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Abstract 20 

Visual discrimination improves with training, a phenomenon that is thought to reflect plastic 21 

changes in the responses of neurons in primary visual cortex (V1). However, the identity of the 22 

neurons that undergo change, the nature of the changes, and the consequences of these changes 23 

for other visual behaviors remain unclear.  Using chronic in vivo 2-photon calcium imaging to 24 

monitor the responses of neurons in V1 of tree shrews learning a Go/No-Go fine orientation 25 

discrimination task, we find increases in neural population measures of discriminability for task-26 

relevant stimuli that correlate with performance and depend on a select subset of neurons with 27 

preferred orientations that include the rewarded stimulus and nearby orientations biased away 28 

from the non-rewarded stimulus.  Learning is accompanied by selective enhancement in the 29 

response of these neurons to the rewarded stimulus that further increases their ability to 30 

discriminate the task stimuli. These changes persist outside of the trained task and predict 31 

observed enhancement and impairment in performance of other discriminations, providing 32 

evidence for selective persistent learning-induced plasticity in V1 with significant consequences 33 

for perception.  34 
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Introduction 35 

Neurons in primary visual cortex (V1) respond selectively to different stimulus features1, 36 

constructing neural representations that reliably encode the visual information necessary to 37 

support perception and behavior2, 3, 4. Visual experience plays a critical role in the early 38 

development of these representations5, and there is considerable evidence that these 39 

representations remain plastic in the mature brain, allowing learning to enhance the discrimination 40 

of sensory stimuli necessary to perform novel tasks6. This process has been explored through 41 

visual perceptual learning paradigms in which behavioral training with visual stimuli results in 42 

substantial improvement in discrimination or detection performance3, 4, 7, 8, 9, 10, 11 . Perceptual 43 

learning is thought to result from persistent changes in the activity of a limited population of 44 

neurons in the cortical representation whose properties enable the enhanced discrimination 45 

capability11, 12, but the nature of the changes and the cortical regions associated with such 46 

changes are debated13, 14. While there is evidence that visual perceptual learning modifies V1 47 

neural response properties such as orientation selectivity 4, 11, direction tuning8, contrast 48 

sensitivity10, and contour detection 15, 16 many questions remain about how learning-induced 49 

changes in neuronal response properties impact the neural representation of relevant stimulus 50 

dimensions and how these changes relate to discrimination of trained and non-trained stimuli 51 

under active and passive viewing conditions. 52 

To address these issues we employed a 2-photon in vivo imaging paradigm that allowed us to 53 

longitudinally track the responses of large populations of V1 neurons through an orientation-54 

discrimination learning paradigm in the tree shrew, a close relative of primates with a visual cortex 55 

that exhibits a highly-organized functional architecture17, 18, 19.  With training, animals were able to 56 

improve their ability to discriminate the orientation of rewarded and non-rewarded stimuli in a V1-57 

dependent Go/No-Go orientation discrimination task.  Enhanced performance was accompanied 58 

by changes in the responses of individual V1 neurons that improved the population’s ability to 59 
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discriminate rewarded and non-rewarded stimuli.  These changes were restricted to a select 60 

subset of neurons with pre-training tuning properties that were well-suited for identifying the 61 

presence of the rewarded stimulus by virtue of preferred orientations that included the rewarded 62 

stimulus and orientations biased away from the non-rewarded stimulus. Learning was 63 

accompanied by selective enhancement in the response of these neurons to the rewarded 64 

stimulus that further increased their ability to discriminate the task-relevant stimuli. Similar, but 65 

weaker, learning-related changes were observed under passive conditions, indicating that 66 

discrimination learning induces persistent changes with potential to impact perception beyond the 67 

trained task. Indeed, in a subsequent modified behavioral task, discrimination of the same 68 

rewarded stimulus from neighboring, untrained orientations was enhanced and impaired in ways 69 

that could be predicted from the initial training-induced changes in population response. These 70 

results suggest that perceptual learning involves persistent changes in the response properties 71 

of a task-relevant subset of V1 neurons that modifies the representation of visual stimuli in a way 72 

that enhances task performance at the expense of other related discriminations. 73 

Results 74 

Tree shrews learn to perform a V1-dependent, fine orientation discrimination task. 75 

To assess the role of V1 in learning and performing a perceptual discrimination, we trained tree 76 

shrews to perform a simple Go/No Go orientation discrimination task (Fig. 1a).  Tree shrews self-77 

initiated individual trials by licking their reward port, and following a variable delay were presented 78 

with a 500 ms static oriented grating.  If the orientation of the grating matched the assigned 79 

rewarded orientation (S+) for the individual shrew, licking during the subsequent 1.5 second 80 

response period would result in a liquid reward (hit), while failure to lick (miss) would result in a 81 

timeout (see methods and materials).  If the orientation of the grating did not match the S+, a lick 82 

response (false alarm, FA) resulted in a timeout, while withholding a response was considered a 83 

correct rejection (CR) of the non-rewarded orientation (S-).  There is considerable variation in the 84 
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Figure 1: Tree shrews learn to perform a V1-dependent orientation discrimination task.  (a.) Task structure. Tree shrews 
self-initiated trials by licking their response port.  Following a variable delay, shrews were asked to lick following an S+ 
orientation while not licking in response to an S- orientation. Hit trials elicited liquid rewards, while correct rejections (CR) 
resulted in a subsequent S+ presentation.  Miss and false alarm (FA) trials resulted in a brief time-out. Inter-trial interval 
(ITI) was determined by the tree shrew.  (b.) Representative performance for days 1 (left) and 7 (right) demonstrates 
coarse discrimination learning.  The tree shrew initially licks indiscriminately for both S+ (black) and S- (red) trials.  After 
one week of training the shrew licks predominantly on S+ trials, while rejecting S- trials.  Lick time histograms (bottom) 
show a refinement of response times to immediately follow the stimulus presentation on day 7. (c.) Mean (+/- SEM) 
performance showing shrews on average reached criterion performance within one week of training (n = 11; mean days 
to criterion = 6.17 +/-  2.92 SD) (d.) 7 shrews were trained to perform the task with multiple S- offsets.  Performance at 
10 degree discriminations was unreliable, while shrews were able to achieve reliable suppression of go responses for S- 
orientations of 22.5 degrees or higher. (e.) Mean (+/- SEM) learning curves show fine discriminations of 22.5 degrees 
reached criterion levels on average after 7.44 days of training (+/- 3.0) (f.) Expression of ChR2 under the mdlx enhancer 
in V1 enabled blue-light mediated suppression in two example pyramidal neurons (top: raw whole-cell voltage record-
ings; bottom: individual stimulus locked trials in grey, with average traces in black).  Fast-spiking excitation was observed 
in a putative interneuron (top: raw whole-cell trace; bottom: example stimulus locked trial outlined in red above). (g.) 
Orientation tuning curves recorded at varying levels of blue light power from one example neuron show increasing spike 
suppression across orientations.  (h.)  5 neurons showed increasing spike suppression at preferred orientation with as 
little as 1mW/mm2 (i.) 2 headfixed shrews were implanted with bilateral windows over V1 expressing ChR2 via the mdlx 
enhancer (left).  Average discrimination performance in both animals was impaired during trials with optogenetic stimula-
tion in both animals. The left two panels show discrimination performance decrements for individual sessions.  The right 
panel shows Δd’ distributions for each animal. 
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implementation of Go/No Go behavioral tasks for behavioral and neurophysiological studies 4, 7, 85 

20, 21, 22, 23, 24, 25 , but the typical Go/No Go task has the limitation that non-responses are somewhat 86 

ambiguous since they can result from correct task performance or other factors such as  87 

attentional lapses or fluctuating motivational factors7.  Furthermore the timing and ratio of delivery 88 

of S+ and S- stimuli can systematically alter task engagement and performance biases20. To 89 

incentivize sustained task engagement, especially throughout No Go trials, S- CRs were 90 

“rewarded” with a subsequent S+ and response period (Fig. 1a).  Because these additional 91 

presentations had a 100% probability of being the S+, hit responses could be driven by a strategy 92 

independent of visual discrimination, and for this reason they were excluded from overall 93 

performance calculations. Finally, to provide a disincentive for licking during the stimulus 94 

presentation, lick responses that occurred before stimulus offset resulted in aborted trials 95 

regardless of trial type (S+ or S-). 96 

To become familiar with the testing apparatus and learn the reward contingencies of the task, 97 

animals were first trained to perform coarse discriminations (>=45 degrees). Characteristic 98 

learning behavior was observed as a refinement of licking response times (Fig 1b).  On day 1 99 

(Fig. 1b, left), the animal learns to time licking responses after the 500 ms stimulus presentation, 100 

but responds on both S+ (black dots) and S- (red dots) trials, and responses on these trials are 101 

distributed over the course of about 1 second (lick timing histograms, Fig. 1b bottom).  Following 102 

7 days of training (Fig. 1b, right), the timing of Go responses is more locked to the stimulus onset, 103 

and the fraction of responses on No Go trials is substantially reduced, indicating improved 104 

discrimination.  Tree shrews (n=11) typically reach criterion performance levels (d’>=1) for coarse 105 

discrimination in under 7 training sessions (Fig. 1c, left; mean days to criterion = 6.17 +/-  2.92 106 

SD). 107 

To establish the psychophysical limits of behavioral performance under our system, a subset of 108 

animals (n=7) were trained to discriminate multiple S- stimuli with offsets from the S+ at 109 
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increments of 10, 22.5, and 45 degrees.  Peak performance at each offset (Fig. 1d) yields 110 

individual psychometric curves that demonstrate a group performance breakdown at 111 

discriminations of 10 degrees.  Animals reliably have high Go rates for S+ stimuli (offset = 0 112 

degrees), and low Go rates for S- offsets from target by 22.5 degrees or higher, but have highly 113 

variable performance with 10 degree discriminations, with shrews less able to suppress Go 114 

responses.  For subsequent experiments, 22.5 degree discriminations were considered “fine” 115 

discriminations, because they posed a greater challenge than coarse discriminations of 45 degree 116 

discriminations and above, but a majority of animals were able to reach criterion performance at 117 

this level of difficulty. 118 

Animals used for the imaging experiments (n = 6) and additional behaviorally trained animals (n 119 

