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SUMMARY

Sensory-driven decisions are formed by accumulating information over time. While parietal cortex 

activity is thought to represent accumulated evidence for sensory-based decisions, recent 

perturbation studies in rodents and non-human primates have challenged the hypothesis that these 

representations actually influence behavior. Here, we asked whether the parietal cortex integrates 

acoustic features from auditory cortical inputs during a perceptual decision-making task. If so, we 

predicted that selective inactivation of this projection should impair subjects’ ability to accumulate 

sensory evidence. We trained gerbils to perform an auditory discrimination task and obtained 

measures of integration time as a readout of evidence accumulation capability. Minimum 

integration time was calculated behaviorally as the shortest stimulus duration for which subjects 

could discriminate the acoustic signals. Direct pharmacological inactivation of parietal cortex 

increased minimum integration times, suggesting its role in the behavior. To determine the specific 

impact of sensory evidence, we chemogenetically inactivated the excitatory projections from 

auditory cortex to parietal cortex, and found this was sufficient to increase minimum behavioral 

integration times. Our signal detection theory based model accurately replicated behavioral 

outcomes, and indicated that the deficits in task performance were plausibly explained by elevated 

sensory noise. Together, our findings provide causal evidence that parietal cortex plays a role in 

the network that integrates auditory features for perceptual judgments.
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INTRODUCTION

Representations of environmental signals are transformed along ascending sensory 

pathways. A principal characteristic of this transformation is that sensory information is 

encoded over an increasing time span in higher cortical regions [1–3]. For example, 

secondary auditory cortex neurons integrate time-varying acoustic information over a longer 

duration than observed in primary auditory cortex neurons [4–6]. These longer integration 

times correlate with the duration of perceptually meaningful attributes such as phonemes and 

words [7,8]. Overall, perceptual judgements emerge from the temporal integration of 

sensory inputs downstream of primary sensory cortices [9]. Furthermore, the accuracy of 

such perception can be increased by reducing sensory noise during the temporal integration 

process [10, 11].

The parietal cortex is thought to integrate sensory evidence relayed from sensory cortices, 

thereby supporting perceptual decisions [12–16]. Recent work has also shown that parietal 

cortex plays a causal role in decision-making [17]. Parietal cortex neurons receive input 

from primary and secondary areas of sensory cortices [18–27], and are strongly modulated 

by behavioral relevance and context [12–14, 16, 24, 28–31]. However, the extent to which 

the parietal cortex is causally involved in the accumulation of sensory evidence remains 

uncertain. Microstimulation of the primate lateral intraparietal cortex during accumulation of 

visual evidence biased animals’ performance [32], yet pharmacological inactivation 

produced no effect [33]. Furthermore, pharmacological inactivation of parietal cortex in rats 

trained to accumulate auditory clicks has so far failed to produce appreciable effects on 

behavioral performance [15, 31], even though posterior parietal cortex inactivation can 

impair rats’ ability to accumulate visual evidence [31] (see [34] for detailed discussion).

Here, we trained gerbils to accumulate sensory evidence using auditory stimuli that contain 

envelope information, a feature that is present in all natural sounds, including human speech 

[35–37]. Envelope information is generally studied with periodic amplitude modulated (AM) 

stimuli, and longer AM durations are associated with superior performance on detection and 

discrimination tasks [38–42]. In contrast, previous accumulation of evidence studies in 

rodents have used auditory stimuli (clicks) that do not contain energy in the natural AM 

range [43], and therefore may not engage cortical pathways in the same way as stimuli with 

more naturalistic acoustic features. To address these issues, animals were trained to perform 

an AM rate discrimination task, and we assessed evidence accumulation behaviorally as the 

shortest stimulus duration for which animals accurately performed the task. This behavioral 

measure of integration time is distinct from an integration time constant. We then 

pharmacologically inactivated auditory-recipient parietal cortex, chemogenetically 

inactivated the auditory cortex projection to parietal cortex, and tested whether animals’ 

ability to accumulate acoustic information was degraded. Direct pharmacological 
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inactivation of parietal cortex increased minimum behavioral integration times, suggesting 

its role in behavioral performance. Chemogenetic inactivation of the excitatory projections 

from auditory cortex to parietal cortex was sufficient to increase minimum behavioral 

integration times, demonstrating the direct impact of reducing sensory evidence. Our signal 

detection theory based model replicated behavioral outcomes and suggested that the deficits 

in task performance could be attributed to elevated sensory noise during evidence 

accumulation. Overall, our results provide causal evidence that the parietal cortex plays a 

role in the network that integrates auditory features for perceptual decisions.

RESULTS

Task performance scales with stimulus duration

Adult gerbils were trained to perform a single-interval, two-alternative forced-choice 

(2AFC) amplitude-modulation (AM) rate discrimination task. Gerbils self-initiated each trial 

by placing their nose in a cylindrical port for a minimum of 100 msec. A food pellet reward 

was delivered when they approached the left food tray following a 4 Hz AM signal, or the 

right food tray following a 10 Hz AM signal (Figure 1A). Task performance was recorded 

across a range of AM stimulus durations (100–2000 ms) that varied randomly on each trial. 

Each animal’s task performance was assessed across 3 sessions. Figure S1A displays 

psychometric functions from 3 animals across 3 test sessions. Minimum integration times 

were calculated for each subject as the stimulus duration corresponding to a proportion 

correct of 0.76, which is equivalent to the signal detection metric, d’, equal to 1 [44, 45]. For 

all animals (n = 17), performance across all 3 test sessions remained stable as minimum 

integration times did not change significantly (Figure S1B; one-way repeated measures 

ANOVA; F(2,32) = 0.28, p = 0.76). Figure 1B displays average psychometric functions from 

each animal tested, along with the population mean and standard error. Task performance 

improved with increasing stimulus duration (one-way repeated measures ANOVA; F(4,64) = 

317.9, p < 0.0001). Specifically, performance was slightly above chance for stimulus 

durations of < 300 ms, and reached a maximum at ≥ 800 ms. The proportion of correct trials 

significantly increased with stimulus duration (two-way mixed model ANOVA; F(1,16) = 

25009.9, p < 0.0001), but there was no significant difference between 4 versus 10 Hz trials 

(two-way mixed model ANOVA; F(1,16) = 2.91, p = 0.11), nor was there an interaction 

between proportion of correct trials and trial type (two-way mixed model ANOVA; F(4,64) = 

0.93, p = 0.45), demonstrating animals were not biased to either stimuli. The distributions of 

average minimum integration time across trial types are plotted in Figure 1C. Average 

minimum integration times were similar across the trial types (one-way repeated measures 

ANOVA; F(2,32) = 2.49, p = 0.10), further demonstrating no difference in task performance 

between 4 and 10 Hz trials. Across all subjects, an average stimulus duration of 355 ± 24 ms 

was required to discriminate the two AM rates at the criterion of 0.76 proportion correct. 

