform neurons (31%) and 47 broad waveform neurons (69%). 529 
  Discharge rates of narrow-spiking neurons were not significantly affected 530 
by carbachol application at the population level (Fig. 5C; “entire” epoch, p = 531 
0.876, Wilcoxon signed rank test). Population discharge rate of narrow-spiking 532 
neurons was not significantly excited or suppressed in any task epoch (fixation 533 
epoch: p = 0.639, cue: p = 0.664, delay: p = 0.931, stimulus: p = 0.986, post-534 
saccade: p = 0.848, intertrial interval: p = 0.903). In addition to the lack of 535 
significant effect on discharge rates, carbachol also did not affect the selectivity 536 
of task-selective narrow-spiking neurons for any task attributes, including rule 537 
selectivity during the delay and cue epochs, stimulus direction selectivity in the 538 
stimulus epoch, and saccade direction selectivity in the post-saccade epoch. 539 
 In contrast, we found that broad-spiking neurons were significantly excited 540 
by carbachol application at the population level (Fig. 5D, p = 0.0444), 541 
notwithstanding some individual neurons that were suppressed. Broad-spiking 542 
neurons were also significantly excited in the fixation, cue, delay, and stimulus 543 
epochs (p = 0.0235, p = 0.0163, p = 0.0490, p = 0.0455, respectively), but not in 544 
the post-saccade (p = 0.0865) or intertrial interval epochs (p = 0.0904). 545 
 Carbachol did not significantly affect selectivity of broad-spiking rule-546 
selective neurons in the cue or delay epochs, or broad-spiking visual neurons in 547 
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the stimulus epoch. However, while we found that saccade direction selectivity in 548 
the population of 40 saccade neurons was not significantly changed by 549 
carbachol, we found that the subset of this population comprised of broad-spiking 550 
neurons did show changes in population saccade selectivity. Figure 6A shows a 551 
prefrontal neuron with higher discharge rate for contralateral saccades (2.9 ± 0.4 552 
spikes/s) than for ipsilateral saccades (1.8 ± 0.3 spikes/s) during the post-553 
saccade epoch, regardless of trial rule. Although the baseline activity of this 554 
neuron was not significantly excited (fixation epoch control vs. carbachol, p = 555 
0.06, Wilcoxon rank sum test) this neuron was excited in the post-saccade epoch 556 
(control: 2.4 ± 0.3 spikes/s, carbachol: 3.8 ± 0.2 spikes/s, p = 0.000415) and 557 
selectivity for saccade direction was reduced (control AUROC: 0.61, carbachol 558 
AUROC: 0.53). Population normalized spike density functions of broad-spiking 559 
saccade neurons show this augmentation of population discharge rates (Fig. 6B). 560 
Analysis of saccade direction selectivity by AUROC (Fig. 6C; red: contralateral, n 561 
= 14; blue: ipsilateral, n = 4) revealed that carbachol application resulted in a 562 
small, but significant, decrease in population selectivity (mean control AUROC: 563 
0.66 ± 0.02, mean carbachol AUROC: 0.62 ± 0.01, p = 0.0429, Wilcoxon signed 564 
rank test). We also examined Fano factor as a measure of trial-to-trial variability 565 
of neuronal spike count. Fano factor was not significantly affected during 566 
application of carbachol (control: 1.5 ± 0.2, carbachol: 1.6 ± 0.2, p = 0.286). We 567 
explored the relative contributions of changes in neuronal discharge rate and 568 
variability in decreasing selectivity in broad-spiking saccade neurons using a 569 
multiple linear regression model similar to that used for rule neurons. This 570 
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multiple regression model was significant (F(4, 13)=14.43, p = 0.000104) with R2 571 
= 0.816. Carbachol-induced change in normalized preferred and nonpreferred 572 
saccade direction discharge rates and change in preferred rule variance were 573 
significant predictors of change in AUROC (Table 2). Change in preferred and 574 
nonpreferred direction discharge rate contributed more to altered selectivity than 575 
change in preferred direction variance, as measured by their β coefficients.  576 
 We further explored the relative changes in preferred and nonpreferred 577 
discharge rate in Figure 6D. Neurons are labeled with filled and unfilled circles, 578 
indicating carbachol condition AUROC was less than or greater than control 579 
