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Summary

Representations of the external world in sensory cortices may define the identity of a
stimulus and should therefore vary little over the life of the organism. In the olfactory system the
primary olfactory cortex, piriform, is thought to determine odor identity!%. We have performed
electrophysiological recordings of single units maintained over weeks to examine the stability of
odor representations in the mouse piriform cortex. We observed that odor representations drift over
time, such that the performance of a linear classifier trained on the first recording day approaches
chance levels after 32 days. Daily exposure to the same odorant slows the rate of drift, but when
exposure is halted that rate increases once again. Moreover, behavioral salience does not stabilize
odor representations. Continuous drift poses the question of the role of piriform in odor
identification. This instability may reflect the unstructured connectivity of piriform’~!> and may be

a property of other unstructured cortices.
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Introduction

Sensory cortices create an internal representation of the external world. If these
representations provide the basis for stimulus identification, they must vary little over the life of
an organism. In primary sensory neocortices tuning to basic features such as retinotopy,
somatotopy and tonotopy is stable!?®. Responses may vary from day to day, but absent
perturbation or training, this variability is bounded and differences do not accumulate over
time?%?2. In the olfactory system the specificity of odors is represented by unique and distributed
ensembles of neurons in piriform cortex, and this has led to the suggestion that odor identity is
established by piriform'. Sensory neurons that express the same receptor project with precision
to spatially invariant glomeruli in the olfactory bulb?’. Each odorant evokes a distinct pattern of
glomerular activity that is stable over several months®®. Axonal projections from individual
glomeruli discard this spatial patterning and diffusely innervate the piriform without apparent
structure’~!2. Thus, a second transformation occurs in piriform where individual odorants activate
unique, distributed and readily distinguishable ensembles of neurons*>?°. Representations in
piriform are therefore thought to determine the identity of an odor'-®. However, if piriform
responses progressively change over time, piriform may not be the ultimate arbiter of odor identity

posing the question of the role of primary olfactory cortex in olfactory perception.

Longitudinal recordings in piriform

We measured the responses of neurons to a panel of neutral odorants over several weeks
to assess the stability of responses in anterior piriform cortex. We developed methodology to
follow the spiking of individual neurons over multiple days: to curtail damage to the tissue, a 32-

site silicon probe was inserted with its shank precisely aligned to the axis of travel during
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implantation; to minimize movement of neurons relative to the recording sites, the probe was
permanently cemented to the skull, rather than mounted on a microdrive (Fig. 1A, Extended Data
Fig. 1, see Methods). We positioned the electrode sites of our silicon probe to sample superficial
and deep pyramidal neurons of anterior piriform cortex layer 2/3. It is likely, however, that some
of the single units isolated correspond to semilunar cells or inhibitory interneurons. This approach
produces sustained signal quality, as measured by single unit yield, for at least five months, with
105 £+ 29 (mean =+ standard deviation) single units obtained on a given recording session (N = 97
recording sessions in 16 mice, Fig. 1B). Over this interval the number of single units isolated
within a session exhibited only a slight and not significant decrease as a function of implant age
(p =-0.1, p = 0.23), despite the probe remaining cemented in a fixed location with respect to the
tissue (Fig. 1B). Moreover, signals were sufficiently stable as to permit isolation of single units
across multiple weeks on datasets consisting of concatenated daily recordings, with a total of 379

single units held over an interval of 32 days from 6 mice (Fig. 1C).

The shape and magnitude of spike waveforms may vary over time, confounding efforts to

follow single units across days**—?

. We monitored the consistency of both waveform and non-
waveform-based features to assess the reliability of single unit tracking over time. The mean
waveforms for a representative single unit recorded each day across a 32-day interval showed
negligible changes in waveform shape over this period (Fig. 1D, all waveforms superimposed, Di,
side-by-side, Dii, zoomin, superimposed across a 32-day interval). Moreover, waveforms were
markedly stable, exhibiting high across-day correlations in waveform shape over the entire 32-day

recording interval (Fig. 1E, Extended Data Fig. 1B, F, Extended Data Fig. 2B, E). The median

correlation between day 0 and day 32 was 0.97 (N = 6 mice, Fig. 1E). In contrast, the correlation
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between a given single unit’s waveforms and those of the other single units recorded within a
single day was 0.31 (Fig. 1E). Moreover, the waveforms of a given single unit were more
correlated to themselves across days than to the waveforms of any other simultaneously recorded

single unit on the probe (Extended Data Fig. 2B, E).