Thus, temporal integration can be accurately measured with this approach, permitting us to 

assess the underlying mechanisms.

Location of auditory cortex recipient parietal cortex

To perform selective manipulations of auditory cortex-recipient parietal cortex, we first 

conducted a set of anatomical experiments to identify the appropriate location (n = 9). We 
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targeted auditory cortex, as well as secondary dorsal auditory cortex, as candidate projection 

areas since parietal cortex receives direct and indirect input from primary and secondary 

cortices [25]. Injection sites were made 300 and 800 μm below the cortical surface, targeting 

layers 2/3 and 5, respectively. As shown in Figure 2A and B, an anterograde vector (AAV-

hSyn-TurboRFP) was injected into auditory cortex, resulting in a direct projection to both 

secondary dorsal auditory cortex (Figure 2D) and the parietal cortex (Figure 2E, F) (n = 2). 

Anterograde labeling in parietal cortex was identified across 18–24 50 μm sections, 

suggesting that auditory cortex recipient labeling into parietal cortex spanned ~900–1200 

μm across the rostrocaudal axis. Across the mediolateral axis, anterograde labeling in 

parietal cortex spanned ~800–1000 μm. Based in the gerbil atlas [46], these coordinates span 

their designated “medial parietal association cortex”. We also injected a different 

anterograde vector (AAV-hSyn-EGFP) into secondary dorsal auditory cortex, and 

demonstrated a direct projection to parietal cortex (Figure 2G, H, and I) (n = 3). To confirm 

these findings, we injected a retrograde vector (AAVrg-hSyn-EGFP) into parietal cortex 

(Figure 2J, K), and identified retrogradely labeled cell bodies within secondary dorsal 

auditory cortex (Figure 2L) and auditory cortex (Figure 2M) (n = 4). Auditory cortex and 

secondary dorsal auditory cortex terminals within parietal cortex typically spanned most of 

the cortical depth, with the majority of labeled axons encompassing superficial (~200–300 

μm) and deep (~800 μm) layers. Together, these experiments confirmed a rich projection 

from primary and secondary auditory cortices to parietal cortex, and established the 

anatomical location to conduct loss-of-function experiments.

Inactivation of parietal cortex impairs auditory task performance

We next sought to determine whether parietal cortex activity was necessary for performance 

on the auditory discrimination task. To do so, we reversibly silenced auditory cortex-

recipient parietal cortex with bilateral local infusions of muscimol, a selective gamma-

aminobutryic acid class A receptor (GABAAR) agonist. As illustrated in Figure 3A, 

cannulae were implanted bilaterally over the parietal cortex of well-trained animals. 

Following one week of recovery and return of good performance (see STAR METHODS), 

either muscimol or saline were locally infused on alternate days, and animals were tested on 

the auditory temporal integration task. Each animal (n = 7) was tested across 3 sessions of 

muscimol infusion and 3 sessions of saline infusion. Figure 3B displays average task 

performance for each animal during infusion sessions of muscimol (thin orange lines) and 

saline (thin blue lines), along with the group averages and standard errors (thick lines and 

shading). When comparing task performance between infusion groups, we found a 

significant main effect of infusion group (two-way mixed model ANOVA; F(1,6) = 22.4, p = 

0.003), and post-hoc analyses revealed significant differences in performance between 

infusion groups for all stimulus durations except the shortest duration of 100 ms and 800 ms 

(two-tailed t-tests; Holm-Bonferroni-corrected; 300 ms: p = 0.0009, t = 5.14; 600 ms: p < 

0.0001, t = 8.32; 1000 ms: p = 0.017, t = 3.16; 2000 ms: p = 0.03, t = 2.76). As shown in 

Figure 3C, average minimum integration times displayed a significant difference across 

infusion groups and the no infusion condition (one-way repeated measures ANOVA; F(2,12) 

= 10.13, p = 0.003). A post-hoc analysis indicated muscimol infusion sessions yielded 

significantly longer integration times compared to no infusion and saline sessions (two-

tailed t-tests; Holm-Bonferroni-corrected; no infusion: p = 0.023, t = −3.01; saline: p = 
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0.013, t = −3.48). A similar effect was observed for both 4 Hz- and 10 Hz trials (Figure S2A, 

B). Psychometric slopes were similar across infusion groups (one-way repeated measures 

ANOVA; F(2,12) = 2.65, p = 0.11). To determine whether task performance changed across 

test sessions, we compared minimum integration time across muscimol infusion session 

order and found no difference across test session days (one-way repeated measures ANOVA; 

F(2,12) = 0.68, p = 0.52).