= 3) mastered the coarse discrimination task, and were then introduced to an S- stimulus that was 120 

offset by 22.5 degrees from the previously trained S+ target stimulus (Fig. 1e; n = 9; days to 121 

criterion = 7.44 +/- 3.0 SD).  The time to criterion performance did not differ significantly between 122 

coarse and fine discrimination periods (p>0.4, two-sample t-test), suggesting that while the coarse 123 

task instructed the animal to use the apparatus and learn a set of reward contingencies, there 124 

remains a general lack of transference of perceptual skill from coarse to fine discrimination 125 

learning. 126 

Before examining the responses of V1 neurons during the discrimination task, we thought it was 127 

important to confirm that V1 activity contributes to the performance of this task.  To address this, 128 

we transiently suppressed V1 activity bilaterally during presentations of the visual stimulus, 129 

interleaving trials with or without optogenetic activation of inhibitory interneurons that virally 130 

expressed channelrhodopsin26, 27 (AAV1.mdlx.ChR2). In separate experiments we validated the 131 

suppression of V1 responses with this approach, demonstrating that blue light stimulation induces 132 

hyperpolarization of putative pyramidal cells and depolarization accompanied by fast-spiking 133 

activity in a putative interneuron (Fig. 1f).  We also titrated the intensity of blue light stimulation to 134 
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arrive at an intensity sufficient to achieve maximal suppression of spike rates (8 mW/mm2; Fig. 135 

1g,h). Consistent with the contribution of V1 activity to task performance, in two tree shrews with 136 

bilateral mdlx.ChR2 expression, discrimination was significantly impaired on the trials with 137 

optogenetic stimulation (Fig. 1i; p<0.01 Wilcoxon signed rank test).  We note that the area of 138 

inactivation was limited to a small percentage of V1 surface area (estimated from previous reports 139 

as approximately 10 to 15%28, 29, 30, 31) which likely accounts for the residual performance in these 140 

experiments. 141 

V1 neural populations improve fine discrimination performance with learning. 142 

We then asked if the learning of fine orientation discrimination with the Go/No Go task is 143 

accompanied by changes in the response properties of V1 neurons that could facilitate task 144 

performance, and reasoned that such changes may be reflected in the neural discriminability of 145 

task relevant stimuli at the level of the neural population. We chronically imaged neural activity in 146 

populations of tree shrew V1 layer 2/3 neurons with two-photon calcium imaging of the genetically 147 

encoded calcium indicator GCaMP6s32, which we expressed via microinjections of AAV vectors 148 

(see methods and materials).  This enabled us to measure responses to S+ and S- stimuli during 149 

behavioral performance at multiple time points relative to criterion fine discrimination performance 150 

(Fig 2a).  Alignment of the chronically imaged field of view was facilitated by anatomical landmarks 151 

such as neuronal somata, blood vessels, and cortical depth relative to the imaging window 152 

coverglass (Fig. 2a, left).  Representative example neurons show that raw responsiveness 153 

remains relatively stable across learning time points, with notable changes (Fig. 2a,b). Cell 1 is 154 

an example of an S+ responsive cell that gains responsiveness over the course of fine 155 

discrimination learning, while Cell 2 is an example of an S- responsive cell that has diminished 156 

responsiveness across time points (Fig. 2b; for additional examples see Supplementary Figure 157 

1a). 158 
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In order to derive a measure of population neural discriminability—i.e., how well the S+ and S- 159 

stimuli can be discriminated based on the activity patterns of many V1 neurons, we turned to a 160 

dimensionality reduction approach. Each individual trial’s population response (dimensions = n 161 

cells) is projected onto a low dimensional space comprised of the first two principle components 162 

of the population response (dimensions = 2; see methods and materials).  Fig. 2c schematizes 163 

this process, where each point represents an individual trial’s population response, and is color 164 

coded by the orientation presented on that trial (Fig. 2c, top).  To determine the neural population’s 165 

capacity to discriminate these clusters of population responses, we calculate the separability of 166 

each cluster from one another by projecting each point onto a line that maximizes the distance 167 

between each cluster center.  Population responses to individual stimuli form distributions of 168 

values along this separability dimension (Fig 2c, bottom).  These distributions are then the basis 169 

on which we quantify neural population discrimination performance (d’pop.) using a standard 170 

separation index (see methods and materials). In the pre-learning phase, this approach 171 

demonstrates that the population responses of V1 neurons to the S+ and a coarse (45 degree 172 

offset) S- are sufficiently different to allow these stimuli to be discriminated (Fig 2d, left).  In 173 

contrast, population responses to the S+ and fine (22.5 degree offset) S- for these animals are 174 

highly overlapping suggesting that the naïve V1 population responses provide less of a basis for 175 

reliable fine discrimination.  Following behavioral training (Fig. 2d, right), enhanced behavioral 176 

performance of the animals in fine discrimination was accompanied by significant increases in the 177 

neural discriminability (p < 0.05 Wilcoxon signed rank test) of these stimuli based on V1 responses 178 

within the population of chronically tracked neurons (Fig. 2e).   179 

Single cell discrimination improvements are orientation specific and linked to reward associations. 180 

To better understand changes in the population response of V1 neurons that contribute to 181 

enhanced discrimination, we thought it would be important to start by characterizing the patterns 182 

of activity that are evoked by the S+ and S- stimuli prior to learning the discrimination. The tree 183 
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shrew V1 has a well-organized modular architecture for orientation preference18, 19, and this was 184 

clearly evident in awake head-fixed animals with passive presentation of grating stimuli (Fig. 3a).  185 

As expected, presentation of the S+ (Fig. 3b, left) and S- (Fig. 3b, right) stimuli during the 186 

behavioral paradigm resulted in robust modular responses that were distinct, but highly 187 

overlapping (outlined in 3a), reflecting the orderly progression of orientation preference and the 188 

breadth of tuning exhibited by individual layer 2/3 neurons. Well-tuned neurons’ median tuning 189 

curve full width at half max = 55 degrees +/- 13.98 SD (see methods and materials), consistent 190 

with previous observations in both tree shrew31 and primate33, 34. This spatial distribution 191 

emphasizes that even in the untrained state, individual V1 neurons that are activated by the S+ 192 

and S- stimuli differ in the degree to which their activity contributes to discrimination of the two 193 

stimuli, depending on the relation of their tuning curve to the S+ and S- orientations 11, 35. 194 

To derive a population response profile that represents the distribution of neural activity evoked 195 

by S+ and S- stimuli as a function of a neuron’s orientation preference, passive presentations of 196 

the full range of orientations were used to compute the pre-learning preferred orientation for each 197 

neuron in our longitudinally tracked sample (see methods and materials). Using this data, cells (n 198 

= 431) were binned by preferred orientation (orientation axis normalized across animals: 0 199 

degrees = S+, 22.5 degrees = S-), and a moving average (+/- SEM) across orientation bins (10 200 

degree width, 5 degree increments) was computed for single cell responses to the S+ and S- 201 

stimulus (Fig. 3c)  In the pre-learning condition (Fig. 3c, left), the peak responses for the S+ and 202 

S- stimulus were distributed around neurons with corresponding preferred orientations, but each 203 

stimulus evoked responses from neurons with a broad range of preferences, resulting in 204 

significant overlap of the two distributions.  Following learning (Fig. 3c, right) there was a 205 

noticeable change in the distribution of responses to the S+ stimulus, with increases in the 206 

responses of neurons with preferred orientations that include the S+ orientation and nearby 207 
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Figure 3. Single cell improvements in neural discrimination are predicted by baseline discrimination capacity and reward 
associations. (a.) Tree shrew V1 contains an orderly map of orientation preference.  The orientation preference map is 
computed from responses to oriented gratings during passive viewing. (b.)  Average calcium responses to S+ (left) and 
S- (right) stimuli shown during behavior are distributed over overlapping columns within V1, with many of the same neu-
rons responding for both stimuli. Contours outline cortical regions responding greater than 30% of the maximum 
response per stimulus, and are overlaid on the orientation map in a. (c.) Population response curves from binned single 
cell responses (dF/F) to S+ (black) and S- (red) stimuli, arranged by preferred orientation for pre- (left)  and post-learning 
(right) conditions. (d.) Average binned single cell d’ values arranged by each neuron’s preferred orientation.  Pre-learning 
(left), peak d’ values were observed in neurons with preferred orientations flanking the S+ and S- stimuli, and were lower 
in between the S+ and S-, indicating that these neurons provide minimal discrimination information for the task. 
Post-learning (right) a significant bias exists with S+ flanking neurons displaying greater discrimination information than 
S- flanking neurons. (e.)  Top: V1 neurons with the greatest learning related improvements in d’sc have preferred orienta-
tions neighboring the S+ (black dashed line), but not S- stimulus (red dashed line).  Significant increases in Δd’sc were 
found up to 35 degrees from the S+ stimulus, while one significant decrease in  (bottom: averaging delta d’ over a moving 
window of preferred orientations in 5 degree increments with 20 degree bin size, mean +/- SEM, *p<0.05 Wilcoxon 
signed rank test with Bonferroni correction).  (f.) Learning related changes in responses to task-relevant stimuli depend-
ed largely on the functional properties of neurons relative to the orientations of the task.  Top row: percentages of neurons 
with a significant change in response to at least one task relevant stimulus out of i. all cells (22%), ii. S+ flanking cells 
(32%), and iii. S- flanking cells (22%).  Middle row: breakdown in specific types of changes observed on a cell by cell 
basis.  Out of all cells and S- flanking cells there were heterogenous changes in the magnitude of responses to both stim-
uli, while S+ flanking cells largely saw increases in S+ responses. Bottom row: total proportions of significantly changing 
cells exhibiting increases or decreases in response to the S+ or S-.  S+ flanking cells are heavily dominated by increases 
in response to the S+ (74%), while S- flanking neurons show balanced changes with S- decreases being the prevailing 
change (43%).
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orientations biased away from the S- orientation. There also appeared to be a modest decrease 208 

in the response to the S- stimulus for neurons that prefer the S- and neighboring orientations.    209 