We determined whether neurons were moving relative to the probe by estimating the
position of single units on each recording day. We observed a median displacement of only 3.5
um (first quartile (Q1)=2.1 um, third quartile (Q3) = 5.6 um) across the 32-day recording interval,
less than half the median distance to the next most similar single unit within a given day (7.4 um
(Q1 =4.5 um, Q3 =10 pm), p = 3.2 x 10%, Wilcoxon rank-sum, N = 6 mice, Extended Data Fig.
2F), demonstrating negligible movement of the tissue with respect to the recording sites (Extended
Data Figs. 1C, G; Extended Data Fig. 2C, F; Extended Data Fig. 3). Moreover, the shapes of single
unit autocorrelograms, a feature to which the spike sorting algorithm is blind, were similarly stable
across the recording period (Extended Data Fig. 1 D, H and Extended Data Fig. 2 D, G) and were
not predictive of waveform similarity or displacement (Extended Data Fig. 4). Together, the
stability of these features demonstrate that individual single units can be followed for extended

periods.

Drift of odor responses over time

The stability of single units over weeks permitted us to examine whether the odor responses
of individual neurons are maintained over time. We recorded neural signals daily across a 32-day
interval and measured responses of single units to a panel of either four or eight neutral odorants,

presented seven times per day every eight days (Fig. 1F). The panel of odorant molecules was
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selected to maximize diversity in functional groups and organoleptic properties. Mice were awake
and head fixed but were not engaged in any task other than sampling the odor stimuli that were

presented.

We observed gradual and pronounced changes in odor responses over time. Single units
either gained (Fig. 1G, top) or lost (Fig. 1G, middle) responsivity to a given odorant and only on
rare occasions exhibited stable responses to the odorant panel (2.8% of single units) over 32 days
(Fig.1G, bottom). The progressive changes in the responses of single units were not due to a global
loss of responsiveness in piriform, but rather to continual alterations in odor representations (Fig.
2A). We quantified this drift by comparing the response magnitude of odor-unit pairs across days
and found that responses became increasingly dissimilar over time (Fig. 2B, within-day R? = 0.94,
8-day interval R? = 0.52, 16-day interval R?> = 0.31, 24-day interval R?> = 0.22, 32-day interval R?
=0.08, N = 6 mice). In contrast, changes in spontaneous firing rates across the same intervals were
relatively small (Extended Data Fig. 6). Moreover, the performance of a linear classifier trained
on earlier days and tested on later days deteriorated as a function of time between training and
testing, approaching chance levels after 32 days (Fig. 2C). This drift was symmetric in time
(Extended Data Fig. 7A) and classification accuracy was not improved by concatenating multiple
days in the training set (Extended Data Fig. 7B). Thus, it is not possible to establish single units
most informative about odor identity on day 32 based on their responses across days 0 through 24.

These data indicate that changes in odor representations in piriform accumulate over time.

We next estimated the rate of drift of odor representations in piriform. First we computed

the correlation between trial-averaged population odor responses across all pairs of recording days
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(Fig. 2D-F). Consistent with across-day changes in single unit response magnitude (Fig. 2B),
population vector correlations across days decreased as a function of interval (Fig. 2F). We then
used these correlations to compute the angle between trial-averaged population vectors (Extended
Data Fig. 8). An exponential fit to these measurements gave a time constant of 28.3 days with an
asymptote of 89.4° (an angle of 90° indicates complete decorrelation, Extended Data Fig. 8B,
right). We estimated the rate of drift in two ways. First, we computed the rate of change of the
exponential fit over the 32-day interval, finding a mean rate of 1.0 °/day. Second, we estimated the
drift rate between every pair of days. The angle between days reflects a combination of both across-
day drift in odor representations and within-day trial-to-trial variability*3. We therefore subtracted
within-day variability from across-day variability and divided by time (Extended Data Fig. 8A).
This estimate produced a drift rate of 1.3 + 1.2 °/day across all intervals (mean + s. d., N = 6 mice,
Fig. 2G), in accordance with the estimate based on the exponential fit. Thus, piriform exhibits
representational drift: changes in responses accrete continuously over time and trend towards

complete decorrelation.

The changes in odor representations we have observed could be attributed to gross changes
in the population response. We found, however, that the basic response properties of the piriform
population change only marginally over time (Fig. 3). The fraction of single units responsive to an
odor stimulus was largely unaltered across the 32-day interval (Fig. 3B, R? = 8.0 x 10-%). Moreover,
lifetime sparseness (R? = 4.4 x 10-*), population sparseness (R? = 3.1 x 107?), within-day classifier
performance (R? = 5.2 x 102, and within-day variability (R?> = 5.3 x 107) varied little (Fig. 3B).
We note that within-day classifier performance exhibited modest deterioration (Fig. 3B, second

from right), which may contribute a small fraction of the decrease in across-day classification
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accuracy we measure over time (Fig. 2C). These observations demonstrate that drift in odor
representations is not the result of a global diminution in responsivity and occurs against a

background of grossly stable population response properties.