For assigned incorrect trials, animals would either approach the wrong reward port or not 

approach either food tray (“no response”) within 5 sec of stimulus presentation (see STAR 

METHODS). We found no difference in the proportion of “no response” incorrect trials 

across infusion groups and the no infusion condition (one-way repeated measures ANOVA; 

F(2,12) = 2.89, p = 0.09). To determine whether muscimol affected non-sensory task factors 

such as motor function, or induced a generalized spatial deficit, we compared response 

latencies between saline and muscimol sessions as a function of stimulus duration, and 

found no main effect of infusion group (two-way mixed model ANOVA; F(1,6) = 0.34, p = 

0.58; Figure S2C). Furthermore, we compared the number of right versus left choices on the 

longest stimulus durations and found no difference for the muscimol group (two-tailed t-test: 

p = 0.30, t = 1.08). To determine whether muscimol influenced overall spatial processing 

during task performance, we compared the difference for right versus left choices between 

saline and muscimol conditions. A two-tailed t-test demonstrated no difference between 

saline versus muscimol conditions (two-tailed t-test: p = 0.72, t = 0.36) suggesting parietal 

cortex inactivation with muscimol did not produce a generalized spatial deficit. In addition, 

the number of trials for each animal were similar between infusion groups (two-tailed t-test; 

saline = 173 ± 9; muscimol = 174 ± 19; p = 0.94, t = 0.08). Thus, the animals performed the 

task similarly during each condition. These results suggest that inactivating parietal cortex 

with muscimol impairs performance on a 2AFC auditory discrimination task, and also 

increases integration time.

Inactivation of auditory cortex afferents to parietal cortex increases auditory integration 
time

Inactivation of parietal cortex resulted in diminished performance which could be 

attributable to factors other than integration of auditory input. To assess the contribution of 

auditory cortex projections to parietal cortex on behavioral integration time, we used a 

chemogenetic approach to selectively and reversibly inactivate auditory cortex excitatory 

inputs to the parietal cortex. We first bilaterally injected an adenovirus containing a CamKII 

promotor that transfects pyramidal neurons with HM4Di, an inhibitory DREADD receptor, 

into auditory cortex of well-trained gerbils. We then bilaterally implanted cannulae over 

parietal cortex for local infusion of a chemogenetic actuator of HM4D (compound 21, C21) 

or saline (Figure 4A). Following a ~3-week period to permit adequate viral expression, 

animals were tested in a manner similar to muscimol experiments. Specifically, each animal 

(n = 5) was tested across alternating sessions of C21 (3 sessions) and saline infusions (3 

sessions). When behavioral testing was completed, we confirmed the presence of HM4Di-

mCherry-infected auditory cortex neurons (Figure 4B, C), and also confirmed that auditory 

cortex terminals were labeled within parietal cortex (Figure 4D). Figure 4E displays average 

task performance for each animal during infusion sessions of C21 (thin purple lines) and 

Yao et al. Page 5

Curr Biol. Author manuscript; available in PMC 2021 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



saline (thin blue lines), along with the group averages and standard errors (thick lines and 

shading). When comparing task performance between infusion groups, we found a 

significant main effect of infusion group (two-way mixed model ANOVA; F(1,4) = 86.8, p = 

0.0007), and post-hoc analyses revealed significant differences in performance between 

infusion groups for the three stimulus durations that determined integration time (two-tailed 

t-tests; Holm-Bonferroni-corrected; 300 ms: p = 0.0005; t = 5.56; 600 ms: p = 0.0006; t = 

7.58; 800 ms p = 0.023; t = 3.04). Therefore, there were no differences in asymptotic 

performance at durations of 1000 and 2000 ms. As shown in Figure 4F, average minimum 

integration times for each animal displayed a significant difference across infusion groups 

(one-way repeated measures ANOVA; F(2,8) = 25.12, p = 0.0004). A post-hoc analysis 

indicated that C21 infusion caused significantly greater integration times compared to the no 

infusion and saline sessions (two-tailed t-tests; Holm-Bonferroni-corrected; no infusion: p = 

0.005, t = −5.61; saline: (p = 0.0027, t = −6.65). A similar effect was observed for both 4 

Hz- and 10 Hz trials (Figure S3A, B). Psychometric slopes were similar across infusion 

groups and the no infusion condition (one-way repeated measures ANOVA; F(2,8) = 3.94, p 

= 0.06). To determine whether task performance changed across test sessions, we compared 

minimum integration time across C21 infusion session order and found no difference across 

test session days (one-way repeated measures ANOVA; F(2,8) = 0.19, p = 0.83). We 

compared response latencies between saline and C21 sessions as a function of stimulus 

duration and found no main effect of infusion group (two-way mixed model ANOVA; F(1,4) 

= 0.0006, p = 0.98; Figure S3C), suggesting C21 did not impair motor function as the 

animals performed the task similarly during each condition. The results suggest that 

chemogenetically perturbing excitatory auditory cortex inputs into parietal cortex 

significantly increases auditory integration times without affecting asymptotic performance.

For assigned incorrect trials, animals would either approach the wrong reward port or not 

approach either food tray (“no response”) within 5 sec of stimulus presentation (see STAR 

METHODS). We found no difference in the proportion of “no response” incorrect trials 

across infusion groups and the no infusion condition (one-way repeated measures ANOVA; 

F(2,8) = 0.14, p = 0.87). To determine whether muscimol or C21 manipulations 

differentially affected the proportion of “no response” incorrect trials, we compared the 

difference in the proportion of “no response” incorrect trials across Saline versus Muscimol 

and Saline versus C21 infusion sessions and found no difference between infusion 

manipulations (Wilcoxon rank sum test, p = 0.88). This suggests that the proportion of “no 

response” incorrect trials were not differentially affected by the inactivation manipulations.

One alternative explanation for our findings is that C21 has a direct effect on neural activity. 

To test this, we infused C21 into bilateral parietal cortex of well-trained gerbils (n = 3) that 

did not receive bilateral HM4Di-mCherry injections into auditory cortex (Figure S4A). We 

found no significant interaction between infusion group and task performance between 

saline and C21 infusion sessions (3 sessions each) (two-way mixed model ANOVA; F(1,2) = 

15.5, p = 0.06). Another alternative explanation for our findings is that perturbing excitatory 

auditory cortex input into parietal cortex reduces auditory sensation similar to lowering 

sound level and decreasing overall firing rate. Individual auditory cortex cells can display 

changes in firing rate across sound level, however, as a population auditory cortex displays a 

lognormal distribution of firing rate across a broad range of stimulus conditions [47]. Thus, 
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we expected no difference in behavioral performance across sound level. We confirmed this 

by finding no difference in task performance between two sound levels of 50 versus 66 dB 

SPL (n = 3 gerbils, 3 sessions per condition; Figure S4B) (two-way mixed model ANOVA; 

F(1,2) = 0.015, p = 0.91). This suggests that perturbing the direct auditory cortex input into 

parietal cortex is unlike reducing auditory sensation. Together, our results reveal that 

HM4Di-mediated inhibition of auditory cortex projections into parietal cortex increases 

auditory integration time, demonstrating that parietal cortex integrates sensory input deriving 

directly from auditory cortex during this perceptual decision-making task.