AUROC, respectively. Since change in AUROC is largely determined by these 580 
two variables, change in preferred and nonpreferred discharge rate, neurons 581 
above the equality line (dark grey dashed line) often had decreased AUROCs 582 
and neurons below the line, increased selectivity. Similar to the overall subset of 583 
broad-spiking neurons, saccade-direction-selective broad-spiking neurons were 584 
more often excited (n = 13, 72%; orange) by carbachol than suppressed (n = 5, 585 
28%; purple). Carbachol reduced selectivity of almost all excited neurons (n = 13, 586 
p = 0.0479). There was no relationship between whether a neuron was excited or 587 
suppressed by carbachol and whether it preferred ipsi- or contralateral saccade 588 
(p = 1, Fisher’s exact test). 589 
 Thus, carbachol-induced effects on saccade selectivity were found in 590 
broad-spiking, putative pyramidal neurons, but not in narrow-spiking, putative 591 
nonpyramidal neurons. Carbachol mostly excited discharge rate of broad-spiking 592 
saccade neurons, resulting in decreased selectivity, which can be attributed to 593 
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relatively greater increase in nonpreferred saccade direction discharge rate. 594 
 595 
Discussion 596 
 In this study we examined the effects of localized cholinergic stimulation 597 
on primate DLPFC neurons engaged in a clinically relevant oculomotor task, 598 
which involved utilizing a rule maintained in working memory to produce the 599 
appropriate saccadic responses to visual stimuli. Local carbachol application 600 
both excited and suppressed DLPFC neurons. Surprisingly, we also found 601 
carbachol disrupted neuronal rule representation in working memory, due to 602 
either suppression of preferred rule activity or excitation of nonpreferred rule 603 
activity. Moreover, broad-spiking putative pyramidal neurons were excited after 604 
cholinergic agonist application, and postsaccadic directional selectivity in these 605 
neurons was attenuated largely due to preferentially increased activity for the 606 
nonpreferred saccade direction. 607 
 608 
Effect of carbachol on neuronal discharge rate in DLPFC 609 
 We found that local cholinergic stimulation excited a greater proportion of 610 
DLPFC neurons than those that were inhibited. However, our observation of both 611 
facilitation and inhibition with carbachol is consistent with previous iontophoretic 612 
applications of ACh in macaque DLPFC (Inoue et al., 1983; Sawaguchi and 613 
Matsumura, 1985), orbitofrontal (Aou et al., 1983), premotor (Nelson et al., 614 
1973), motor (Matsumura et al., 1990), and primary visual cortex (V1; Soma et 615 
al., 2012). Mixed effects of ACh on neuronal activity have also been observed in 616 
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marmoset V1 (Roberts et al., 2005; Zinke et al., 2006), cat V1 (Sato et al., 1987), 617 
rat medial PFC (Pirch et al., 1992; Nagy et al., 2014), and in guinea pig cortical 618 
slices (McCormick and Prince, 1985). Intriguingly, Sawaguchi and Matsumura 619 
(1985) found that ACh-excited and ACh-inhibited DLPFC neurons were found in 620 
separate layers.  621 
 We also found that carbachol increased activity in putative pyramidal 622 
neurons, while having equivocal effects in putative interneurons. Heterogeneity in 623 
responses to carbachol on interneurons has also been reported previously in 624 
rodent medial PFC (Pafundo et al., 2013), hippocampal slices (Zheng et al., 625 
2011), and insular cortical slices (Yamamoto et al., 2010).  626 
 627 
Effects of carbachol on task selectivity of DLPFC neurons 628 
 Systemic blockade of muscarinic receptors has detrimental effects on 629 
cognitive performance in a variety of tasks (Klinkenberg and Blokland, 2010), 630 
including spatial working memory. In macaque DLPFC, systemic injections of 631 
muscarinic antagonist scopolamine disrupted spatial working memory (Zhou et 632 
al., 2011), while local iontophoretic application strongly attenuated selectivity for 633 
all task attributes, including rule selectivity (Major et al., 2015). We therefore 634 
hypothesized that stimulation of DLPFC neuronal cholinergic receptors would 635 
augment the selectivity of rule representation in working memory. Contrary to our 636 
prediction, we found that carbachol reduced selectivity of rule neurons and 637 