Regions downstream of piriform could in principle compensate for drift if the geometry of
population representations were conserved over time, in spite of day-to-day changes in the set of
neurons that respond to a given odorant. It has recently been shown that the correlation structure
of piriform representations of highly similar odorant molecules is conserved across individuals,
but that no such structure is apparent for dissimilar stimuli such as the ones we employed*.
Accordingly, when we visualized a low dimensional projection of population responses onto the
first two principal components (computed separately for each day and explaining between 46%
and 69% of the variance), similarities between odor responses did not appear to be preserved over
time (Fig. 3C). We quantified the extent to which odor response geometry is conserved by first
computing the correlation matrix of population responses for each day and then computing the
Frobenius norm between pairs of correlation matrices, where 0 indicates perfectly preserved
relationships between odor representations and increasing values indicate increasingly dissimilar
geometries. We found that the Frobenius norm rose significantly as a function of interval between
the measurements and approached the mean Frobenius norm between correlation matrices
computed using shuffled stimulus labels (p = 0.4, p = 0.023, Fig. 3D). Thus, the geometry of
population representations of highly dissimilar odorant molecules is not conserved, but rather
changes gradually. This analysis does not require the longitudinal observation of individual
neurons across days, providing indirect confirmation that odor representations in piriform change

over time.
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It has been suggested that activity in piriform during the early phase of the odor response
epoch is sufficient to accurately establish its identity>®*33¢, We therefore asked if the odor
response in piriform during the 200 milliseconds after the first sniff provides a stable
representation of odorant stimuli. We trained a linear classifier using spikes recorded during this
early epoch and then tested the performance of that classifier on data obtained on subsequent days
during the same epoch. We found that classification accuracy during the initial phase of the odor
response was not stable over time but rather deteriorated across days from 0.74 = (0.12 on day 0 to

0.33 £0.10 on day 32 (mean = s. d., chance = 0.25; Extended Data Fig. 9).

Finally, variance in single unit waveform stability metrics did not explain variance in
changes of odor responses (Extended Data Fig. 1B-D, bottom and Extended Data Fig. 1F-H,
bottom). This suggests that unstable tracking of single units across days cannot account for changes
in the odor responses of single units over time. Moreover, given that these changes in odor
responses did not vary around a constant mean value but rather accumulated across days, we can
rule out inconsistency in stimulus delivery across test days, as well as changes in the animals’

internal state (e.g. arousal) as the cause of the representational drift.

Frequent experience, but not salience, reduces the rate of drift

We next asked whether the representation of a behaviorally salient odorant might exhibit
greater stability. We placed implanted mice in a conditioning chamber and presented conditioned
stimuli: one paired with foot shock (CS+) and one presented without shock (CS-) eight times each

over the course of a single session (Fig. 4A). The following day we used a Virtual Burrow Assay?’
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to confirm that animals responded selectively to the CS+, but not to the CS- or to other odorants
that were never presented in the conditioning chamber. Animals showed selective ingress (escape)
to the CS+ across the entire duration of the protocol (Fig. 4B). Yet, simultaneously acquired
recordings showed that the representations of conditioned stimuli drifted at a comparable rate to
that of neutral odors (Fig. 4C, mean (95% C.I.), CS+: 1.2 (0.7 - 1.8) °/day, CS-: 0.9 (0.7 - 1.7)
°/day, Neutral: 1.0 (0.8 - 1.0) °/day, for all comparisons p > 0.61, Wilcoxon rank-sum, N = 5 mice).
Thus, behavioral salience does not appear to stabilize odor representations in piriform: we observe

stable behavior in spite of drifting representations.

Representational drift is a hallmark of a learning system that continuously updates and
overwrites itself*®. Two observations support the view that piriform operates as such a learning
system. We presented a panel of odorants daily across a 32-day interval. At day 16 we also
presented a set of unfamiliar odorants at 8-day intervals and compared the stability of the
representations of the familiar and unfamiliar odors (Fig. 4D, top). We found that the rate of drift
of the representations of familiar odors was less than half that of unfamiliar odors (Fig. 4E, solid
lines, familiar odors: 0.4 (0.2 - 0.6) °/day vs. unfamiliar odors: 0.9 (0.7 - 1.2) ®/day, p=4.3 x 104,
Wilcoxon rank-sum, N = 5 mice). Thus, the drift rate of piriform representations exhibits history

dependence: continual experience with an odorant enhances the stability of its representation.

Importantly, this observation provides independent evidence for our ability to follow a
fixed population of single units over time. We observed rapidly drifting representations for
unfamiliar odors and slowly drifting representations for familiar odors, on separate trials within

the same recording session of the same population of neurons. Thus, it is unlikely that the changes

10
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in odor representations we have observed are caused by a failure to follow the same population of

neurons.