Signal detection theory-based model can account for behavioral choices

Currently, our results suggest that parietal cortex integrates sensory inputs from auditory 

cortex to produce behavioral integration time. Here, we test whether the impairments to task 

performance from perturbing auditory cortex input into parietal cortex (Fig. 4E,F) and 

reducing parietal cortex activity (Fig. 3B,C) are due to elevated “noise” associated with the 

accumulation of sensory inputs. We utilized a signal-detection theory-based model to 

estimate the noise associated with each stimulus and its duration [48]. With this approach, a 

gerbil’s estimate of a given stimulus is modeled as a random variable drawn from a Gaussian 

distribution whose mean is equal to the true AM rate (4 or 10), and whose standard deviation 

is a free parameter (σ) estimated as the value that maximized the likelihood of the animal’s 

choices. On each trial, the animal’s predicted choice is generated by randomly selecting one 

variable from the Gaussian distribution that is then compared to a criterion, the mean of the 

two distributions (criterion = 7 Hz). If the randomly drawn variable is less than the criterion, 

the predicted choice is “choose left”, and if the randomly drawn variable is greater than the 

criterion, the predicted choice is “choose right” (Figure 5A). To account for improved 

performance with longer stimulus durations, the standard deviation of the sampled 

distribution was divided by the number of stimulus periods presented on each trial. A 

previous report showed that rats performing a visual accumulation of evidence task exhibited 

this particular noise scaling [48]. In order to evaluate the predicted choices of our signal-

detection theory-based model, we performed 5-fold cross-validation and assessed the 

predictive power on held-out test sets. The model predicted the animal’s choices on held-out 

data for all stimulus durations (Figure 5B). This is represented by high goodness-of-fit 

values (r2) across each animal (4 Hz trials: r2 = 0.91 ± 0.02; 10 Hz trials: r2 = 0.91 ± 0.01), 

as well as for pooled data across all animals (4 Hz trials: r2 = 0.97; 10 Hz trials: r2 = 0.99). 

Figure S5A displays model predictions under the assumption of independent noise (i.e., 

standard deviation divided by square root of the number of samples). We found that 

goodness-of-fit values were significantly worse under the assumption of independent noise 

compared with the assumption that noise grows linearly with the number of samples (Figure 

S5B; two-tailed t-test, 4 Hz trials: p < 0.001, t = 6.30; 10 Hz trials: p < 0.001, t = 3.69).

We compared σ values from the stimulus duration near minimum integration time values 

from “no drug” sessions (300 ms) across experimental groups to determine the effect of 

inactivating local parietal cortex activity (muscimol group) and perturbing auditory cortex 

inputs into parietal cortex (DREADDs group) on internal noise. We found a significant 

difference of σ values across experimental groups (non-parametric one-way ANOVA; 4 Hz 

trials: X2
(3,35) = 16.3, p = 0.001; 10 Hz trials: X2

(3,35) = 13.96, p = 0.03) (Figure 5C). Post-
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hoc comparisons indicated that σ values were greatest among muscimol and DREADDs 

experimental groups (two-tailed t-tests; Holm-Bonferroni-corrected; 4Hz trials: muscimol 

versus no infusion: p < 0.0001, t = 5.03; muscimol versus saline: p < 0.0001, t = 4.33; 

DREADDs versus no infusion: p = 0.003, t = 3.4; DREADDs versus saline: p = 0.01, t = 

2.85; 10 Hz trials: muscimol versus no infusion: p = 0.002, t = 3.29; muscimol versus saline: 

p = 0.003, t = 3.41; DREADDs versus no infusion: p = 0.001, t = 3.42; DREADDs versus 

saline: p = 0.002, t = 3.47). To determine whether experimental groups differed across non-

sensory factors, such as attention or motivation, we included an explicit lapse rate parameter 

in the model, corresponding to stimulus-independent noise that would produce incorrect 

choices on the easiest trials. We found a significant difference in lapse rate across 

experimental groups (one-way ANOVA; F(3,37) = 7.79, p = 0.0004) (Figure 5D), with the 

muscimol infusion group displaying the greatest lapse rates (post-hoc comparisons, two-

tailed t-tests; Holm-Bonferroni-corrected; muscimol versus no infusion: p = 0.0001, t = 3.5; 

muscimol versus saline: p < 0.0001, t = 3.6; muscimol versus DREADDs: p = 0.007, t = 

2.7). This suggests that parietal cortex inactivation produces a significant increase in errors 

at long stimulus durations compared to specifically inactivating auditory projections into 

parietal cortex, or that our muscimol activation was more pronounced than the DREADDs 

manipulation by inactivating a larger range of auditory-recipient input. Overall, these results 

suggest two mechanisms over which elevations in sensory noise impacts temporal 

integration task performance: 1) Reduced sensory input from auditory cortex to parietal 

cortex elevates sensory noise that increases integration time. 2) Reduced parietal cortex 

activity elevates sensory noise that increases integration time and also increases errors at 

long stimulus durations, which could be attributed to non-sensory impairments.