These results suggest that the behavioral increase in discrimination performance is not simply 210 

the result of an increase in responses of V1 neurons to the rewarded stimulus, but an increase in 211 

response of a select subset of neurons whose tuning is optimal for distinguishing the rewarded 212 

stimulus from the distractor.  To specifically test the discrimination capability of the population of 213 

neurons in our sample, we calculated single cell (S+,S-) discriminability (d’sc; separability index, 214 

see methods and materials) using single cell 𝑑F/F signals on a trial-by-trial basis.  Then, by 215 

arranging baseline (pre-learning) d’sc by preferred orientation and averaging over bins of 10 216 

degrees, we could evaluate the distribution of d’sc values for both pre- and post-learning 217 

conditions. As expected, in the pre-learning condition, the distribution of d’sc values exhibits two 218 

peaks separated by a trough: the lowest d’sc -values are found for neurons with preferences for 219 

orientations in between the two stimuli, while higher d’sc -values are found for neurons that prefer 220 

orientations displaced away from this region (Fig. 3d, left)11, 35.  Interestingly, post-learning, the 221 

discrimination profile of the neural population has a strikingly different appearance with an 222 

increase in d’sc, especially for neurons with preferred orientations neighboring the S+, and biased 223 

away from the S-. This is accompanied by a modest reduction in d’sc for neurons with preferred 224 

orientations near the S-.   225 

To better understand the learning induced changes in single neuron responses that contribute to 226 

the increases in the population d’, we determined the d’sc values for individual neurons pre- and 227 

post-learning and computed the difference (Δd’sc).  Plotting these values according to  each cell’s 228 

pre-learning preferred orientation (Fig. 3e, top), we confirmed that individual neurons with the 229 

greatest improvements in task discrimination performance are those with preferred orientations 230 

flanking the S+ orientation and displaced away from the S- orientations (S+ flanking neurons). 231 

We quantified this further by computing a moving average of all Δd’sc within 20 degree bins over 232 
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5 degree increments.  We found significant improvements in Δd’sc for cells with preferred 233 

orientations within 35 degrees of the S+ stimulus and shifted away from the S- stimulus, but in no 234 

other preferred orientation bins (Fig. 3e, bottom; p<0.05 Wilcoxon signed-rank test with Bonferroni 235 

correction). This analysis also revealed a significant reduction in Δd’sc for neurons with 236 

preferences near the S- (Fig. 3e, bottom; p<0.05 Wilcoxon signed-rank test with Bonferroni 237 

correction). 238 

While the learning induced enhancement in discrimination is clearly biased to the S+ flanking 239 

neurons, the single neuron analysis reveals that there is considerable diversity in the behavior of 240 

neurons regardless of preferred orientation.  To further probe this diversity at the single cell level, 241 

we determined the percentage of neurons in our sample that exhibited significant change in 242 

response pre- and post-learning, and characterized the nature of this change (methods and 243 

materials). In fact, out of all neurons tracked longitudinally (Fig 3f, i.; n = 431), only 22% (n = 94) 244 

exhibited a significant change in response magnitude, changes that included increases or 245 

decreases in response to the S+ or S- and various combinations.  But the distribution of the 246 

neurons undergoing change and the types of change they exhibited was distinct for S+ and S- 247 

flanking neurons (n = 105 and 134, respectively).  Roughly 32% of S+ flanking neurons exhibited 248 

significant changes in response, 74% of which exhibited an increase in response to the S+ 249 

stimulus (Fig. 3f, ii.).  In contrast, only 22% of S- flanking neurons underwent significant changes 250 

in response with the greatest fraction (43%) decreasing their response to the S-, and only 23% 251 

exhibiting increased responses to the S+ stimulus (Fig. 3f, iii.).  These results indicate that while 252 

neurons in V1 undergo heterogeneous learning related changes as a group, orientation specific 253 

enhancement of neural discrimination is largely driven by increases in S+ responsiveness.   254 

Learning-enhanced neural discrimination persists outside of task performance and is associated 255 

with biased changes in orientation tuning 256 
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While these results indicate that training-induced enhancement in neural discriminability can be 257 

explained by changes in the response of a select subset of V1 neurons, it leaves open the 258 

question of whether this enhancement is context-dependent - only evident during performance of 259 

the task - or extends to stimuli presented outside the behavioral paradigm.  To probe this issue 260 

we examined whether we could detect learning-induced Δd’sc of neuronal responses under 261 

passive stimulus presentation conditions (Fig. 4a). As in the behavioral paradigm, we observed 262 

(Fig. 4a,b) an overall increase in d’sc that was specific for the S+ flanking neurons (p<0.05, 263 

Wilcoxon signed-rank test with Bonferroni correction). These results indicate that fine 264 

discrimination learning is accompanied by stimulus-specific increases in d’sc that persist outside 265 

of the behavioral context in which they arise.  Moreover, as seen with population responses 266 

recorded during task performance, in all 6 tree shrews, learning was accompanied by 267 

enhancement of passive neural discriminability of the S+ and fine S- (Supplemental Figure 1b,c; 268 

p < 0.05 Wilcoxon signed rank test). The consistency of V1 population changes in active and 269 

passive contexts suggests that discrimination learning reflects a persistent increase in the 270 

discrimination capacity of a subset of V1 neurons whose tuning is well-matched to the task. 271 

The fact that learning-related effects on neural discrimination persist in the passive condition 272 

made it possible for us to further characterize the functional changes in neuronal response 273 

underlying the enhanced discrimination of individual S+ flanking neurons. We reasoned that the 274 

increased S+ responses in this population of neurons could reflect mechanisms that operate to 275 

increase the gain in response, without significant changes in orientation preference (Fig. 4c, Top) 276 

or mechanisms that result in a shift in preferred orientation of the cell toward the orientation of the 277 

S+ stimulus (Fig. 4c, Bottom).  Overall, the pre- and post-learning orientation preferences of the 278 

total population of tuned neurons in our sample (tuning curve 1-CV > 0.25, see methods and 279 

materials) were highly correlated (Fig. 4d).  However, the subpopulation of neurons with preferred 280 

orientations in the S+ flank (between -45 and 0) exhibited a distribution of post-learning preferred 281 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.10.426145doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.10.426145
http://creativecommons.org/licenses/by-nd/4.0/


e.

p<0.05

Pr
ef

er
re

d 
O

rie
nt

at
io

n
(d

eg
. r

el
at

iv
e 

to
 S

+)

-80 -60 -40 -20 0 20 40 60 80
-80

-60

-40

-20

0

20

40

60

80

Preferred Orientation
(deg. relative to S+)

d.

c.

re
la

tiv
e 

re
sp

on
se

 (a
.u

.)

Stimiulus Orientation
(deg. relative to target-distractor)

-100 -80 -60 -40 -20 0 20 40 60 80 100

-100 -80 -60 -40 -20 0 20 40 60 80 100

Tuning Curve Gain

Tuning Curve Shift

Figure 4

a.

-80 -60 -40 -20 0 20 40 60 80

-4

-3

-2

-1

0

1

2

3

Δd
’ sc

 (P
os

t -
 P

re
)

Preferred Orientation
(deg. relative to S+)

-80 -60 -40 -20 0 20 40 60 80
Δ Preferred Orientation (deg.)

0

5

10

15

20

25

C
el

l C
ou

nt

S- Flanking Cells

Away from S+/S-

-80 -60 -40 -20 0 20 40 60 80
Δ Preferred Orientation (deg.)

0

10

20

30

40

C
el

l C
ou

nt

S+ Flanking Cells

Toward S+/S-

p<0.001 n.s.

b.

-80 -60 -40 -20 0 20 40 60 80
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Δd
’ sc

 (P
os

t -
 P

re
)

Preferred Orientation
(deg. relative to S+)

Figure 4. Single cell improvements in neural discrimination persist during passive stimulus presentations and are consis-
tent with biased shifts in preferred orientation.  (a.) As in Fig. 3e, single V1 cells with the greatest increases in passive d’sc 
had preferred orientations neighboring the S+, but not S- stimuli. (b.)  Significant increases in delta d’sc were found 
between 15 and 30 degrees from the S+ stimulus (averaging delta d’ over a moving window of preferred orientations in 
5 degree increments with 20 degree bin size, mean +/- SEM, *p<0.05 Wilcoxon signed rank test with Bonferroni correc-
tion). (c.) Two types of hypothetical functional changes leading to selectively increased d’sc in V1 neurons. Top: a positive 
gain in excitation of a single S+ flanking neuron.  Bottom: a small shift in preferred orientation toward the S+ orientation. 
(d.) Preferred orientation was remarkably stable in visually responsive neurons before and after fine discrimination learn-
ing. Axes are normalized across animals to center the S+ orientation at 0 degrees and the S- orientation at +22.5 
degrees. Marginal lines highlight the 45 degrees surrounding the S+ (black) and S- (red) flanks. (e.) S+ flanking cells 
(Left) but not S- flanking cells (Right) exhibit a biased shift in orientation preference (*p<0.001, Wilcoxon signed rank 
test).  
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orientations that were significantly biased toward the S+ relative to the pre-learning state (Fig. 4e, 282 

left; positive bias p<0.001, Wilcoxon signed rank test). Significant shifts in orientation tuning 283 