Models predict that in a highly plastic learning system the stable representations that
encode memories can be overwritten unless the circuit has a mechanism to store them for the long
term?®, We therefore asked whether piriform has a mechanism to retain a stabilized representation
after daily experience ceases. We presented a panel of odorants every day for sixteen days. This
panel, along with a set of unfamiliar odorants, were then presented at 8-day intervals (Fig. 4D,
bottom). We observed that once daily odor exposure ceases, representations of the familiar and
unfamiliar stimuli drifted at comparable rates (Fig. 4E, dashed lines, familiar odors: 1.0 (0.8 - 1.3)
°/day vs. unfamiliar odors: 1.0 (0.7 - 1.2) °/day, p = 0.81, Wilcoxon rank-sum, N = 5 mice). These
data demonstrate that daily exposure slows representational drift, but without ongoing exposure

drift increases once again.

Discussion

Stimulus representations in piriform exhibit rapid and cumulative reorganization over time.
Perceptual constancy, however, requires a stable source of information about the nature of the
sensory stimulus. Therefore, primary olfactory cortex may not be the ultimate arbiter of the identity
of odors over the life of an organism. This poses the question of the role of piriform in olfactory

perception.

Piriform exhibits representational drift, history-dependent stabilization, and subsequent
drift of previously stabilized representations. These data are consistent with a model in which

piriform functions as a fast learning system that continually learns and continually overwrites

11
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itself. Piriform may operate as a ‘scratch pad’, rapidly encoding memory traces upon limited
odorant exposure; however, it lacks a mechanism to stabilize these memory traces and therefore
cannot store those memories over the long term?®. This may explain why the representation of an
odor changes when an animal isn’t experiencing it. In a fast learning system, experience with one
odorant will drive plastic changes that alter the representations of other odors. In our experiments
ongoing experience with the odorants of the homecage, for example, may result in cumulative
changes in the representations of our test odors. In this model representational drift in piriform is

a consequence of continual learning and concomitant overwriting.

Learned representations in piriform, reflective of recent statistics of the olfactory
environment, may be only transiently useful to the animal since they are continuously updated as
the environment changes. Alternatively, representations in piriform may be transferred to a more
stable region downstream for long-term storage. Models that posit the consolidation of memory
traces from a highly plastic, unstable network to a less plastic, stable network computationally
outperform single-stage learning systems by combining both flexibility and long-term memory>°.
This framework has been proposed to account for the initial formation of episodic memories in

hippocampus and later consolidation in neocortex**4!,

Piriform may therefore operate in
conjunction with a slow learning system downstream to support long-term access to stored
representations. This hypothetical slow learning system must receive input from olfactory bulb

where representations are stable?®, as well as from piriform, where they are drifting. This third

region may, in concert with piriform, accommodate the identification of an olfactory stimulus.

12
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Alternatively, regions downstream of piriform could in principle compensate for drift
independent of a stable downstream structure, either by continuous updating maintained by offline
replay*?, or by leveraging some invariant geometry in the population representation in piriform*#4,
The latter is unlikely considering our observation that the representational geometry itself drifts
over time. Finally, these observations do not rule out that piriform represents odor identity along

with other unknown variables in a format not readily captured by simply examining responses to

odor stimuli over time*.

It is possible, however, that primary olfactory cortex does not play a role in establishing
the identity of an odor. Piriform is not the sole recipient of olfactory sensory information. Stable
representations of odor in the olfactory bulb are broadcast to diverse regions that link sensation
with valence and action: the anterior olfactory nucleus, olfactory tubercle, cortical amygdala and

lateral entorhinal cortex’-4¢

The stability of neural representations varies across brain regions. Representational drift
has been previously reported in hippocampus CA147-3% and posterior parietal cortex’!. In primary
sensory neocortices, however, absent a training paradigm or a gross perturbation, responses vary
across days but tuning remains centered around a fixed mean?22:23:2630.52-54 Moreover, tuning
changes induced in sensory neocortex by training or perturbation have been found to reverse after
the intervention is discontinued?’?*. In contrast, our data show that in primary olfactory cortex
changes in odor representations increase continuously: the population representation at every

successive time point is increasingly dissimilar to the first.

13
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What conditions promote drifting versus stable representations? The anatomical
organization of most sensory cortices may set a bound on changes in stimulus tuning to basic
features. In primary visual cortex, for example, inputs from thalamus obey ordered retinotopic
organization®®. The weakening or loss of one synapse onto a visual cortical neuron is therefore
likely to be matched by the strengthening or gain of a synapse tuned to a similar retinotopic region,
limiting representational drift. However, the organization of piriform differs from sensory
neocortex: piriform receives unstructured inputs from olfactory bulb’'?, and recurrent cortical
connections are broadly distributed and lack topographic organization'*~!3, Representational drift
in piriform may be explained by ongoing plasticity in an unstructured network. The structured
connectivity observed in most early sensory regions may not be present in higher centers,

suggesting that representational drift may be a pervasive property of cortex.