DISCUSSION

Parietal cortex activity is thought to play a role in the integration of noisy sensory 

information [32, 49, 50]. In fact, the extended timescale of noise correlations among parietal 

cortex neurons [51] could facilitate the accumulation of information projected from sensory 

cortices that drives perceptual judgements. Studies in non-human primates [12–14] and 

rodents [16, 24, 31] demonstrate that parietal cortex neurons are strongly modulated 

throughout the stimulus period, prior to the animal’s decision. In the current study, we 

demonstrate that chemogenetically disrupting auditory cortex inputs into parietal cortex 

prolongs auditory accumulation of evidence (see Figure 4F), potentially due to increased 

sensory noise (Figure 5C). This suggests that disrupting sensory input into parietal cortex 

increases noise in the sensory representation, which extends the duration of time required for 

the accumulation of evidence that supports task performance. An increase in errors at long 

stimulus durations caused by direct parietal cortex inactivation with muscimol (Figure 3B) 

could suggest that accurate behavioral choices depend on the residual afferent and 

postsynaptic activity. For example, non-auditory inputs could be involved in the coordination 

and transformation of task-related sensory information into choice decisions and motor 

output [17, 52–54]. Furthermore, parietal cortex projects to the dorsal striatum and posterior 

secondary motor cortex, which are involved in biasing choice selection and motor control, 

respectively [55]. Therefore, inactivating parietal cortex would be expected to degrade 
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processing in these downstream regions that are necessary to produce appropriate behavioral 

responses.

The preservation of performance at long stimulus durations after deceasing neural activity 

suggests the involvement of separate pathways that contribute to this behavior. Auditory 

cortex has been causally implicated in many auditory tasks [56–59], and its downstream 

targets are many [60–62]. For example, the sensory striatum has been implicated in Left/

Right motor actions [63]. Other possibilities include the frontal cortex where sensory 

information is transformed to more closely resemble behavioral relevance [64], the 

retrosplenial cortex which provides goal-directed spatial navigation trajectories [65], and 

secondary motor cortex which mediates planning and execution of motor actions [66]. With 

many areas downstream of auditory cortex involved in task performance, future studies 

could utilize a selective manipulation approach of anterogradely filling fibers within 

auditory cortex and implant cannulae or optical electrodes over an array of downstream 

targets to selectively perturb one or more of them, and determine their relative impact on 

behavioral performance.

A causal role for parietal cortex activity during sensory-guided task performance is currently 

uncertain. For example, while inactivation of parietal cortex impairs visual task 

performance, [24, 31, 67, 68] it has been suggested that this could be due to inactivation of 

adjacent secondary visual areas [34]. Other studies that inactivate parietal cortex show that 

auditory-guided performance is relatively unimpaired [15, 31, 68]. This is in contrast to our 

current results of impaired performance on an auditory discrimination task following 

chemogenetic perturbations of excitatory auditory cortex inputs to parietal cortex, as well as 

parietal cortex inactivation with muscimol. Both rats and gerbils possess similar cortical 

connectivity profiles such that parietal cortex in both species receives input from auditory 

cortex [21, 25, 60, 69, 70] (Figure 2), providing a pathway for the transmission of auditory 

information downstream primary auditory cortex. Thus, the difference in our results with 

previous reports of negligible effects of parietal cortex inactivation on an accumulation of 

evidence task with clicks [15, 31, 68] raises the possibility that our targeted auditory cortex 

recipient area of parietal cortex is distinct from the region of parietal cortex that was 

manipulated in previous studies. Specifically, previous reports did not contain anatomical 

anterograde or retrograde validation of auditory-recipient parietal cortex, and may not have 

targeted the centroid of the auditory cortex projections.

A second difference between our study and previous reports is the behavioral task structure. 

In previous studies, subjects were required to withhold their behavioral response until a “go” 

signal was presented. In contrast, our animals were permitted to respond as soon as possible 

following the stimulus presentation. Typically, our animals moved towards the reward tray 

prior to the end of the stimulus duration, comparable to reaction time accumulation of visual 

evidence tasks performed by non-human primates [12, 13]. This leaves open the possibility 

that withholding a choice decision, based on auditory cues in working memory, engages 

other pathways, thereby rendering the parietal cortex circuit unnecessary for the behavioral 

outcome. A third difference between our study and previous reports is the acoustic stimuli 

presented. Previous paradigms of auditory-based evidence accumulation tasks used clicks 

[15, 31, 68], whereas we presented amplitude-modulated broadband noise. Natural sounds 
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are composed of rich acoustic features such as modulations in sound intensity [71, 72]. In 

fact, auditory cortex activity synchronizes to slow modulation frequencies [73], where 

energy is concentrated for natural sounds such as speech and other communication sounds 

[36, 43]. Thus, it is possible that auditory cortex-recipient parietal cortex is preferentially 

activated by envelope information in the natural range, and subjects were better able to 

accumulate evidence from the slow AM stimuli that we used.

Across auditory behavioral paradigms, performance variability is often attributed to “internal 

noise.” In fact, high internal noise is thought to limit efficient use of available acoustic cues, 

which accounts for poor behavioral performance in children [74, 75], following hearing loss 

[76], or with aging [77, 78]. In the current study, the deficits in decision-making behavior 

from perturbing parietal cortex activity could be due to elevated internal noise caused by 

reduced or perturbed sensory input. To examine this, we implemented a signal detection 

theory model that quantified the noise associated with each stimulus (σ parameter) (Figure 

5A, B). Chemogenetically perturbing auditory cortex input into parietal cortex and 

inactivating parietal cortex with muscimol increased this noise parameter (Figure 5C). An 

important future direction would be to examine the dynamics of parietal cortex activity and 

determine how it accounts for or reflects internal noise.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Justin Yao (jdyao@nyu.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability: Behavioral source data and relevant MATLAB codes for 

generating figures are available at https://nyu.box.com/v/Yao-et-al-Current-Biology-2020.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects—Mongolian gerbils (Meriones unguiculatus, N = 29, 14 males, 6–14 months old) 

were weaned from commercial breeding pairs (Charles River) and housed on a 12 h light/12 

h dark cycle and were used for the psychophysics, chemogenetics, and pharmacological 

experiments. 9 gerbils were used for virus-mediated anatomical tracing experiments (Figure 

2). All procedures were approved by the Institutional Animal Care and Use Committee at 

New York University.

METHOD DETAILS

Psychophysical testing

Behavioral Apparatus: Adult gerbils were placed in a plastic test cage in a sound-

attenuating booth (Industrial Acoustics) and observed via a closed-circuit monitor. Acoustic 

stimuli were delivered from a calibrated free-field tweeter (DX25TG0504; Vifa) positioned 

1 m above the test cage. Sound calibration measurements were made with a 1/4-inch free-

field condenser recording microphone (Brüel & Kjaer) placed in the center of the cage. 
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Stimulus, food reward delivery, and behavioral data acquisition were controlled by a 

personal computer through custom MATLAB scripts (written by Dr. Daniel Stolzberg) and 

an RZ6 multifunction processor (Tucker-Davis Technologies).