(p<0.05, Watson-Williams test for equal means, see methods and materials) were observed in 284 

16.67% of these S+ neurons, while 29.76% saw a significant positive gain in response magnitude 285 

at preferred orientation (see methods and materials). The specificity of these changes for the 286 

population of S+ flanking neurons is supported by comparable analyses of neurons in the S- flank 287 

(between 22.5 and 67.5 degrees).  These neurons exhibited no significant directional bias in the 288 

distribution of pre- and post-learning changes of orientation preference (p>0.05, Wilcoxon signed 289 

rank test; Fig. 4e, right), even with 20.41% of these cells significantly shifting in orientation 290 

(p<0.05, Watson-Williams test for equal means).  Also, roughly half as many tuned S- flanking 291 

neurons saw a significant positive gain at preferred orientation (16.33%) compared to S+ flanking 292 

neurons. These results suggest that the increases in S+ responses that drive enhanced 293 

discrimination learning reflect small, heterogenous changes in the response properties of V1 294 

neurons tuned near the reward-associated orientation.  295 

Learning-related changes in population discrimination predict additional behavioral performance 296 

impacts 297 

In addition to characterizing the single cell tuning properties that contribute to changes in d’sc, the 298 

ability to present a broad range of orientations in the passive context allowed us to probe the 299 

orientation specificity of the learning-induced changes in neural population discriminability.  We 300 

computed d’pop between the S+ and orientations within +/- 25 degrees of the S+ in 2.5 degree 301 

increments (Fig. 5a).  Positive offsets from the S+ indicate orientations in the direction of the 302 

trained S-, while negative offsets indicate symmetric, untrained orientations.  Consistent with task-303 

specificity for learning-related changes, significant improvements (p<0.05, Wilcoxon signed rank 304 

test) in the average (bold trace) population d’ for 6 tree shrews (light traces) reach a peak at 22.5 305 

degrees offset, which is the orientation of the S- (Fig. 5a).  Interestingly, enhanced neural 306 
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Figure 5.  Tree shrew neural discrimination accurately predicts orientation specific benefits and impairments in future 
behavioral performance. (a.) Learning-related changes in d’pop of the S+ (0 degrees) and a wide range of passively 
viewed orientations further reveals the orientation specificity of the training effect.  Across six animal, the peak Δd’pop for 
population discrimination was seen at the 22.5 degrees (equal to the S-), with gradual increases in d’ observed between 
the S+ and S-.  While no average improvements in d’pop were observed for orientations on the other side of the S+, small 
but significant decreases in discrimination performance were seen in three of these untrained orientations (*p<0.05 
Wilcoxon signed rank test).  (b.) Tree shrews that initially learned the original asymmetric discrimination were introduced 
to a generalized, symmetric discrimination task in which multiple S- stimuli were introduced on either side of the S+ orien-
tation. 10 days of performance after tree shrews were introduced to a novel task shows that two example shrews were 
biased to go for novel orientations, but maintained accurate performance for the original discriminations (>= +22.5 
degrees). (c.)  6 out of 7 tree shrews showed significant transference of skill in discriminating the S+ from novel +12.5 
orientation compared to the novel -12.5 S- orientation (Left: **p<0.01, *p<0.05, Wilcoxon signed rank test).  Across 
animals (right), median go rates were higher for the -12.5 degree compared to the +12.5 degree S- stimulus (p<0.05, 
Wilcoxon signed rank test).  (Top d.,e.) Passively recorded population response curves (as in Fig. 3c) for the S+ (black) 
and a hypothetical novel S- (d.: -22.5; e.: -12.5; blue) after shrews were trained on the original fine discrimination.  
Regions of the population that are enhanced through reward association (red) overlap with the regions of the population 
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Figure 5 (cont.) that respond robustly to both the S+ and novel S- (Bottom d.,e.) Average post learning d’ for the novel 
S-‘ and original S+ arranged by preferred orientation.  Regions with poor discrimination are overlapping with the subpop-
ulation of neurons that are enhanced through reward association for the original task, predicting that the learning of this 
novel discrimination should be impaired following learning of the original fine discrimination task. (f.) Gaussian curves 
were fit to each day’s psychometric function (see 5b) and tracked for at least 30 days.  The peak of the Gaussian is taken 
as an approximation for the orientation at which the shrew exhibits it’s peak go rate, and thus represents the orientation 
at which the shrews exhibit minimal discrimination from the S+.  Over 30 days of behavioral training, shrews maintain a 
persistent impairment in discriminating stimuli on the novel side of the S+, and on average continue to associate stimuli 
within approximately 10 degrees of the S+ with a go response.
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population discrimination was observed for untrained orientations that lie between the S+ and S- 307 

stimuli (e.g. +12.5 degrees) but not for stimuli with orientations displaced away from the S+ (e.g. 308 

-12.5 degrees). Indeed, our analysis reveals weak but significant decreases (p<0.05, Wilcoxon 309 

signed rank test) in d’pop for orientations displaced in this direction from the S+. Given that 310 

learning-induced improvements in single cell d’ for S+ and fine S- stimuli were localized to neurons 311 

with preferred orientations in this range (i.e., S+ flanking neurons) (Fig. 3b), these results raise 312 

the possibility that learning may improve the neural discriminability of the trained orientations with 313 

consequences for discrimination of nearby untrained orientations. 314 

If the passive increases in neural discrimination reflect changes in V1 activity that support 315 

enhanced behavioral performance, this predicts an asymmetric transfer of discrimination 316 

enhancement: tree shrews that have learned 22.5 degree discriminations would show an 317 

enhanced ability to discriminate the S+ stimulus from untrained +12.5 degree stimuli compared 318 

to -12.5 degree stimuli. To test this prediction, we introducing a novel task to shrews that had 319 

been trained on the original S+/S- discrimination. Following the completion of combined imaging 320 

and behavioral experiments, tree shrews continued to train in their home cages for at least 10 321 

days in the original task.  We then modified the task to include S- stimuli at symmetric offsets from 322 

the S+ stimulus at +/- 12.5, 22.5 and 45 degrees.  Figure 5b shows the average performance of 323 

one shrew on the symmetric Go/No Go task over an initial 10 day period.  Consistent with the 324 

prediction, there was a conspicuous asymmetry in discrimination performance, with a much lower 325 

percentage of Go responses (i.e. correct rejections) for S- stimuli offset by +12.5 degrees from 326 

the S+ stimulus (in the direction of the original S- stimulus) than were found for stimuli offset by -327 

12.5 degrees from the S+ stimulus (in the direction away from the original S-).   Significant 328 

differences in go rates at +12.5 and -12.5 degrees were observed in 6 out of 7 shrews (Fig 5c, 329 

left), and as a group median go rate differences were significantly different from zero (Fig 5c, right 330 

; p<0.05 Wilcoxon signed rank test). 331 
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While this asymmetry is consistent with a neural enhancement in discrimination performance for 332 

untrained stimuli offset by +12.5 degrees from the S+, we recognized that additional factors may 333 

contribute to the high percentage of incorrect responses to untrained stimuli offset by -12.5 from 334 

the S+. Indeed, our results show that the neurons best able to discriminate the S+ from the original 335 

S- stimuli—the S+ flanking neurons—are especially poor at discriminating the S+ stimulus from 336 

nearby stimuli offset in this negative direction (Fig 5d,e).  Thus, if the animals have learned to rely 337 

on the activity of S+ flanking neurons to signal the presence of the S+ stimulus (i.e., the reward), 338 

and these neurons respond in a similar fashion to the S+ stimulus and these neighboring  stimuli, 339 

poor discrimination performance for these stimuli would be expected. Indeed, not only did animals 340 

exhibit an initial asymmetry in discrimination performance, the high Go-rate for negative offset 341 

stimuli continued even after 30 days of training, well beyond the normal range of time to reach 342 

criterion performance for the original S+/S- stimuli (approximately 1 week; Fig 5f).  Each shrew’s 343 

approximated S+ stimulus was estimated by taking the peak of a Gaussian fit of each day’s 344 

psychometric curve (Fig. 5f, top). While there was progressive improvement over time in the Go 345 

rate (false alarm rate) for negative offset stimuli at 45 and 22.5 degrees from the S+ stimulus, 346 

these improvements reached a plateau for the 12.5 degree offset stimulus (Fig. 5f, bottom) - the 347 

stimulus predicted to be the least discriminable from the S+ stimulus since it drives a neural 348 

population response that has the highest degree of overlap with the population that signifies the 349 

presence of the S+. 350 

Together, these results suggest that while Go/No Go training is accompanied by changes in V1 351 

responses that optimize discrimination of the rewarded and distractor stimuli, these changes could 352 

be responsible for an orientation specific impairment in discrimination learning of nearby 353 

orientations that persists over several weeks. Thus persistent learning-induced changes in the 354 

responses of V1 neurons that are optimized for performance of one behavioral task, may be 355 

counter-productive for learning to discriminate other similar visual stimuli. 356 
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Discussion 357 

Here we demonstrated that learning a fine orientation discrimination task is accompanied by 358 

persistent changes in the responses of neurons in layer 2/3 of tree shrew V1 that enhance the 359 

neural discriminability of task-relevant orientations.  This enhancement arises in a select subset 360 

of neurons whose preferred orientation is offset from the target stimulus which, prior to training, 361 

endows them with a relatively heightened capacity to discriminate the rewarded and non-362 

rewarded stimuli. With learning, the responses of these neurons to the rewarded stimulus 363 

increase, further enhancing the neural discriminability of rewarded and non-rewarded stimuli and 364 

doing so in a fashion that selectively augments the population response to the rewarded stimulus. 365 