14
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Methods Summary
Procedures performed in this study were conducted according to US National Institutes of
Health guidelines for animal research and were approved by the Institutional Animal Care and Use

Committee of Columbia University. See Full Methods.

15
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Figure 1 | Measuring odor responses in piriform over time

22


https://doi.org/10.1101/2020.09.24.312132
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.24.312132; this version posted September 25, 2020. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

Schoonover et al., Representational drift in primary olfactory cortex
Figure 1 | Measuring odor responses in piriform over time. A, Chronic silicon probe
implantation in anterior piriform cortex (green). Inset: probe diagram with relative positions of the
32 recording electrodes; red, Dil marking probe position; black, cell bodies (NeuroTrace). B, Left,
single unit yield per recording session as a function of time since probe implantation. Blue dashed
line, linear regression; blue shading 95% confidence interval (C.I.), Pearson’s correlation p = -
0.12, p = 0.23. Right, single unit yields across all single-day recording sessions. C, Number of
single units retained as a function of recording interval duration. Points, individual experiments;
grey bars, mean = standard deviation; blue dashed line, linear regression; blue shading, 95% C.I.,
Pearson’s correlation p =-0.41, p= 1.2 x 103, N = 24 recordings across 8 days, N = 18 recordings
across 16 days, N = 12 recordings across 24 days, N = 6 recordings across 32 days, all from 6
mice. D, Average waveforms for a representative single unit recorded at each of the 32 recording
sites; each day is plotted a separate color (0-32, color scheme throughout, left), and average
waveforms from all days are superimposed. Inset Di, mean waveforms for days 0, 8, 16, 24, and
32 for a subset of recording sites, indicated by the grey box. Inset Dii, mean waveforms for days
0 to 32, superimposed for a single recording site (dashed grey box). E, Waveform correlations for
each single unit between days 0 and 32 (red) and across all single units within day 32 (black),
Wilcoxon rank-sum on within-unit vs. within-day waveform correlation, p = 4.8 x 1024¢, N = 379
single units from 6 mice. See also Extended Data Figs. 1-4 for additional single unit stability
metrics. F, Experiment diagram. Black boxes, test odorant administration (days 0, 8, 16, 24, and
32); Grey boxes, record spontaneous activity without odorant administration. G, Single unit
examples. Columns separate test odorants (chemical names, top). Spike rasters (rows: 7 trials per

day) and peristimulus time histograms, superimposed across days, are colored by day as indicated.
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Horizontal black bars, 4 sec odorant pulse. See Extended Data Fig. 5 for additional single unit

examples.
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Figure 2 | Drifting odor representations in piriform
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Figure 2 | Drifting odor representations in piriform. A, Odor response heat maps for 300
randomly selected odor-unit pairs, ordered by response magnitude on day 0 (left five columns) and
response magnitude on day 32 (right five columns). Responses are z-scored and plotted in units of
standard deviation (s.d.). Black bars, 4 sec odorant pulse. B, Mean spontaneous baseline-subtracted
evoked responses of odor-unit pairs within a single day (far left, N = 2,353 odor-unit pairs) and
across intervals of 8 days (N = 2,843 odor-unit pairs), 16 days (N = 1,879 odor-unit pairs), 24 days
(N = 1,170 odor-unit pairs), and 32 days (N = 577 odor-unit pairs). Data pooled across 6 mice.
Within-day, trial-averaged responses on odd trials plotted against trial-averaged responses on even
trials. Across-day, response magnitude on later days plotted against response magnitude on earlier
days. Black dashed line, unity; blue dashed line, linear regression; blue shading, 95% C.I.
Regression for each interval was performed across all odor-unit pairs that showed a significantly
modulated response on at least one of the two days that are compared (Wilcoxon rank-sum, a =
0.001). Each plot shows a random subset of 577 odor-unit pairs, to match the number of significant
odor-unit pairs measured across the 32-day interval (right panel). C, Red, classification accuracy
(support vector machine, linear kernel) of single-trial population vectors as a function of interval
(randomly selected subsets of 41 single units each, 8-way classification, from the N = 3 animals
that were presented a test odorant panel of 8 stimuli). Classification performance on day 0
computed using leave-one-out cross-validation. For all other intervals the model is trained on all
responses from the earlier day and tested on all responses from the later day. Black performance
with stimulus labels shuffled. Points, mean; Shading, standard deviation. D, Pearson’s correlations
of trial-averaged population vectors, averaged across all test odors. Within-day correlations
measured between trial-averaged population vectors on even versus odd trials. E, Cumulative