Training: Behavioral measures of integration time were obtained using an appetitive one-

interval two-alternative forced-choice (2AFC) procedure. Specifically, gerbils were placed 

on controlled food access and trained to discriminate between amplitude modulated (AM) 

frozen broadband noise (25-dB roll-off at 3.5 kHz and 20 kHz) at 4 versus 10 Hz at 100% 

modulation depth. Each 4 and 10 Hz AM stimulus were presented at a sound level of 66 dB 

SPL, had a 200 ms onset ramp, followed by an unmodulated period of 200 ms that 

transitions to an AM signal for a set duration, followed by an unmodulated period. The 

duration of the AM signal is defined as the stimulus duration. Animals were initially trained 

to initiate a trial by placing its nose in a cylindrical port for a minimum of 100 ms that 

interrupted an infrared beam, and to approach the appropriate left or right food tray when 

presented with the AM noise stimulus (4 Hz: left tray; 10 Hz: right tray). When a gerbil 

breaks the infrared beam at the correct food tray, a pellet dispenser (Med Associates) 

delivers one reward dustless precision pellet (20 mg; Bio-Serv). Once the gerbils are able to 

discriminate between 4 versus 10 Hz AM with a stimulus duration of 2000 ms (proportion of 

trials correct > 0.85) across two sessions, then shorter durations are added on subsequent 

sessions (e.g., 100, 300, 600, 800, and 1000 ms). For each trial, the probability of a 4 or 10 

Hz AM stimulus presentation is 50% and its duration is a random draw. Figure 1A displays a 

schematic of the 2AFC AM discrimination task.

Testing: Perceptual sensitivity is assessed by presenting six durations for each of the 4 and 

10 Hz AM stimuli (e.g., 100, 300, 600, 800, 1000, and 2000 ms). Correct trials occur when a 

gerbil approaches the appropriate food tray (4 Hz: left; 10 Hz: right). When a gerbil 

approaches the incorrect food tray, then a 2–4 sec timeout period is initiated during which 

the room light is switched off and the animal is unable to initiate a trial. If the gerbil does not 

approach either food tray within 5 sec of stimulus presentation, then the trial is aborted and 

scored as incorrect. Proportion correct is calculated by: Correct trials/Total # of trials. 

Response latency is calculated as the total duration following trial initiation (i.e., stimulus 

onset after placing nose in cylindrical port) until stimulus termination (i.e., breaks infrared 

beam at a chosen food tray).

Integration time is assessed by examining how performance scales with stimulus duration. 

Proportion of correct trials across stimulus durations for each AM rate will be fit with 

psychometric functions using the open-source package psignifit 4 for MATLAB [58, 79, 80]. 

Psychometric functions of the proportion of correct trials are plotted as a function of 

stimulus duration. Minimum integration time was defined as the stimulus duration at which 

proportion of correct trials = 0.76, which is equivalent to the signal detection metric, d’, 
equal to 1 [44, 45]. The maximum (steepest) slope between x-axis coordinates (stimulus 

duration) that bracketed the minimum integration time was assigned as the slope value. The 

analyses were performed on all behavior sessions where percent correct at 1000 and 2000 

ms durations were ≥ 85%, and the animal performed ≥ 120 trials. The average number of 
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behavioral trials was 193 ± 5.42 trials per session. The total number of test sessions per 

animal was 3.

Viral injections of anatomical tracer—Gerbils were first anesthetized with 

isoflurane/O2 and secured on a stereotaxic device (Kopf). The surgical scalp area was then 

shaved and cleaned with iodine and an incision was made to expose parietal, occipital, and 

frontal bones. For viral injections into parietal cortex, a craniotomy was made between 3.6–

3.9 mm rostral and 2.5 mm lateral to lambda [46]. For viral injections into AC, the 

temporalis muscle was retracted and a craniotomy was made between 3.2–3.9 mm rostral to 

lambda and 1–1.5 mm ventral from the temporal ridge. A durotomy was performed over the 

region of interest and a glass pipette (Drummond) containing an anterograde (pAAV-hSyn-

EGFP, Addgene plasmid 50465; pENN-AAV-hSyn-TurboRFP-WRPE-rBG, Addgene 

plasmid 105552) or retrograde tracer (pAAVrg-hSyn-EGFP, Addgene plasmid 50465) was 

attached to a microinjector (Nanoject). Two injections (200 nL) were made within each 

region of interest, first at 0.3 mm and then at 0.8 mm below the pial surface at an injection 

rate of 2 nL/sec. Following the injections, the exposed cortical surface was covered with a 

silicon elastomer (Kwik-Sil, World Precision Instruments) and the surgical incision was 

closed with sutures.

Cannula implantation surgery—Surgical procedures for cannula implantation were 

similar to those for viral injections. After exposing parietal, occipital, and frontal bones, 

bone screws were inserted into both frontal and occipital bones. Bilateral craniotomies were 

made along parietal bones between 3.6–3.9 mm rostral and 2.5 mm lateral to lambda. 

Double-guide cannulae (26 gauge, 3 mm cannula length, 0.5 mm center-to-center distance; 

C235GS-5–0.5/SPC; Plastics One) were angled 0 degrees in the mediolateral plane and 

placed above the cortical surface and secured with dental acrylic (Zimmer Biomet). The tip 

of the guides sat along the brain surface and dummy cannulae (extend 0.2 mm into cortex) 

were inserted to keep the guides clear and secured with aluminum dust caps. Following the 

placements of the cannulae, any exposed skull surface was covered with dental acrylic. 

Gerbils were given 7 days to recover before being placed on controlled food access prior to 

psychometric testing. After recovery, task motivation for each animal was monitored for a 

number of days (3–8 days, median = 4). Once animals surpassed the criterion of 120 trials, 

they began psychometric testing on the following day.