The persistence of these changes outside of the task in which it originated, and the enhancement 366 

and impairment of learning in additional discrimination tasks that are predicted by these changes, 367 

provide converging lines of evidence that plastic changes in the neural representation of stimulus 368 

features by V1 neurons contribute to fine discrimination learning.  369 

The demonstration that neurons in tree shrew V1 can exhibit changes in response to task-relevant 370 

stimuli is consistent with previous studies that have shown changes in the response properties of 371 

V1 neurons that correlate with performance3, 4, 6, 9, 36, 37, 38. Many of these studies in the rodent 372 

have emphasized that it is the increased response of V1 neurons to the rewarded stimulus (and 373 

in some cases the non-rewarded stimulus) that correlates with improved task performance. We 374 

also find that an increased response to the rewarded stimulus is the prevailing feature of the 375 

learning induced change (found in 74% of altered S+ flanking neurons), followed by a reduction 376 

in response to the distractor stimulus (found in 43% of altered S- flanking neurons). But a critical 377 

aspect of the learning-induced change that is missed in just considering the changes in response 378 

to S+ and S- is how these changes impact the population code for discriminating the two stimuli. 379 

Our results show that learning is accompanied by a dramatic increase in the ability of V1 neurons 380 

to discriminate target and distractor stimuli, and that this is due to a bias in the enhancement of 381 
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S+ responses to a subset of neurons,  S+ flanking neurons, whose tuning at the onset of training 382 

is well suited for discriminating the task stimuli. The idea that training selectively enhances the 383 

responses of  V1 neurons whose tuning profiles make them optimal for discrimination of task 384 

stimuli has been suggested before in an orientation discrimination study in primates11, but 385 

subsequent work did not find any changes in the orientation tuning of V1 or V2 cells in a similar 386 

paradigm13. However, both research groups reported learning-related orientation tuning changes 387 

in V412, 14.  By tracking the responses of individual neurons over the course of learning, our data 388 

supports that idea that a V1 with highly organized functional architecture undergoes orientation-389 

specific changes during perceptual learning that are constrained by the information coding 390 

properties of neurons relative to the task. However, it remains highly likely that V1 is one of many 391 

cortical regions that are relevant for perceptual learning.  392 

At the same time, preexisting discrimination capability for task-relevant stimuli does not fully 393 

capture the properties of the V1 neurons that undergo learning-induced changes; if this were the 394 

only factor, we would expect to see comparable enhancement of the responses of neurons 395 

flanking the S- stimulus to the presentation of the S- stimulus. In fact, while S- and S+ flanking 396 

neurons exhibit comparable discrimination of S+ and S- stimuli at the start of training, post-397 

learning, the responses of S- flanking neurons actually exhibit reduced discrimination of the task 398 

stimuli, in part due to a reduction in response to the S- stimulus.  Thus, learning in this task 399 

appears to selectively enhance the response of neurons with tuning properties that can optimally 400 

discriminate the task stimuli and that respond preferentially to the rewarded stimulus. In short, 401 

learning amplifies the responses of neurons that reliably predict the presence of the rewarded 402 

stimulus.  403 

Of course, it remains to be seen how much the specifics of the task impact the types of learning 404 

induced changes that are present in V1.  For example, the task employed here requires 405 

discrimination of orientations that activate overlapping distributions of neurons and the neurons 406 
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that are optimal for predicting the presence of the rewarding stimulus are those that have 407 

orientation preferences in the S+ flanks.  For performance of Go/No Go tasks that do not require 408 

fine discrimination (e.g. 90 degree offset) reliable prediction of the rewarding stimulus could be 409 

achieved by enhancement of a population centered on the neurons that prefer the rewarded 410 

stimulus, consistent with results in rodents4, 9 36. Also, the Go/NoGo task employed here is 411 

structured so that only one of the stimuli is associated with reward, and enhancement of a single 412 

population of neurons achieves both reliable discrimination and identification of the rewarded 413 

stimulus. If instead the task was structured so that both stimuli were associated with reward, and 414 

discrimination was necessary to determine the appropriate action required to achieve reward 415 

(e.g.,2-alternative forced choice, A/B, or same/different tasks) the changes might involve 416 

enhancement of two populations of neurons with preferred orientations arranged symmetrically 417 

around both stimulus flanks. It remains to be seen just how flexibly the circuits in V1 can be altered 418 

to enable different types of discriminations under different task conditions.  419 

Our results demonstrate that the selective enhancement of the responses of V1 neurons is not 420 

confined to the behavioral paradigm, but is maintained under passive viewing conditions.  Such 421 

persistence would be expected if the changes in V1 contribute to the improvement in task 422 

performance that persists across days and weeks. This also indicates that the changes we see 423 

reflect fundamental alterations in the representation of visual stimuli by V1 neurons, rather than 424 

context-dependent neuromodulatory effects, which are known to regulate neural responses in 425 

V139, 40, 41. Of course, this does not dismiss the possibility that context-dependent modulatory 426 

effects contribute to the effectiveness of task performance, and indeed, the enhancement effects 427 

in V1 under the passive presentation conditions are weaker than those observed during active 428 

participation in the task. This suggests that the changes we see in V1 responses coordinate with 429 

behaviorally driven modulatory effects to enable highly reliable behavioral performance. 430 
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Further evidence for persistence of the changes in V1 responses beyond the behavioral paradigm 431 

in which they arose emerged from additional experiments where animals were required to 432 

discriminate the S+ stimulus from nearby orientations with either a positive offset (towards the S-433 

) or a negative offset (away from the S-).  Although perceptual learning effects are generally 434 

regarded as being highly selective for the learned stimuli4, 8, 9, 42, the persistent learning induced 435 

changes in neural population response that we found predicted impacts on these novel 436 

discriminations—both enhancement and impairment—that were evident in the animals’ 437 

behavioral performance. The enhancement in the acquisition of discriminations for positive offset 438 

orientations is consistent with the persistent enhancement in the discrimination capability of S+ 439 

flanking neurons and the fact that analysis shows that this extends to the novel negative offset 440 

stimulus orientation.  Thus, the activity of the S+ flanking neurons continues to be highly predictive 441 

of reward, responding strongly to the S+ stimulus and weakly to both the S- and the novel nearby 442 

orientation. 443 

The impairment in the discrimination of the S+ stimulus from nearby stimuli with negative offsets 444 

is also predictable from the persistent enhancement in the response of S+ flanking neurons to the 445 

S+ stimulus since the enhancement reduces the difference in the pattern of population activity 446 

evoked by the S+ stimulus and these nearby orientations.  This result is reminiscent of the 447 

classical psychophysical phenomenon known as the peak shift effect, in which the learning of 448 

S+/S- discriminations of a broad range of multisensory features leads to a heightened response 449 

rate for untrained stimuli neighboring the S+43, 44.  In psychological terms, this effect is considered 450 

a form of generalization learning, in which trained stimulus attributes are generalized across a 451 

range of untrained stimulus features.  Our results suggest that what has been described as a 452 

generalization of the S+ stimulus to neighboring orientations is, in fact, a byproduct of a learned, 453 

neural specialization for discrimination of the original S+ and S-, which results in impairment of 454 

discriminations between the S+ and nearby orientations with positive offset.   455 
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But what accounts for the persistent impairment in the animals’ ability to learn to discriminate the 456 

S+ stimulus from these nearby orientations in spite of extensive training? Given that changes in 457 

neuronal response that were associated with learning of the initial task reduced the neural 458 

discrimination of the S+ and these nearby orientations, additional changes in neuronal response 459 

are likely to be necessary to achieve reliable behavioral discrimination of these stimuli. These 460 

changes would include a reduction in the response of the S+ flanking neurons to the S+ stimulus, 461 

and an increase in response to the S+ stimulus by neurons with preferences biased towards the 462 

original S- stimulus. Both of these changes would have the effect of reducing the neural 463 

discriminability of the S+ stimulus from the S- and negative offset stimuli, and reduce the overall 464 

reliability of the V1 signal in predicting the presence of the rewarded stimulus in the task. This is 465 

because the persistent changes from learning the original task should enable the activity of the 466 

S+ flanking neurons to continue to be a good over-all predictor of reward in the second task, 467 

discriminating the S+ stimulus from the S- and negative offset stimuli, even without accurate 468 

discrimination of the positive offset stimulus. These considerations emphasize that the alterations 469 

in the responses of V1 neurons to achieve fine discrimination learning demonstrated here have 470 

limits that are ultimately defined by the orientation tuning selectivity of individual neurons and by 471 

the training context in which the stimuli are presented. Thus, circuit level changes that enable 472 

enhanced population coding necessary for one discrimination can be detrimental to others, the 473 

neural population equivalent of a zero-sum game.   474 

While we have focused on the net enhancement of the V1 responses to the S+ stimulus as the 475 

principal learning induced change in V1 response, our chronic analysis of single cell behavior 476 

through the course of training reveals a diverse set of changes in responses to the S+ and S- 477 

stimulus with overlapping but distinct profiles for changes in responses of neurons that prefer 478 

orientations in the S+ and S- flanking regions. Understanding how this diversity of changes is 479 

achieved at a circuit-level will be an important challenge.   Experience-dependent changes in V1 480 
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may depend on modulated activity from a wide range of top-down and/or reciprocally connected 481 

cortical areas45, 46, 47, that are known to undergo learning-related changes, and reward signaling 482 

and reinforcement is likely to be further mediated by neuromodulatory inputs which are known to 483 

mediate attention and learning in V139, 48, 49.  Perhaps importantly, the majority of the neurons in 484 

our sample exhibited no significant change in response during the course of learning, suggesting 485 

that the V1 plasticity mechanisms responsible for learning engage cortical networks with a degree 486 

of specificity that extends beyond the orientation preferences relevant for the task discrimination. 487 