distribution function of trial-averaged population vector correlations. Black, cumulative
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distribution of within-day correlations; Grey, cumulative distribution of across-odor correlations.
F, Mean across-day correlations (black crosses) and 95% bootstrap confidence interval of the mean
(95% C.1.) for pairs of trial-averaged population vectors in 6 mice: 8-day interval, N = 144 pairs;
16-day interval, N = 108 pairs; 24-day interval, N = 72 pairs; 32-day interval, N = 36 pairs; within
day, all intervals N = 360 pairs. Blue dashed line, linear regression; Blue shading, 95% C.I., p = -
0.51, p = 1.2 x 102%; Grey dashed line, top, mean within-day correlations and 95% C.I.; Grey
dashed line, bottom, mean across-odor correlations and 95% C.I. G, Distribution of drift rates
measured across all test odors and intervals in 6 mice, N = 360 pairs of trial-averaged population

vectors. See Extended Data Fig. 8 for calculation of drift rate.
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Figure 3 | Drifting population response geometry despite stable response statistics
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Figure 3 | Drifting population response geometry despite stable response statistics. A, Odor
response heat maps for the randomly selected odor-unit pairs shown in Fig. 2A, but ordered by
response magnitude on each day. Responses are z-scored and plotted in units of standard deviation
(s.d.). Black bars, 4 sec odorant pulse. B, Population statistics across days. Left: fraction of odor-
unit pairs showing significant responses, Wilcoxon rank-sum test, a = 0.001, 36 animal-odor pairs
for each day. Second from left: population sparseness. Middle: lifetime sparseness. Second from
right: within-day leave-one-out cross-validated classification accuracy, support vector machine,
linear kernel; in 3 animals that were presented a test odorant panel of 8 stimuli, 41 single units in
each mouse; black dashed line mean and shading standard deviation, shuffled stimulus labels.
Right: within-day trial-averaged population vector correlation for even vs. odd trials: 72 trial-
averaged population vector pairs for each day from 6 mice. Throughout: grey bars, mean; black
lines, 95% C.1.; red dashed line, linear regression; blue shading, 95% C.I. Estimates of fraction of
responsive odor-unit pairs, population and lifetime sparseness were made using: day 0, N = 584
single units; day 8, N = 635 single units; day 16, N = 629 single units; day 24, N = 593 single
units; day 32 N = 545 single units from 6 mice. C, Projection onto the first two principal
components of trial-averaged population vectors measured in response to eight odorant stimuli in
one animal. The principal components were computed separately on each one of the five days.
Stimulus identity is denoted by circle color and number. D, Frobenius norm between pairs of odor-
odor correlation matrices. 8%8 correlation matrices were computed based on trial-averaged
population vectors to eight odorant stimuli recorded on each of the five days in the three animals
presented a panel of 8 odorants. Frobenius norm day 8, N = 12 pairs; day 16, N =9 pairs; day 24,

N = 6 pairs; day 32, N = 3 pairs; shuffle, N = 3,000 pairs. Blue dashed line, linear regression (p =
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0.4, p = 0.023); Blue shading, 95% C.I.; Grey dashed line, top, mean Frobenius norm computed

using shuffled stimulus identities, grey shading, 95% C.I.
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Figure 4 | Frequent experience, but not salience, reduces the rate of drift
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Figure 4 | Frequent experience, but not salience, reduces the rate of drift. A, Conditioning
experiment diagram. Magenta and cyan squares, day -1: present one odorant paired with shock
(CS+) and a second without shock (CS-) in a conditioning chamber. Magenta, cyan and dark blue
squares, days 0 and 16: administer conditioned and neutral odorants to head fixed animal while
recording neural signals and measuring behavioral responses in Virtual Burrow Assay?’. Grey
squares, record neural signals in head fixed animal. B, Behavior. Left, trial-averaged (N = 5 mice)
ingress amplitude across time on days 0 and 16 on trial blocks 2-7 (shading 95% C.I.). Black bar,
4 sec odorant stimulus. Right, mean (95% C.1.) ingress amplitude during the final second of the
odorant epoch on blocks 2-7. For days 0 and 16, CS+ vs. CS- and CS+ vs. Neutral, p < 1.4 x 1073,
Wilcoxon rank-sum. C, Neurophysiology. Left, cumulative distributions and right, mean + 95%
C.I. (N = 5 mice) of drift rates for conditioned (CS+, magenta and CS-, cyan) and neutral (dark
blue) odors. D, Experiment diagram. Solid blue squares: Two cohorts of mice were presented a
panel of four neutral odorants daily across a 16-day interval (days -16 to 0), after which cohort A
(N =5 mice) continued to be presented the familiar odorants daily across a second 16-day interval
(days 0 to 16, solid blue squares), whereas cohort B (N =5 mice) encountered the familiar odorants
at only 8-day intervals across the same period (dashed blue squares). Starting on day 0 a panel of
unfamiliar odorants (solid and dashed red squares) was presented at 8-day intervals to both cohorts.
In both cohorts neural signals were recorded daily regardless of whether odorants were presented.
E, Left, cumulative distributions of drift rates measured for familiar (solid blue curve) and
unfamiliar odors (solid red curve) for cohort A and for familiar (dashed blue) and unfamiliar
(dashed red) odors for cohort B. Right, mean drift rate and 95% C.I. for both familiar and
unfamiliar odors in cohorts A and B (drift rate familiar odors for cohort A vs. all others, p <9.4 x