broad-spiking neurons with saccade direction selectivity. Selectivity of rule 638 
neurons was reduced by two different mechanisms: in carbachol-inhibited 639 
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neurons, preferred rule activity was suppressed more than nonpreferred rule 640 
activity, while in carbachol-excited neurons, activity for the nonpreferred rule 641 
increased more than preferred. Additionally, carbachol decreased postsaccadic 642 
selectivity in putative pyramidal saccade-direction-selective neurons, due to 643 
greater increase in nonpreferred saccade direction activity. 644 
 Our results suggest that cholinergic stimulation can weaken DLPFC task 645 
representations. Herrero et al. (2008) examined cholinergic modulation and 646 
attentional enhancement in macaque V1. They found that lower dose ACh 647 
application increased neuronal activity and enhanced attentional modulation, 648 
whereas at higher doses, attentional modulation was unaffected or even 649 
disrupted due to non-specific increase in neuronal activity. While we did not find 650 
systematic enhancement in rule selectivity at lower doses (Fig. 4D), disruption of 651 
rule at higher doses in carbachol-excited neurons agree with Herrero et al. 652 
(2008), wherein ceiling effects in increased excitability impaired task 653 
representation. Similarly, Zinke et al. (2006) found that ACh iontophoresis 654 
broadened orientation tuning of most ACh-excited neurons in marmoset V1, 655 
possibly due to ceiling effects in optimal stimulus-induced responses and 656 
increased activity to stimuli with nonpreferred orientations. Regardless of 657 
stimulus orientation, Sato et al. (1987) found that ACh increased stimulus-evoked 658 
responses in cat V1, resulting in no systematic effects on orientation selectivity. 659 
These findings from several groups suggest that cholinergic stimulation of 660 
cortical regions resulted in “inverted-U” dose-dependency of physiological effects 661 
on cortical neurons, whereby too little or too much ACh is detrimental to task 662 
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performance and neuronal selectivity. This phenomenon has also been 663 
demonstrated in the dopaminergic system (Vijayraghavan et al., 2007). Our 664 
carbachol results may reflect the rightmost portion of a cholinergic “inverted-U”, 665 
whereby excessive cholinergic stimulation is disruptive to cognitive processing. 666 
Unlike the aforementioned investigations, we did not observe population 667 
enhancement of task-related selectivity during low dose cholinergic stimulation. 668 
However, we cannot discount that the relative potency of carbachol compared to 669 
ACh may have precluded the potential observation of improvements in neuronal 670 
task-selectivity. Future experiments contrasting ACh and carbachol in the same 671 
paradigm may clarify this possibility.  672 
 We found trial-to-trial variance was not significantly affected after 673 
carbachol. Moreover, regression analysis suggested that effects on trial 674 
discharge rate variability had less impact on rule selectivity relative to changes in 675 
activity. Similarly, Herrero et al. (2008) found that ACh-induced changes in Fano 676 
factor did not contribute to attentional modulation of macaque V1 neurons.  677 
 Recently, Liu et al. (2017) examined the effects of electrical stimulation of 678 
the macaque nucleus basalis during performance of a delayed match-to-sample 679 
task. Intriguingly, they found that continuous stimulation was detrimental to task 680 
performance, but intermittent stimulation resulted in significant improvement. Our 681 
results showing reduced task selectivity during continuous iontophoretic 682 
carbachol application in DLPFC suggest overstimulation of the cholinergic 683 
system can be detrimental to cognitive performance. 684 
 Since carbachol is a general cholinergic agonist, both nicotinic and 685 
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muscarinic receptors could potentially mediate these effects on physiology and 686 
task selectivity. Previously it was reported that muscarinic receptor antagonism 687 
blocked the effects of ACh iontophoresis on orbitofrontal cortex (Aou et al., 1983) 688 
and DLPFC (Inoue et al., 1983). We found that carbachol inhibited a significant 689 