Further studies exploring the identity of the neurons that undergo learning induced change, their 488 

patterns of connections, and the synaptic mechanisms responsible for the changes in their 489 

responses to visual stimuli are necessary to better understand how these specific changes in V1 490 

responses contribute to training enhanced perceptual discrimination. 491 

492 
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Methods and Materials 493 

All experimental procedures were performed in accordance with NIH guidelines and were 494 

approved by the Max Planck Florida Institute for Neuroscience Institutional Animal Care and Use 495 

Committee.  Tree shrew (Tupaia belangeri, n = 16, approximately 6 - 36 months of age, male and 496 

female) numbers were minimized to conform to ethical guidelines.  Of the animals included in this 497 

study, 6 were included in combined imaging and behavioral experiments, two were included in 498 

electrophysiological verification of optogenetics, two were included in the optogenetic perturbation 499 

of behavior, and 6 provided additional behavioral data. 500 

Surgery and Viral Expression 501 

Tree shrews were first anesthetized with Midazolam (5 mg/kg, IM), Ketamine (75 mg/kg, IM).  502 

Atropine (0.5 mg/kg, SC) was administered to reduce secretions, Dexamethasone (1 mg/kg, IM) 503 

was given to reduce inflammation during surgery, and Buprenorphine SR provided a long lasting 504 

analgesic for post-operative recovery.   The animal’s head was shaved, and any remaining hair 505 

was removed with Nair.  The surgical site was injected with a mixure of bupivacaine and lidocaine 506 

(0.3 – 0.5 ml, SC).  A mixture of oxygen, nitrous oxide (O2/N20 1:0 to 1:2) and gas anesthesia 507 

(isoflurane 0.5 to 2%) were initially delivered through a mask and later switch to an intubation 508 

tube.  Venous cannulation (tail or hind limb) and tracheal intubation were established after the 509 

animal no longer responded to a toe-pinch.  Internal temperature was maintained by 510 

thermostatically controlling a heating pad.  Expired CO2 and heart rate were monitored for any 511 

signs of stress.  The respiration rate (100 to 120 strokes per minute) was regulated through a 512 

ventilator.  The animal was placed in a stereotaxic device (Kopf, Model 900 Small Animal 513 

Stereotaxic Instrument).  A small incision was made in the scalp, and skin and muscle were 514 

retracted.  After cleaning the underlying skull, the metal headpost and cranial imaging chamber 515 

(centered over V1) were affixed to the skull metabond (C & B), and dental acrylic (Ortho-Jet, 516 

Lang).  The skin and muscle were then unretracted, cut to overlap with the edge of the dental 517 
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acrylic, and secured in place with vetbond.  A circular craniotomy (approx. 6mm diameter) was 518 

performed in the center of the cranial imaging chamber with a small drill to expose the dura.  In 519 

some cases the headpost was implanted separately from the imaging chamber, but the imaging 520 

chamber was always implanted along with viral injections. 521 

Visual cortex was injected with a virus expressing GCaMP6s (AAV9.Syn.GCaMP6s.WPRE.SV40, 522 

Penn Vector Core; AAV1.hSyn1.mRuby2.GSG.P2A.GCaMP6s.WPRE.SV40, Addgene) at 3 to 5 523 

sites (1-2 μl; 1E13 GC/ml) through a beveled glass micropipette (15 to 25 μm tip diameter, 524 

Drummond Scientific) using a pressure injector (Drummond Nanoject II), at 200 and 400 μm from 525 

the cortical surface.  After a brief waiting period, a durotomy was performed within the craniotomy, 526 

and a double-layered cover slip composed of a small round glass coverslip (3 – 5mm diameter, 527 

0.7mm thickness, Warner Instruments) glued to a larger coverslip (8mm diameter, 0.17 mm 528 

thickness, Electron Microscopy Sciences) with an optical adhesive (Norland Optical Adhesive 71) 529 

was placed into the chamber with the thick coverglass gently resting on the brain).  The top layer 530 

of coverglass was held in place with a snap ring (5/16” internal retaining ring, McMaster-Carr) and 531 

sealed with a layer of Vetbond.  After sealing the imaging chamber, Neosporin was applied to the 532 

wound margin and animals recovered from anesthesia on a heating blanket.  Post-operative care 533 

included antibiotics (Baytril, 5 mg/kg), and following the timecourse of Buprenorphine SR, anti-534 

inflamatories (Metacam, 0.5mg/kg). 535 

Two-photon calcium imaging and data processing 536 

Imaging experiments were performaed using a Bergamo II Series Microscope (Thorlabs) using 537 

920 nm excitation provided by a Mai Tai DeepSee laser (Spectra-Physics) running Scanimage 538 

2015 or 2018 (Vidrio Technologies) and an FPGA module (PXIe-6341, FlexRIO, National 539 

Instruments). Average excitation power at the objective (16x, CF175, Nikon Insttuments) ranged 540 

from 40 to 100 mW.  Images were acquired at 15 Hz (512x512 pixel field of view ranging from 541 
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1.19 to 1.85 µ/pixel) Two-photon frame triggers from Scanimage and events denoting visual 542 

stimuli and phases of behavioral trials were recorded using Spike2 (CED, Cambridge, UK). 543 

In 6 tree shrews, imaging was carried out across training sessions.  Prior to data acquisition, the 544 

imaging site was located by matching the FOV to known anatomical features from prior 545 

recordings, such as blood vessel patterns and somata locations. 546 

Visual stimulation 547 

Visual stimuli were displayed on a LED monitor with a resolution of 1920 x 1080 pixels and refresh 548 

rate of 120 Hz, which was centered in front of the animal at a distance of 25 cm from the eyes. 549 

Stimuli were generated using Psychopy2 written in Python. 550 

Behavioral training 551 

Behaviorally-trained animals had a normal diet consisting of food pellets and supplemental fruits, 552 

vegetables, and mealworms. Tree shrews were shaped and trained to perform a coarse visual 553 

discrimination task (>=45 degrees) over the course of one to two weeks before learning to perform 554 

a fine discrimination task (22.5 degrees).  Initial shaping and familiarity with the apparatus was 555 

achieved in freely moving animals in a behavioral annex that was either attached to their 556 

homecage or attached to the imaging table. The animals were gradually acclimated to handling, 557 

weighing, transportation between the animal facility and imaging, and learning to lick a response 558 

port for liquid reward over the course of weeks.  Liquid rewards were RO water or a 1:1 dilution 559 

of apple juice in RO water depending on animal preference. Reward delivery was controlled by a 560 

syringe pump with custom electronics (custom parts or BS-8000, Braintree Scientific) through a 561 

gavage needle that acted as a capacitive sensor for lick detection through a custom Arduino Uno 562 

interface. Animals that showed a willingness to acquire liquid rewards in the absence of a task in 563 

the imaging room were acclimated to head fixation and tube restraint over several days in 564 

increasingly long durations starting with under a minute and lasting up to 30 minutes.  Animals 565 
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that showed a willingness to acquire liquid rewards while head-fixed were candidates for visual 566 

discrimination learning and imaging.  Some animals that were not used in head-fixed experiments 567 

were able to perform in the freely-behaving setup, and are included in the characterization of 568 

behavioral performance (Fig. 1). 569 

During behavioral training, a trial started when the tree shrew licked the reward port.  Following a 570 

variable delay period (2.5 to 3.5 seconds), the S+ or S- was presented for 0.5 seconds (90-100% 571 

contrast, static square wave grating).  To match V1 sensitivity, the spatial frequency of the gratings 572 

was 0.25 cycles per degree (Lee, et al., 2016).  To ensure that orientation was the only feature 573 

distinguishing the S+ and S-, grating phase was randomized.  Following presentations of the S+, 574 

licking in the 1 second response period elicited a liquid reward (hit trial), and failing to lick resulted 575 

in a time out (miss trial). Following presentations of the S-, licking in the response period elicited 576 

a time out (false alarm, FA), while withholding a response (correct rejection, CR) queued up a 577 

subsequent S+ presentation and response period.  These guaranteed S+ stimuli were not 578 

factored into the quantification of the animals behavioral performance, but rather incentivized 579 

CRs. Behavioral performance was measured using behavioral d-prime, d’b = Φ-1(Hit Rate) - Φ-580 

1(FA Rate), where Φ-1 is the normal inverse cumulative distribution function (Poort et al., 2015).  581 

Early on in training, the timing of responses was shaped by delivering a small bolus of liquid 582 

reward on a subset of trials (hints).  As response timing improved, the probability of hinted trials 583 

was decreased gradually to zero across sessions. 584 

Electrophysiology 585 

To evaluate the efficacy of optogenetic interneuron stimulation, whole-cell patch clamp and 586 

juxtasomal recordings were performed in two anesthetized tree shrews expressing ChR2 (under 587 

control of the mDlx enhancer) by inserting a pipette through an agarose-filled craniotomy covered 588 

with a coverglass with a small hole drilled for pipette access.  These procedures have been 589 

described elsewhere (Wilson et al., 2018) but briefly, a silver-silver chloride reference wire was 590 
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inserted below the muscle.  Recordings were made in current clamp mode using custom Labview 591 

software.  Pipettes of 5 – 9 MOhm resistence were pulled using borosilicate glass (King Precision 592 

Glass) and filed with an intracellular solution containing (in mM) 135 K gluconate, 4 KCl, 10 593 

HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na3GTP, pH 7.2, 295 mOsm.  Neurons were 594 

recorded from layer 2/3 (100 to 300 um below the cortical surface).  Using a Multiclamp 700b 595 

(Molecular Devices).  Series resistance and pipette capacitance were corrected online, and 596 

analog signals were digitized using Spike2 (CED).  For optogenetic inactivation, a fibre (1mm, NA 597 

0.63) coupled to a 455 nm LED light source (Prizmatix) was lowered to 3mm above the cover 598 

glass.  Light power at the cortical surface varied from 1 to 16 mW/mm2.  Optogenetic stimulation 599 

coinciding with visual stimulation started with a brief ramp (100ms) before visual stimulation. 600 