Cannula infusions—Cannula infusions were performed using previously described 

procedures [58]. Muscimol (Abcam) was dissolved in 0.9% NaCl to achieve a concentration 

of 4 mg/mL. Aliquots filled with 20 uL were stored at −20°C and used within 1 week. On 

the day of infusions, one aliquot was removed from the freezer, thawed to room temperature, 

and diluted to 1 mg/mL with 0.9% NaCl. Gerbils (n = 7) were anesthetized with 

isoflurane/O2 and secured on a stereotaxic frame. Dust caps and dummy cannulae were 

removed from the guides. Double infusion cannulae (33 gauge, 3.5 mm cannula length, 

C235IS-5/SPC; Plastics One) were connected to PE-50 tubing (Plastics One), backfilled 

with mineral oil, and attached to glass syringes (10 μL, 1801 Gastight, Hamilton). Muscimol 

or saline was drawn into the tip of each cannula, and inserted into the guides that extend 

~0.5 mm into parietal cortex. Bilateral infusions (0.2 uL/hemisphere, 0.2 uL/min) were 
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operated with a six-channel programmable pump (NE-1600, New Era). This entire process 

took ~10 min and animals recovered in their home cages for 30 min prior to behavioral 

testing.

Chemogenetic manipulation of auditory cortex to parietal cortex projections—
We used a designer receptor exclusively activated by designer drugs (DREADDs) based 

method to perturb auditory cortex to parietal cortex projections. Well-trained gerbils (n = 5) 

were bilaterally injected with an adenovirus containing a CaMKII promotor that transfects 

pyramidal neurons with the inhibitory DREADDs receptor HM4Di (pAAV-CaMKIIa-

hM4D(Gi)-mCherry, Addgene plasmid 50477) into auditory cortex. The surgical procedure 

was the same as described above for viral injections of anatomical tracers. Following 

injections, double guide cannulae were implanted above parietal cortex (see above). Once 

fully recovered, cannulae infusion procedures were conducted in all animals prior to 

psychometric testing. Specifically, prior to psychometric testing, compound 21 (C21; 

HelloBio; 5 mg/mL; 0.2 uL/hemisphere), a chemogenetic actuator of hM4D, or saline was 

drawn into the tip of the infusion cannulae and inserted into the guides that extend ~0.5 mm 

into parietal cortex.

Histology—At the termination of each experiment, animals were deeply anesthetized with 

sodium pentobarbital (150 mg/kg) and perfused with phosphate-buffered saline and 4% 

paraformaldehyde. Brains were extracted, post-fixed, sectioned (50–60 μm) on a vibratome 

(Leica), mounted on glass slides, and cover-slipped (Vectashield Antifade Mounting 

Medium with DAPI). Fluorescent imaging was conducted on a confocal microscope (Leica).

QUANTIFICATION AND STATISTICAL ANALYSIS

Signal detection theory model—To predict the gerbils’ choices on each trial, we 

applied a signal detection theory-based model that estimated the width of the distribution of 

animals’ internal estimates of the presented AM rates [48]. The model assumes that on each 

trial, a gerbil’s percept of a presented stimulus is a noisy sample from a Gaussian 

distribution whose mean is the true AM rate, and whose standard deviation is a free 

parameter (σ). Thus, on a given trial, the animal’s estimate of a presented AM rate stimulus 

(4 versus 10 Hz) is a random variable drawn from a Gaussian distribution whose mean is the 

AM rate associated with the presented stimulus (4 or 10), and whose standard deviation is a 

free parameter (σ). The randomly drawn variable is compared to a decision criterion, the 

mean of the two distributions (criterion = 7 Hz), and the sign predicts performance. If the 

randomly drawn variable is less than the criterion, the predicted choice is “choose left”. If 

the randomly drawn variable is greater than the criterion, the predicted choice is “choose 

right” (Fig. 5A). Thus, on 4 Hz trials, correct responses occur when the randomly drawn 

variable is less than the criterion. On 10 Hz trials, correct responses occur when the 

randomly drawn variable is greater than the criterion. We also included an explicit lapse rate 

parameter, which corresponded to the fraction of trials on which the animals would guess 

(i.e., incorrect trials at very long stimulus durations), similar to other models of auditory 

accumulation of evidence in rodents [81]. We recognize that there are other potential ways 

of parameterizing the lapse rate, and an interesting future direction would be to explore these 

different parameterizations in more detail. For the purposes of the present manuscript, we 
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found that the additive/subtractive model provided a good fit to the data. The standard 

deviations for each distribution (σ4Hz and σ10Hz) and the lapse rate (lapse) were estimated as 

values that maximized the likelihood of the animals’ choices, fitted with the Matlab function 

fmincon. To account for chronometric improvements in behavioral performance (i.e., 

improvements in task performance with longer stimulus duration), the noise of the sampled 

distributions on each trial were divided by the number of samples (i.e., 4 and 10 Hz 

modulations across a given stimulus duration) [48]. This was implemented by the following 

equations:

p cℎoose Rigℎt 10 Hz = ∫crit
∞

N 10, σ10Hz/samples 2 dx − lapse

p cℎoose Rigℎt 4 Hz = ∫crit
∞

N 4, σ4Hz/samples 2 dx + lapse

where crit is criterion, or 7 Hz. In order to evaluate the performance of the model, we 

performed 5-fold cross-validation and evaluated the predictive power of the model on the 

held-out test sets.