population of DLPFC neurons and disrupted rule selectivity in some neurons with 690 
activity suppression. Since nicotinic actions in macaque DLPFC reported 691 
heretofore were excitatory (Yang et al., 2013; Sun et al., 2017), the inhibitory 692 
actions of carbachol may be muscarinic. Indeed, muscarinic receptors can 693 
directly suppress prefrontal neurons via activation of GIRK or SK channels 694 
(Gulledge and Stuart, 2005). Although activation of nearby interneurons is 695 
another potential mechanism to inhibit neuronal activity (Disney and Aoki, 2008; 696 
Disney et al., 2014), we believe this is less likely as we did not observe 697 
significant excitation in narrow-spiking neurons, similar to previous reports 698 
(Gulledge et al., 2007; Pafundo et al., 2013). Further supporting a role of 699 
muscarinic receptors, and akin to previous studies applying ACh to DLPFC 700 
(Nelson et al., 1973; Sawaguchi and Matsumura, 1985), we generally found that 701 
carbachol effects had longer latencies of onset and partial recovery (seconds to 702 
minutes; Fig. 1C). This is inconsistent with fast ionotropic actions mediated by 703 
nicotinic receptors, since recoveries from nicotinic agonist stimulation are rapid 704 
(Disney et al., 2007). 705 
  However, we cannot discount nicotinic involvement in carbachol’s actions 706 
reported here. While nicotinic receptor stimulation can augment working memory 707 
activity in PFC (Yang et al., 2013; Sun et al., 2017) and can improve cognitive 708 
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performance (Terry et al., 2015), other studies have shown that low doses of 709 
nicotinic antagonist enhanced attentional performance in rodents (Hahn et al., 710 
2011) and improved delayed match-to-sample performance in monkeys (Terry et 711 
al., 1999). In the physiological context, Yang et al. (2013) showed that low dose 712 
iontophoretic stimulation of α7 nicotinic receptors during oculomotor delayed 713 
responses increased macaque DLPFC neuronal excitability and improved 714 
memory period spatial tuning, while α7 receptor antagonist reduced delay period 715 
activity and spatial tuning. Moreover, high dose α7 receptor stimulation eroded 716 
tuning due to general activity increase for nonpreferred spatial directions, similar 717 
to the effects on DLPFC task selectivity reported here. Sun et al. (2017), in the 718 
same paradigm, found that nicotinic α4ß2 receptor stimulation strengthened 719 
delay period activity for preferred spatial locations, while, interestingly, having no 720 
effect on neurons with saccade direction selectivity (Wang et al., 2004). Since we 721 
found that carbachol disrupted saccade direction selectivity of putative pyramidal 722 
cells, this suggests muscarinic receptors mediate carbachol’s effects on 723 
postsaccadic activity. Notably, carbachol has a lower affinity and channel 724 
opening rate constant for nicotinic receptors than ACh (Akk and Auerbach, 725 
1999). Thus, both muscarinic and nicotinic mechanisms may have contributed to 726 
carbachol’s actions. Future experiments examining these receptor families with 727 
subtype-specific compounds will be necessary to delineate the signaling 728 
mechanisms that mediate the actions of carbachol on PFC task-related activity 729 
reported here. 730 
  The data reported here and elsewhere (Major et al., 2015; Liu et al., 731 
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2017), suggest that continuous cholinergic receptor stimulation or blockade can 732 
be detrimental to prefrontal neuronal representations in cognitive tasks. 733 
Endogenous ACh is transiently released with high temporal precision (Parikh et 734 
al., 2007; Sarter et al., 2009) and continuous stimulation of cholinergic receptors 735 
may not be beneficial to cognitive performance (Bentley et al., 2011). Subtype-736 
selective cholinergic agonists are being actively investigated to ameliorate 737 
cognitive dysfunction in neuropsychiatric disorders, including Alzheimer’s disease 738 
and schizophrenia (Bodick et al., 1997; Wienrich, 2002; Shekhar et al., 2008). 739 
Our findings offer a cautionary note and suggest that general cholinergic 740 
stimulation using pharmacology may in fact be detrimental to cognitive functions. 741 