Recordings took place after two weeks of viral expression. Viral injections for acute procedures 601 

in tree shrews are similar to those for chronic procedures described above and have been 602 

described previously (Lee et al., 2016), but don’t involve implantation of a head-post or chamber, 603 

and require only small burr holes rather than a full craniotomy. For electrophysiological 604 

recordings, tree shrews were first anesthetized with Midazolam (100 mg/kg, IM) and Ketamine 605 

(100 mg/kg, IM) and atropine (0.5 mg/kg, SC) was administered to reduce secretions. A peripheral 606 

venous cannula was inserted in the hind limb to allow fluids delivery (10% dextrose in LRS) during 607 

surgery.  The incision site was treated with a mixture of lidocaine and bupivacaine (0.3 – 0.5 ml, 608 

SC) and ear bars were coated with lidocaine ointment (5%).  Gas anesthesia was administered 609 

as described above in the surgical procedures, and maintained throughout the duration of the 610 

craniotomy procedure and experiment. The recording chamber was identical to our typical 611 

imaging chamber described above, with the addition of metal extension for head fixation. 612 

Optogenetic inhibition of bilateral V1 activity 613 

One male and one female adult tree shrew were used for combined visual discrimination behavior 614 

and optogenetic stimulation.  The shrews were first trained to perform the visual discrimination 615 
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task to proficiency (d’ > 1).  Headpost, window implantation and viral expression procedures were 616 

the same as described for GCaMP6s experiments with slight modifications to allow for bilateral 617 

windows.  Rather than implanting a metal chamber 5mm diameter circular craniotomies were 618 

made over bilateral V1 using a 5mm disposable biopsy punch (Integra Miltex). A window 619 

comprised of one 4.5mm coverglass (0.7mm thick) was affixed to a wider 4.5mm coverglass 620 

(0.17mm thick) with optical adhesive, and following a full durotomy the thick coverglass was 621 

placed in the craniotomy on the surface of the brain.  The coverglass was sealed in place with 622 

vetbond and dental acrylic. 623 

After recovery from surgery, tree shrews resumed behavioral practice with interleaved trials of 624 

light stimulation that ramped up and down 100 ms before and after stimulus onset..  Optical fibers 625 

were inserted into 3d printed black plastic cylinders that were fit to the surface of the cranial 626 

windows to provide sealed light stimulation, support the optical fiber at a fixed distance from the 627 

surface of the glass, and ensure uniform illumination.  Light intensity was calibrated using both 628 

thermal and photodiode light power sensors (Thorlabs), and ranged from 0 to 8 mW/mm2. 629 

Data analysis 630 

Imaging data were first corrected for motion and drift using customized image registration 631 

software written in Matlab (Mathworks).  Cellular regions of interest (ROIs) corresponding to 632 

visually identified neurons were assigned using ImageJ by either inspecting frames of an imaging 633 

stack, or the average intensity or standard deviation z-projections of the imaging stack.  The 634 

fluorescence time series of each cell was measured by averaging all pixels within the ROI over 635 

time.  Evoked fluorescence signals were calculated as 𝑑F/F=(F−F0)/F0, where F0 is the baseline 636 

fluorescence signal averaged over 0.5 seconds before stimulus onset, and F is the average 637 

fluorescence signal during the stimulus presentation. 638 
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Orientation tuning curves were measured by calculating the mean 𝑑F/F for each orientation.  639 

Preferred orientation was calculated by computing a vector sum of the tuning curve and 640 

measuring angle of the resultant vector in polar coordinates (CircStat Toolbox50). Tuning curve 641 

bandwidth was calculated by first least-squares fitting a double Gaussian to the tuning curve, and 642 

taken as the full width at half max of the Gaussian function to the nearest degree.  Single neurons 643 

were defined as orientation tuned based values of 1 – circular variance (CV) > 0.25 which was 644 

defined as 645 

|
∑ 𝑅(𝜃𝑘)exp⁡(2𝑖𝜃𝑘)𝑘

∑ 𝑅(𝜃𝑘)𝑘
| 646 

Where 𝜃𝑘 is the orientation of a visual stimulus and R(𝜃𝑘) is the response to that stimulus. 647 

Statistical significance of shifts in orientation preference were measured with a Watson-Williams 648 

two sample test for equal means in circular data (CircStat Toolbox50).  Statisitcal significance of 649 

changes in S+, S-, or preferred orientation response magnitude were calculated using Wilcoxon 650 

rank sum tests between pre- and post- response distributions. 651 

We quantified the neural discriminability of pairs of behaviorally relevant stimuli at the neural 652 

population level using a population d’ neurometric (d’pop.).  This metric relies on PCA to reduce 653 

the complexity of the simultaneous responses of many cells to a lower dimensional space in which 654 

separability analyses can be performed.  First, the population response on each trial is organized 655 

an nx1 dimensional vector of ΔF/F, where n is the number of cells in the neural population.  656 

Population responses across trials and stimuli are then arranged into an mxn matrix, where, m is 657 

the number of trials across stimuli.  For the analysis of d’pop. of the active (Fig. 2c,d) and passive 658 

responses (Supplemental Fig. 1b,c) to the PC space is computed using responses to the 659 

orientations that bound the behaviorally relevant orientations (S+ and coarse S- orientations).  660 

Principle component coefficients and scores are computed for the m-by-n population response 661 

matrix, and individual trials are projected on to the first two principle components.  Individual trial 662 
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points are then projected onto the 1d space defined by the line that connects the mean responses 663 

of individual stimuli.  Neural discriminability between pairs of stimuli is then quantified as the d’ of 664 

distributions of single trial responses in this 1d space,  665 

𝑑′𝑝𝑜𝑝. =
𝜇1−𝜇2

(
1

2
(𝜎1

2+𝜎2
2))

1
2

, 666 

where µ1 and µ2 were the mean position in the 1d space, and σ1 and σ2 were the standard deviations 667 

of those posltions.  Using passively recorded responses, we also analyzed d’pop.between the S+ 668 

and other orientations spanning +/- 25 degrees around the S+ (Fig. 5a).  Here, the PC space was 669 

fit using responses to the S+ orientation and either positive or negative 25 degrees from the S+, 670 

depending on the offset of the paired orientation from the S+. 671 

We quantified the neural discriminability of pairs of behaviorally relevant stimuli at the single 672 

neuron level using a single cell d’ neurometric (d’sc), 673 

𝑑′𝑠𝑐 =
𝜇1−𝜇2

(
1

2
(𝜎1

2+𝜎2
2))

1
2

, 674 

where µ1 and µ2 were the mean responses of two different stimuli, and σ1 and σ2 were the standard 675 

deviations of responses to those stimuli. 676 

Population responses (Fig. 3c, Fig. 5d,e), and d’sc profiles (Fig. 3d, Fig. 5d,e) were computed 677 

using a moving window (mean +/- SEM) of ΔF values within 10 degree bins in 5 degree 678 

increments.  Δd’sc profiles were computed using the same procedure with 20 degree bins to 679 

increase the number of cells per bin for statistical testing. 680 

To measure the persistence of behavioral bias of each shrew toward novel S- stimuli in the second 681 

set of behavioral experiments (Fig. 5f), we least-squares fit each day’s psychometric function (e.g. 682 

Fig. 2b, top) with a Gaussian.  The shrew’s approximated S+ (the S+ inferred from the shrew’s 683 
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behavioral performance) was taken as the peak orientation of this Gaussian function (e.g. Fig. 5f, 684 

top).  685 
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Figure Legends 686 

 687 

Figure 1: Tree shrews learn to perform a V1-dependent orientation discrimination task.  (a.) Task 688 

structure. Tree shrews self-initiated trials by licking their response port.  Following a variable 689 

delay, shrews were asked to lick following an S+ orientation while not licking in response to an S- 690 

orientation. Hit trials elicited liquid rewards, while correct rejections (CR) resulted in a subsequent 691 

S+ presentation.  Miss and false alarm (FA) trials resulted in a brief time-out. Inter-trial interval 692 

(ITI) was determined by the tree shrew.  (b.) Representative performance for days 1 (left) and 7 693 

(right) demonstrates coarse discrimination learning.  The tree shrew initially licks indiscriminately 694 

for both S+ (black) and S- (red) trials.  After one week of training the shrew licks predominantly 695 

on S+ trials, while rejecting S- trials.  Lick time histograms (bottom) show a refinement of response 696 

times to immediately follow the stimulus presentation on day 7. (c.) Mean (+/- SEM) performance 697 

showing shrews on average reached criterion performance within one week of training (n = 11; 698 

mean days to criterion = 6.17 +/-  2.92 SD) (d.) 7 shrews were trained to perform the task with 699 

multiple S- offsets.  Performance at 10 degree discriminations was unreliable, while shrews were 700 

able to achieve reliable suppression of go responses for S- orientations of 22.5 degrees or higher. 701 

(e.) Mean (+/- SEM) learning curves show fine discriminations of 22.5 degrees reached criterion 702 

levels on average after 7.44 days of training (+/- 3.0) (f.) Expression of ChR2 under the mdlx 703 

enhancer in V1 enabled blue-light mediated suppression in two example pyramidal neurons (top: 704 

raw whole-cell voltage recordings; bottom: individual stimulus locked trials in grey, with average 705 

traces in black).  Fast-spiking excitation was observed in a putative interneuron (top: raw whole-706 

cell trace; bottom: example stimulus locked trial outlined in red above). (g.) Orientation tuning 707 

curves recorded at varying levels of blue light power from one example neuron show increasing 708 

spike suppression across orientations.  (h.)  5 neurons showed increasing spike suppression at 709 

preferred orientation with as little as 1mW/mm2 (i.) 2 headfixed shrews were implanted with 710 
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bilateral windows over V1 expressing ChR2 via the mdlx enhancer (left).  Average discrimination 711 

performance in both animals was impaired during trials with optogenetic stimulation in both 712 

animals. The left two panels show discrimination performance decrements for individual sessions.  713 