Statistical procedures—Statistical analyses and procedures were implemented in JMP 

13.2.0 (SAS) or custom-written MATLAB scripts (The Mathworks) that incorporated the 

MATLAB Statistics Toolbox. Normally distributed data (as assessed by the Lilliefors test) 

are reported as mean ± SEM unless otherwise stated. When data were not normally 

distributed, non-parametric statistical tests were used when appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The work is supported by NIDCD F32DC016508 (JDY) and R01DC011284 (DHS)

Abbreviations

AC core auditory cortex

AuD secondary dorsal auditory area

AM amplitude modulation

2AFC two alternative forced choice

DREADDs designer receptors exclusively activated by designer drugs

C21 compound 21
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Figure 1. Behavioral measures of auditory integration time.
A) Schematic of the auditory integration task, a two-alternative forced choice AM noise 

discrimination task. Gerbils are required to discriminate between AM noise at 4 versus 10 

Hz across a range of stimulus durations (100–2000 ms). B) Psychometric functions from the 

average of all animals (thin lines). Thick lines represent the overall average across all 

animals and the shaded region represents average ± SE. C) Distribution of calculated 

minimum integration times from each animal across separate trial types. See also Figure S1.
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Figure 2. Auditory cortical neurons project to the parietal cortex.
A) Schematic diagram showing auditory cortex site of anterograde AAV-hSyn-TurboRFP 

injection. B) Brain slices showing the injection site in auditory cortex and anterograde 

labeling in secondary dorsal auditory area and parietal cortex. C) Expanded inset of auditory 

cortex showing high-magnification of labeled cell bodies within the injection site. D) 

Expanded inset of secondary dorsal auditory area showing dense axonal labeling. E) 

Expanded inset of parietal cortex showing dense axonal labeling. F) Expanded inset of 

parietal cortex at higher magnification. G) Schematic diagram showing secondary dorsal 

auditory area site of anterograde AAV-hSyn-EGFP injection. H) Brain slice showing the 

injection site in secondary dorsal auditory area. I) Expanded inset showing high-

magnification of axonal labeling in parietal cortex. J) Schematic diagram showing parietal 

Yao et al. Page 20

Curr Biol. Author manuscript; available in PMC 2021 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cortex site of retrograde AAV-hSyn-EGFP injection. K) Brain slices showing the injection 

site in parietal cortex and retrograde labeling in secondary dorsal auditory area and auditory 

cortex. L) Expanded inset of secondary dorsal auditory area showing cell body labeling. M) 

Expanded inset of auditory cortex showing cell body labeling. Core auditory cortex (AC), 

secondary dorsal auditory area (AuD), parietal cortex (PC).
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Figure 3. Inactivation of parietal cortex increases auditory integration time.
A) Schematic of cannula implant over parietal cortex and timeline of experimental test 

sessions. Infusions of muscimol and saline into parietal cortex alternated across test session 

days. Prior to the last muscimol test session, neither muscimol or saline were infused. B) 

Average psychometric functions across all animals (thick lines) and average psychometric 

functions from each animal during muscimol (orange) and saline (blue) infusion sessions 

(thin lines). The shaded regions represent average ± SE. See text for statistical comparisons. 

C) Distribution of calculated minimum integration times from each animal as a function of 

infusion condition. Post-hoc analyses revealed minimum integration times under muscimol 

(orange) were significantly different from no drug (black) (two-tailed t-test; Holm-

Bonferroni-corrected; p = 0.02, t = 3.02) and saline (blue) (two-tailed t-test; Holm-

Bonferroni-corrected; p = 0.01, t = 3.48) sessions. See also Figure S2.
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Figure 4. Perturbing auditory cortex inputs into parietal cortex increases auditory integration 
time.
A) Schematic of cannula implant over parietal cortex and timeline of experimental test 

sessions. Infusions of C21 and saline into parietal cortex alternated across test session days. 

B) Brain slice showing bilateral injections of pAAV-CaMKIIa-hM4D(Gi)-mCherry into 

auditory cortex. C) High magnification of expanded inset near auditory cortex injection site 

with labeled cell bodies. D) High magnification of expanded inset in parietal cortex confirms 

perisomatic labeling (white triangles) from injection sites in B. E) Average psychometric 

functions across all animals (thick lines) and average psychometric functions from each 

animal during C21 (purple) and saline (blue) infusion sessions (thin lines). See text for 

statistical comparisons. F) Distribution of calculated minimum integration times from each 

animal as a function of infusion condition. Post-hoc analyses revealed minimum integration 

times under C21 (purple) were significantly different from no drug (black) (two-tailed t-test; 

Holm-Bonferroni-corrected; p = 0.005, t = 5.61) and saline (blue) (two-tailed t-test; Holm-

Bonferroni-corrected; p = 0.003, t = 6.65) sessions. Core auditory cortex (AC), parietal 

cortex (PC). See also Figure S3 and Figure S4.
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Figure 5. Signal detection theory-based model predicts animal’s choices.
A) The model assumes that on each trial, a random variable is selected from the 

corresponding distribution (4 or 10 Hz) and is compared to a criterion (vertical dashed line). 

The mean of each Gaussian distribution is equal to each AM rate (4 and 10) and the standard 

deviation (σ) is a free parameter that was fit to the behavioral data using maximum 

likelihood estimation. The choice is determined by whether the selected random variable is 

less than or greater than the criterion (vertical dashed line) (left choice if < criterion; right 

choice if > criterion). B) Comparison of the behavioral data (symbols) with model 

predictions (lines) for held-out data (5-fold cross validation) from one animal (left) and all 

animals (right). Goodness of fit between behavioral data and model predictions are 

represented by r2 values. C) σ values from the stimulus duration of 300 msec across each 

test condition. Outlier points were excluded in the statistical tests. D) Lapse rate across each 
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test condition. See text for statistical comparisons. Error bars represent ± 1 standard 

deviation. See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

pAAV-hSyn-EGFP Addgene RRID:Addgene_50465

pENN-AAV-hSyn-TurboRFP-WRPE-rBG Addgene Cat # 105552-AAV1

pAAVrg-hSyn-EGFP Addgene Cat # 50465-AAVrg

pAAV-CaMKIIa-hM4D(Gi)-mCherry Addgene RRID:Addgene_50477

Chemicals, Peptides, and Recombinant Proteins

VectaShield with DAPI Vector Labs RRID: AB_2336790

Muscimol Abcam Cat # ab120094

Compound 21 HelloBio Cat # HB6124

Experimental Models: Organisms/Strains

Gerbil (Meriones unguiculatus) Charles River Laboratories https://www.criver.com

Software and Algorithms

MATLAB Mathworks https://www.mathworks.com/

Adobe illustrator 2019 Adobe Systems https://www.adobe.com/

Deposited Data

All data This paper https://nyu.box.com/v/Yao-et-al-Current-Biology-2020
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