Future work with more selective agonists may shed light on which downstream 742 
signaling mechanisms are beneficial in treatment of cognitive dysfunction. 743 
  744 
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Legends 1023 
 1024 
Table 1. Summary of Multiple Linear Regression analysis for rule-selective 1025 
neurons.  coefficients and p values from the multiple regression analysis (see 1026 
Materials and Methods) are shown to asses the impact of four predictors on 1027 
change in rule AUROC: , change in mean normalized discharge rate 1028 
during preferred rule trials; , change in mean normalized discharge 1029 
rate during nonpreferred rule trials; , change in normalized variance 1030 
during preferred rule trials; , change in normalized variance during 1031 
nonpreferred rule trials.   1032 
 1033 
Table 2. Summary of Multiple Linear Regression analysis for broad-spiking 1034 
saccade-direction-selective neurons.  coefficients and p values from the 1035 
multiple regression analysis (see Materials and Methods) are shown to asses the 1036 
impact of four predictors on change in saccade direction AUROC: , 1037 
change in mean normalized discharge rate during preferred saccade direction 1038 
trials; , change in mean normalized discharge rate during 1039 
nonpreferred saccade direction trials; , change in normalized variance 1040 
during preferred saccade direction trials; , change in normalized 1041 
variance during nonpreferred saccade direction trials. 1042 
 1043 
Figure 1. Experimental paradigm and single neuron recording with concurrent 1044 
iontophoresis. A, After central fixation, a green or red cue was flashed, signifying 1045 
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a pro- or antisaccade trial, respectively. This task rule was maintained over an 1046 
800 – 1300 ms delay and a short gap. Monkeys then performed a saccade 1047 
towards (prosaccade) or away from (antisaccade) the peripheral stimulus to 1048 
receive liquid reward. Dashed circles represent gaze of the animal and white 1049 
arrows represent saccade direction. ITI, intertrial interval. B, Single neuron 1050 
extracellular recordings were performed in the right dorsolateral prefrontal 1051 
cortices of two rhesus macaques. Custom-made glass iontophoretic electrodes 1052 
were used to eject general cholinergic receptor agonist carbachol onto neurons. 1053 
Beige area represents recording locus. AC, arcuate sulcus; PS, principal sulcus. 1054 
C, Effect of carbachol on discharge rate over experiment time course. Left, 1055 
Discharge rate of an example neuron is shown over the course of the recording. 1056 
This neuron was inhibited during application of carbachol (shaded in grey). Right, 1057 
Carbachol application excited neuronal discharge rate of a different example 1058 
neuron. Discharge rates were derived from 1 second bins and smoothed with a 1059 
200 second width. 1060 
 1061 
Figure 2. Effects of carbachol on prefrontal neuron discharge rate. A, Discharge 1062 
rates during control (abscissa) and carbachol application (ordinate) are plotted 1063 
(filled circles: neurons significantly excited or inhibited by carbachol application, 1064 
open circles: no significant effect of carbachol application; “entire” epoch, p < 1065 
0.05, Wilcoxon rank sum test). Dashed equality line is shown. Median change in 1066 
discharge rate was +0.4 spikes/s, although discharge rates were not significantly 1067 
affected by carbachol as a population (p = 0.212, Wilcoxon signed rank test). 1068 
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Inset shows a pie chart with proportions of neurons that were significantly excited 1069 
(red; n = 41, 49%), inhibited (blue; n = 32, 39%), or not affected (white; n = 10, 1070 
12%) by carbachol application. Discharge rates are calculated from 1500 ms 1071 
before stimulus onset to 1000 ms after stimulus onset. B, Bar charts depicting 1072 
the mean trial discharge rates for two example neurons. Top, Increasing dose of 1073 
carbachol progressively increased discharge rate of this neuron. Cessation of 1074 
drug ejection resulted in a significant, partial recovery of discharge rate. All 1075 
changes between sequential doses or recovery were significant. Bottom, In 1076 
another neuron, increasing doses of carbachol resulted in gradually stronger 1077 