104, Wilcoxon rank-sum; N = 60 trial-averaged population vector pairs.)
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Extended Data Figure 1 | Quantifying single-unit stability across days
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Extended Data Figure 1 | Quantifying single unit stability across days. A, Experiment time
course for 17-day experiments. Recovery: minimum two week period after headplate attachment
and stereotactic targeting prior to silicon probe implantation to allow full recovery; Settling:
minimum five week period after probe implantation to permit tissue settling and signal
stabilization; Monitor: minimum 10-day period during which neural signals were recorded daily
to assess signal stability. Experiments only commenced once single units could be reliably tracked
across days; Familiarization: daily odorant presentation for experiments described in Fig. 4D-E;
Record: 17-day recording period during which odorant was administered and drift rate was
measured. B, Top, for single units held across days, Pearson’s correlation between waveforms
(waveform similarity) measured on day 0 and waveforms measured on subsequent days (red) and
across all single units within each day (black). Dashed line, median. Shading, indicates boundaries
of top and bottom quartiles (for all 17-day experiments, N = 690 single units from 7 mice). Bottom,
Black circles, Pearson’s correlation of single unit mean spike waveforms measured between days
0 and 16 and plotted against the Pearson’s correlation of the vector of trial-averaged responses of
a given single unit to each odorant of a panel; Blue dashed line, linear regression; Blue shading,
95% C.I. C and D, Same analysis as B but for single unit centroid displacement and similarity
(Euclidean norm) of the shape of single unit spike time autocorrelograms (ACGQG), respectively. C,
bottom, single unit centroid displacement vs. odor response similarity and D, bottom, spike time
ACG similarity vs. odor response similarity. E-H is the same as A-D but for 33-day experiments
(for all 33-day experiments, N = 379 single units from 6 mice). F, top, waveform similarity across
33 days. Bottom, waveform similarity vs. odor response similarity. G, top, centroid displacement
across 33 days. Bottom, single unit centroid displacement vs. odor response similarity and H, top,

ACG similarity across days. Bottom, spike time ACG similarity vs. odor response similarity.
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Extended Data Figure 2 | Single units are more similar to themselves across days
than to any other single unit on the probe
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Extended Data Figure 2 | Single units are more similar to themselves across days than to any
other single unit on the probe. A, Representative example single unit (red, same as shown in Fig.
1D) and the five most similar single units recorded on day 32 (black), as measured by the Pearson’s
correlation between pairs of single unit waveforms. Top, spike time cross correlograms between
the example single unit and each of the five most similar single units. The absence of a dip in cross
correlogram amplitude at the 0 time lag (refractory period violations) indicates that the example
single unit and each of the five most similar single units correspond to distinct neurons. B, Top,
for single units held across days, Pearson’s correlation between waveforms (waveform similarity)
measured on day 0 and waveforms measured on subsequent days (red), and waveform correlations
between a given single unit and the ten most similar single units to it within a given day (black).
Dashed line, median. Shading, indicates boundaries of top and bottom quartiles. Bottom, for single
units held across days, cumulative distributions of waveform similarity for day O vs. day 16 (red),
waveform similarity between a given single unit and those 10 most similar to it (black), and
waveform similarity between a given single unit and the 1 most similar to it (blue). Median within-
unit correlation between day 0 and day 16, 0.98 (Q1 = 0.97, Q3 = 0.99); median across-unit
correlation with the 10 most similar, 0.85 (Q1 = 0.78, Q3 = 0.90); median across-unit correlation
with the 1 most similar, 0.93 (Q1 = 0.90, Q3 = 0.95). C and D, Same analysis as B but for single
unit centroid displacement and spike time autocorrelogram (ACG) similarity (Euclidean norm
across ACG shape), respectively. C, Median within-unit displacement between day 0 and day 16,
2.9 um (Q1 = 1.6 pm, Q3 = 5.0 um); median across-unit distance from the 10 most similar, 12.3
pum (Q1 = 7.5 um, Q3 = 18.0 um); median across-unit distance from the 1 most similar, 6.5 um
(Q1 =3.4 um, Q3 = 9.4 um). D, Median within-unit ACG similarity between day 0 and day 16,