The right panel shows Δd’ distributions for each animal.  714 

Figure 2: Tracking neural populations over the time reveals learning-related enhancement of 715 

neural population discrimination. (a.) Neural response properties were measured at pre- (top) and 716 

post-learning (bottom) time points during learning. The neurons within the same field of view were 717 

identified across sessions.  Example neural response traces for tracked cell bodies are shown as 718 

raw dF/F traces (right) (b.) Mean stimulus locked traces (+/- SEM) for example neurons in a..  Cell 719 

1 (magenta) was an S+ selective cell that became more selective over time.  Cell 2 (cyan) was 720 

an S- selective cell that became less selective over time.  (c.) Schematic of neural population 721 

discrimination metric.  Individual population responses are color coded by stimuli and plotted by 722 

their first 2 principle components (top).  Each data point was then projected onto the line that 723 

maximized cluster separability, and pairwise d’ measures were computed for each distribution 724 

(bottom) (d.) Population responses for an example animal before and after learning in neural 725 

discrimination space (bottom) and marginal histogram (top).  Pre-learning (left) the S+ (Black) and 726 

22.5 degree S- (blue) are highly overlapping, but are both separable from a 45 degree S- (red).  727 

In the post-learning recording (right) the S+ is highly separable from the S- distributions. (e.) All 728 

six animals display a positive Δd’pop. between pre- and post-learning recordings (p<0.05, Wilcoxon 729 

signed rank test). 730 

Figure 3. Single cell improvements in neural discrimination are predicted by baseline 731 

discrimination capacity and reward associations. (a.) Tree shrew V1 contains an orderly map of 732 

orientation preference.  The orientation preference map is computed from responses to oriented 733 

gratings during passive viewing. (b.)  Average calcium responses to S+ (left) and S- (right) stimuli 734 

shown during behavior are distributed over overlapping columns within V1, with many of the same 735 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.10.426145doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.10.426145
http://creativecommons.org/licenses/by-nd/4.0/


33 
 

neurons responding for both stimuli. Contours outline cortical regions responding greater than 736 

30% of the maximum response per stimulus, and are overlaid on the orientation map in a. (c.) 737 

Population response curves from binned single cell responses (dF/F) to S+ (black) and S- (red) 738 

stimuli, arranged by preferred orientation for pre- (left)  and post-learning (right) conditions. (d.) 739 

Average binned single cell d’ values arranged by each neuron’s preferred orientation.  Pre-740 

learning (left), peak d’ values were observed in neurons with preferred orientations flanking the 741 

S+ and S- stimuli, and were lower in between the S+ and S-, indicating that these neurons provide 742 

minimal discrimination information for the task. Post-learning (right) a significant bias exists with 743 

S+ flanking neurons displaying greater discrimination information than S- flanking neurons. (e.)  744 

Top: V1 neurons with the greatest learning related improvements in d’ have preferred orientations 745 

neighboring the S+ (black dashed line), but not S- stimulus (red dashed line).  Significant 746 

increases in Δd’sc were found up to 35 degrees from the S+ stimulus, while one significant 747 

decrease in  (bottom: averaging delta d’ over a moving window of preferred orientations in 5 748 

degree increments with 20 degree bin size, mean +/- SEM, *p<0.05 Wilcoxon signed rank test 749 

with Bonferroni correction).  (f.) Learning related changes in responses to task-relevant stimuli 750 

depended largely on the functional properties of neurons relative to the orientations of the task.  751 

Top row: percentages of neurons with a significant change in response to at least one task 752 

relevant stimulus out of i. all cells (22%), ii. S+ flanking cells (32%), and iii. S- flanking cells (22%).  753 

Middle row: breakdown in specific types of changes observed on a cell by cell basis.  Out of all 754 

cells and S- flanking cells there were heterogenous changes in the magnitude of responses to 755 

both stimuli, while S+ flanking cells largely saw increases in S+ responses. Bottom row: total 756 

proportions of significantly changing cells exhibiting increases or decreases in response to the S+ 757 

or S-.  S+ flanking cells are heavily dominated by increases in response to the S+ (74%), while 758 

S- flanking neurons show balanced changes with S- decreases being the prevailing change 759 

(43%). 760 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.10.426145doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.10.426145
http://creativecommons.org/licenses/by-nd/4.0/


34 
 

Figure 4. Single cell improvements in neural discrimination persist during passive stimulus 761 

presentations and are consistent with biased shifts in preferred orientation.  (a.) As in Fig. 3e, 762 

single V1 cells with the greatest increases in passive d’sc had preferred orientations neighboring 763 

the S+, but not S- stimuli. (b.)  Significant increases in delta d’ were found between 15 and 30 764 

degrees from the S+ stimulus (averaging delta d’ over a moving window of preferred orientations 765 

in 5 degree increments with 20 degree bin size, mean +/- SEM, *p<0.05 Wilcoxon signed rank 766 

test with Bonferroni correction). (c.) Two types of hypothetical functional changes leading to 767 

selectively increased d’sc in V1 neurons. Top: a positive gain in excitation of a single S+ flanking 768 

neuron.  Bottom: a small shift in preferred orientation toward the S+ orientation. (d.) Preferred 769 

orientation was remarkably stable in visually responsive neurons before and after fine 770 

discrimination learning. Axes are normalized across animals to center the S+ orientation at 0 771 

degrees and the S- orientation at +22.5 degrees. Marginal lines highlight the 45 degrees 772 

surrounding the S+ (black) and S- (red) flanks. (e.) S+ flanking cells (Left) but not S- flanking cells 773 

(Right) exhibit a biased shift in orientation preference (*p<0.001, Wilcoxon signed rank test).   774 

 775 

Figure 5.  Tree shrew neural discrimination accurately predicts orientation specific benefits and 776 

impairments in future behavioral performance. (a.) Learning-related changes in d’pop of the S+ (0 777 

degrees) and a wide range of passively viewed orientations further reveals the orientation 778 

specificity of the training effect.  Across six animal, the peak Δd’pop for population discrimination 779 

was seen at the 22.5 degrees (equal to the S-), with gradual increases in d’ observed between 780 

the S+ and S-.  While no average improvements in d’pop were observed for orientations on the 781 

other side of the S+, small but significant decreases in discrimination performance were seen in 782 

three of these untrained orientations (*p<0.05 Wilcoxon signed rank test).  (b.) Tree shrews that 783 

initially learned the original asymmetric discrimination were introduced to a generalized, 784 

symmetric discrimination task in which multiple S- stimuli were introduced on either side of the S+ 785 
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orientation. 10 days of performance after tree shrews were introduced to a novel task shows that 786 

two example shrews were biased to go for novel orientations, but maintained accurate 787 

performance for the original discriminations (>= +22.5 degrees). (c.)  6 out of 7 tree shrews 788 

showed significant transference of skill in discriminating the S+ from novel +12.5 orientation 789 

compared to the novel -12.5 S- orientation (Left: **p<0.01, *p<0.05, Wilcoxon signed rank test).  790 

Across animals (right), median go rates were higher for the -12.5 degree compared to the +12.5 791 

degree S- stimulus (p<0.05, Wilcoxon signed rank test).  (Top d.,e.) Passively recorded 792 

population response curves (as in Fig. 3c) for the S+ (black) and a hypothetical novel S- (d.: -793 

22.5; e: -12.5; blue) after shrews were trained on the original fine discrimination.  Regions of the 794 

population that are enhanced through reward association (red) overlap with the regions of the 795 

population that respond robustly to both the S+ and novel S- (Bottom d.,e.) Average post learning 796 

d’ for the novel S-‘ and original S+ arranged by preferred orientation.  Regions with poor 797 

discrimination are overlapping with the subpopulation of neurons that are enhanced through 798 

reward association for the original task, predicting that the learning of this novel discrimination 799 

should be impaired following learning of the original fine discrimination task. (f.) Gaussian curves 800 

were fit to each day’s psychometric function (see 5b) and tracked for at least 30 days.  The peak 801 

of the Gaussian is taken as an approximation for the orientation at which the shrew exhibits it’s 802 

peak go rate, and thus represents the orientation at which the shrews exhibit minimal 803 

discrimination from the S+.  Over 30 days of behavioral training, shrews maintain a persistent 804 

impairment in discriminating stimuli on the novel side of the S+, and on average continue to 805 

associate stimuli within approximately 10 degrees of the S+ with a go response. 806 

 807 

Extended Data Figure 1: (a.) Additional examples of pre- and post-learning raw responses to S+ 808 

and S- stimuli in individual V1 neurons.  (b.) Data from the same animal as in Figure 2d, pre- (left) 809 

and post-learning (right) clustering of population responses to the S+ (black) 22.5 degree S- (blue) 810 
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and 45 degree S- (red) shows that in passive stimulus trials, segregation of the population 811 

responses in low dimensional space improves with learning.  (c.) Pre- and post-learning d’pop. for 812 

6 imaging subjects demonstrates an increase in population discrimination with learning (p<0.05, 813 

Wilcoxon Signed Rank test).  814 
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Extended Data Figure 1: (a.) Additional examples of pre- and post-learning raw responses to S+ and S- stimuli in 
individual V1 neurons.  (b.) Data from the same animal as in Figure 2d, pre- (left) and post-learning (right) clustering of 
population responses to the S+ (black) 22.5 degree S- (blue) and 45 degree S- (red) shows that in passive stimulus trials, 
segregation of the population responses in low dimensional space improves with learning.  (c.) Pre- and post-learning 
d’pop. for 6 imaging subjects demonstrates an increase in population discrimination with learning (p<0.05, Wilcoxon 
Signed Rank test).
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