inhibition of neuronal excitability. Partial recovery was observed. Statistical 1078 
significances were determined by Wilcoxon ranked sum test with Holm-1079 
Bonferroni correction for multiple comparisons. C, Population effects of carbachol 1080 
dose are shown. Mean discharge rates during control, low (< 30 nA), and high (> 1081 
30 nA) doses of carbachol (dose ranges based on median split of all applied 1082 
doses) are shown for neurons that were significantly excited (top) or inhibited 1083 
(bottom) by carbachol. In excited neurons, higher doses resulted in a further 1084 
significant increase to discharge rate. Among suppressed neurons, higher doses 1085 
of carbachol did not result in further suppression of discharge rate. Significance 1086 
determined by Wilcoxon signed rank test with Holm-Bonferroni correction for 1087 
multiple comparisons. D, Recovery of population discharge rates after cessation 1088 
of carbachol application. Top, Neurons significantly excited by carbachol (p < 1089 
0.05, Wilcoxon rank sum test) that were tested for recovery exhibited partial, 1090 
albeit nonsignificant (p = 0.169) recovery after cessation of carbachol application. 1091 
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Bottom, Suppressed neurons did not recover discharge rates during our 1092 
observed recovery condition. Error bars indicate S.E.M. In all panels, asterisks 1093 
indicate significant (p < 0.05) comparisons with Holm-Bonferroni correction for 1094 
multiple comparisons, where applicable. 1095 
 1096 
Figure 3. Effect of carbachol application on two representative rule-selective 1097 
prefrontal neurons. A, Rasters (above; each row of dots is from a single trial) and 1098 
spike density functions (bottom; mean ± S.E.M.) are shown for a neuron with 1099 
preferentially higher discharge rate during antisaccade trials (red) compared to 1100 
prosaccade trials (blue) during the delay epoch, before (left) and after (right) 1101 
iontophoretic application of carbachol. Delay epoch is shaded in grey (see 1102 
Materials and Methods). Qualitative schematic of main trial events is shown 1103 
above. After carbachol application, this rule neuron increases delay epoch 1104 
discharge rate and preference for antisaccade trials is reduced. Rasters and 1105 
spike density functions are aligned to onset of peripheral stimulus. B, A neuron 1106 
with selectivity for antisaccades during the delay epoch is shown. All colors and 1107 
conventions like A. After carbachol application, discharge rate is increased, 1108 
especially during prosaccade trials, and rule preference is diminished. 1109 
 1110 
Figure 4. Effects of carbachol on population rule selectivity. A, Mean normalized 1111 
spike density functions of preferred (blue) and nonpreferred (green) rule trials for 1112 
24 DLPFC rule-selective neurons during control (left) and carbachol conditions 1113 
(right) are shown. Neurons were identified as rule-selective by ANOVA (see 1114 
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Materials and Methods). Overall difference between discharge rates for preferred 1115 
and nonpreferred rules diminished. B, Rule selectivity (measured by AUROC) is 1116 
shown for each rule neuron during control (abscissa) and carbachol application 1117 
(ordinate). Drug application significantly decreased selectivity of rule neurons, as 1118 
quantified by AUROC (p = 0.0397, Wilcoxon signed rank test). Prosaccade-1119 
preferring and antisaccade-preferring rule neurons are represented in blue and 1120 
red, respectively. Dashed equality line is shown. C, Change in normalized 1121 
discharge rate during preferred rule trials for 24 rule neurons (abscissa) is 1122 
compared with change in normalized discharge rate of nonpreferred rule trials 1123 
(ordinate). Based on k-means cluster analysis (k = 2), two clusters of neurons 1124 
were identified (labeled pink and orange; filled circles: neurons with decreased 1125 
AUROC, open circles: neurons with increased AUROC) with centroids shown as 1126 
black crosshairs. D, Dose-dependent effects on rule selectivity by carbachol. 1127 
Mean delay epoch rule AUROCs are shown for 7 rule neurons that were subject 1128 
to both low (<= 30 nA) and high doses (> 30 nA) of carbachol (split by median of 1129 
applied dose range). High doses of carbachol resulted in significant diminishment 1130 