0.018 (Q1 = 0.012, Q3 = 0.027); median across-unit similarity with the ACGs of the 10 most
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similar, 0.047 (Q1 = 0.031, Q3 = 0.069); median across-unit similarity with the ACGs of the 1
most similar, 0.044 (Q1=0.030, Q3 =0.064). E-G same as B-D but for the experiments performed
across a 32-day interval. E, waveform similarity; median within-unit similarity between day 0 and
day 32, 0.97 (Q1 = 0.95, Q3 = 0.98); median across-unit correlation with the 10 most similar, 0.82
(Q1 =0.73, Q3 = 0.88); median across-unit correlation with the 1 most similar, 0.92 (Q1 = 0.89,
Q3 =10.95). F, centroid displacement; median within-unit displacement between day 0 and day 32,
3.5 um (Q1 =2.1 um, Q3 = 5.6 um); median across-unit distance to 10 most similar, 15.4 pm (Q1
= 9.5 um, Q3 = 22.9 um); median across-unit distance to 1 most similar, 7.4 um (Q1 = 4.5 um,
Q3 =10.0 um). G, ACG similarity; median within-unit ACG similarity between day 0 and day 32,
0.024 (Q1 = 0.016, Q3 = 0.038); median across-unit similarity with the ACGs of the 10 most
similar, 0.047 (Q1 = 0.029, Q3 = 0.067); median similarity with the ACG of the 1 most similar,
0.045 (Q1 = 0.026, Q3 = 0.063). All within-unit metrics are significantly different from across-
unit metrics (p < 5.0 x 10°%, Wilcoxon rank-sum), for both the 1-most and 10-most similar
comparisons, across both the 16-day (N = 690 single units from 7 mice) and 32-day (N = 379
single units from 6 mice) interval experiments. Thus, single units are more similar to themselves
across days than they are to even those single units most similar to them recorded within a given

day.
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Extended Data Figure 3 | Estimated single unit position is stable across days
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Extended Data Figure 3 | Estimated single unit position is stable across days. A, Single unit
centroid positions across a 32-day interval from a representative animal. Centroid position for each
of a population of single units measured on day 0 (blue circles) and days 8, 16, 24, and 32 (red
circles, columns 1 through 4, respectively; days 0 vs. 8, N = 100 single units; days 0 vs. 16, N =
94 single units; days 0 vs. 24, N = 84 single units; days 0 vs. 32, N = 77 single units.) Single unit
centroid is defined as the center of mass estimated from the amplitude of the mean waveform at
each recording site. Grey circles indicate the size and position of the probe’s 32 electrodes. B,
Mean displacement of single unit centroids from this animal between day 0 (blue circle, defined
at origin) and days 8, 16, 24, and 32 (red circle, columns 1 through 4, respectively). Grey contours
indicate quintile boundaries of the distribution of centroid position displacement between day N
and day O for all single units in a given interval. C, Cumulative distribution of within-unit centroid
displacement (red) between day 0 and days 8, 16, 24, and 32 (columns 1 through 4, respectively;
days 0 vs. 8 within-unit median = 1.8 pm, across-unit median = 61.7 pm, p = 3.0 x 10°%%; days 0
vs. 16 within-unit median = 2.1 um, across-unit median = 62.8 um, p = 4.3 x 10%%; days 0 vs. 24
within-unit median = 2.6 pm, across-unit median = 61.6 pm, p = 1.9 x 10-%; days 0 vs. 32 within-
unit median = 2.8 um, across-unit median = 61.7 um, p = 8.6 x 103!, Wilcoxon rank-sum) and
across-unit centroid displacement within day (black) for this animal. Inset below shows both

distributions for displacements between 0 pm and 10 pm.
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Extended Data Figure 4 | Waveform and non-waveform-based
single unit features are uncorrelated
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Extended Data Figure 4 | Waveform and non-waveform-based single unit features are
uncorrelated. The similarity (Euclidean norm), on a given day, between the autocorrelograms
(ACQG) of a pair of simultaneously recorded single units vs. the similarity (Pearson's correlation)
between that pair’s spike waveforms (right) and the distance (Euclidian norm between the
centroids) between the two single units (left), measured for A, 16-day interval experiments (N =
1,248,216 pairs of single units from 7 mice on 17 days) and B, 32-day interval experiments (N =
841,138 pairs of single units from 6 mice on 33 days). 3D histogram, with lighter colors indicating
lower probability and darker colors indicating higher probability. This demonstrates that
waveform-based features (waveform similarity and single unit centroid distance) vary
independently of the similarity of the spike-time ACGs. Thus, ACG similarity is a measure of

single unit stability independent of features to which the spike sorting algorithm is sensitive.
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Extended Data Figure 5 | Evoked responses in single units across days
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Extended Data Figure S | Evoked responses in single units across days. Responses of five
single units across a 32-day interval selected to illustrate diversity of response profiles and drift
rates. Columns separate test odorants (chemical names, top). Spike rasters (rows: 7 trials per day)
and peristimulus time histograms are colored by day as indicated. Horizontal black bars, 4 sec

odorant pulse.
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