of delay epoch rule selectivity in this subset of rule neurons whereas low dose 1131 
carbachol did not. Significance determined by Wilcoxon signed rank test (p < 1132 
0.05; asterisk indicates significant comparison) with Holm-Bonferroni correction 1133 
for multiple comparisons. 1134 
 1135 
Figure 5. Effects of carbachol on putative pyramidal and nonpyramidal neurons. 1136 
Waveforms were extracted and trough to peak duration was measured in 68 1137 
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neurons (see Materials and Methods). A, Histogram of trough to peak durations. 1138 
Trough to peak duration distribution was not unimodal as determined by 1139 
Hartigans’ Dip Test (p = 0.00910). Similar to previous reports, a threshold of 270 1140 
μs (dashed line) was used to classify neuronal waveforms as narrow-spiking 1141 
(green, putative nonpyramidal neurons) or broad-spiking (pink, putative 1142 
pyramidal neurons). 30 μs bin width. B, Normalized waveforms aligned to initial 1143 
trough (negative inflection) are shown with narrow-spiking (green) or broad-1144 
spiking (pink) label. C, Discharge rates among narrow-spiking neurons were not 1145 
significantly affected by carbachol (“entire” epoch, p = 0.876, Wilcoxon signed 1146 
rank test). Shown as filled circles, discharge rates of 8 neurons (38%) were 1147 
significantly excited (p < 0.05, Wilcoxon rank sum test) and 10 (48%) were 1148 
significantly suppressed.  D, Broad-spiking neurons were significantly excited by 1149 
carbachol (p = 0.0444, Wilcoxon signed rank test). Discharge rates of 27 neurons 1150 
(57%) were significantly excited (p < 0.05, Wilcoxon rank sum test) and 16 (34%) 1151 
were significantly suppressed. 1152 
 1153 
Figure 6. Effect of carbachol on saccade direction selectivity of broad-spiking, 1154 
putative pyramidal neurons. A, Rasters (above) and spike density functions 1155 
(bottom) aligned on saccade onset are shown for a neuron with preferentially 1156 
higher discharge rate during contralateral saccade trials (green) compared to 1157 
ipsilateral saccade trials (purple) during the post-saccade epoch is shown before 1158 
(left) and after (right) iontophoretic application of carbachol. The post-saccade 1159 
epoch is shaded in grey (see Materials and Methods). Qualitative schematic of 1160 
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main trial events is shown above. After carbachol application, this saccade 1161 
neuron increased discharge rate in the post-saccade epoch, with a greater 1162 
increase for ipsilateral trials, thereby reducing saccade direction selectivity. B, 1163 
Mean normalized spike density functions of preferred (blue) and nonpreferred 1164 
(green) saccade trials for 18 DLPFC saccade-direction-selective neurons during 1165 
control (left) and carbachol conditions (right) are shown. C, Carbachol 1166 
significantly decreased selectivity of broad-spiking saccade neurons, as 1167 
quantified by AUROC (abscissa: control AUROC values, ordinate: drug AUROC 1168 
values; n = 18, p = 0.0429, Wilcoxon signed rank test). Ipsilateral-saccade-1169 
preferring and contralateral-saccade-preferring neurons are represented in blue 1170 
and red, respectively. Dashed equality line is shown. D, Change in normalized 1171 
discharge rate during preferred saccade direction trials of the 18 saccade 1172 
neurons is compared to change in normalized discharge rate during nonpreferred 1173 
saccade direction trials. Based on k-means cluster analysis (k = 2), two clusters 1174 
of neurons are shown (labeled pink and orange; filled circles: neurons with 1175 
decreased AUROC, open circles: neurons with increased AUROC) with centroids 1176 
shown as black crosshairs. 1177 
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Table 1. Summary of Multiple Linear Regression analysis for rule neurons 1 

 2 
Predictor of ΔAUROC β coefficient p

ΔFRpref 0.231 1.04E-7
ΔFRnonpref -0.193 9.32E-6
ΔVarpref -0.0494 0.0162
ΔVarnonpref 0.000602 0.983
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Table 2. Summary of Multiple Linear Regression analysis for broad-spiking 1 
saccade neurons 2 

 3 
Predictor of ΔAUROC β coefficient p

ΔFRpref 0.194 1.69E-5
ΔFRnonpref -0.144 0.00520
ΔVarpref -0.0599 0.00140
ΔVarnonpref 0.0195 0.414
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