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7  Abstract: We compared trial-by-trial dynamics of place cellsin CA1 and CA3 in new contexts
8 acrossdays. We found that CA1 place fields form early but shift backwards with experience and
9 partially remap across days. In contrast, CA3 place fields develop gradually but remain stable
10  with experience and across days. This suggests distinct plasticity mechanisms drive the
11 formation and dynamics of place fieldsin CA1 and CA3 to encode distinct features of

12  experience.

13 Main text: The hippocampus plays a critical role in learning by rapidly forming and continuously
14  updating experience-driven representations in the brain™. Representations of contextual

15  experience are encoded and recalled by populations of place cells in hippocampal sub-regions
16  CAl, CA3, and dentate gyrus>*. Synaptic plasticity within these sub-regions is the key process
17  that alters and stores representations and comes in many forms™®. Understanding how place
18 cell representations form, evolve, and are recalled within distinct hippocampal sub-regions

19  during novel experiences can therefore provide key insights into the types of synaptic plasticity
20  mechanisms that are at play during learning and memory recall. Further, because synaptic

21  plasticity mechanisms can work on rapid timescales to continually alter place cell activity, it is
22 essential to determine the real-time place cell dynamics on a trial-by-trial basis. However, the
23 trial-by-trial dynamics of hippocampal place cells during the first moments of a novel

24 experience and throughout ongoing experience measured over long timescales (across days)

25  has not been systematically compared between CA1 and CA3.

26  To address this, we expressed GCaMP6f in either the CA1 or CA3 sub-region of different mice

27  (Fig. 1c, d). The Grik4-cre line” was used to restrict expression to CA3 pyramidal neurons (Fig.
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1c). Using 2-photon microscopy we then recorded calcium transients from pyramidal cell
populations in both regions (Extended Data Fig. 1)8'9. On experimental day 1 mice were exposed
to a familiar (F) context before being switched to a novel context (N1) (Fig. 1a)°. On
experimental day 2, mice experienced the same F-to-N switch but to a different N context (N2;
Fig. 1a). N1 and N2 were grouped together and are referred to as N. Mice momentarily slowed
down after the transition between contexts (Fig. 1b), confirming their perception of the switch.
This paradigm led to many repeated traversals in both contexts with matched behavior,
allowing lap-by-lap place field (PF) dynamics to be measured systematically and compared

across F and N contexts without confounds caused by changes in behavior.

Upon exposure to N, both CA1 and CA3 place cells globally remapped (Fig. 1e, f) and displayed
altered PFs compared to F (Extended Data Fig. 2). Crucially, we wanted to observe the real-time
formation of new place cells in CA1 and CA3 to examine potential differences in their formation
dynamics. Therefore, formation of new PFs in N was quantified on a lap-by-lap basis (Fig. 1g-i).
Some PFs formed instantly, i.e. on the first lap (Instant PFs; Fig. 1g; left), while others were
delayed by several laps (Delayed PFs; Fig. 1g; right). Similar to previous observations, many CA1
PFs formed rapidly®®, with a high proportion of instant PFs (30%; Fig. 1h, i). Unexpectedly, only
9% of CA3 PFs were instant and the distribution of PF onset laps was more uniform, indicating
CA3 place cell representations form more gradually than CA1 representations (Fig. 1h, i;
Extended Data Fig. 2¢, d). Supporting this, CA1 place cell activity decoded position on the first
lap better than CA3 place cell activity (Fig. 1j-I, Extended Data Fig. 3). These data suggest that in
a novel context, CA1l instantly forms a well-organized map, whereas CA3 forms a map gradually

with experience.


https://doi.org/10.1101/2020.09.10.292177
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.10.292177; this version posted September 11, 2020. The copyright holder for this preprint

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

(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.

What do these observations suggest about synaptic plasticity mechanisms? First, some models
of CA1 place field formation require the presence of spatially tuned presynaptic inputs from
CA3>™, In this scheme, spatially tuned CA3 inputs coincident with inputs from entorhinal cortex
(EC) generate dendritic plateau potentials in CA1 cells that drive synaptic potentiation™. The
lack of spatially tuned CA3 cells that we found on lap 1 suggests CAl instant place fields are not
formed through this mechanism, and may instead form through other direct inputs from EC or
Nucleus Reunions **. Second, delayed CA1 PFs have been proposed to form through a process
of local dendritic spikes that occur on the initial laps in the absence of somatic firing. This
potentiates local clusters of synapses that become strong enough to drive firing, and possibly

6,9-11,13,14

plateau potentials, after a delay, to form new PFs . Because we found the vast majority

of CA3 PFs form after a delay, our data suggest a similar mechanism is at play in CA3.

To examine plasticity mechanisms occurring after PFs have formed in CA1 and CA3, we tracked
new PFs throughout experience in N. We compared the first and second half of N and found
CA3 PFs were more stable than CA1 PFs (Fig. 2a). Next, we computed each PF’s center of mass
(COM) on a lap-by-lap basis in N in both regions. Some PFs were stable throughout N, whereas
others shifted systematically throughout the session (Fig. 2b). Averaging across the PF
population, PFs shifted backwards in both regions, but significantly more so in CA1 than CA3

(Fig. 2¢, Extended Data Fig. 4).

Asymmetric synaptic plasticity mechanisms, such as spike-timing-dependent plasticity (STDP)™

5,10

and behavioral time-scale plasticity (BTSP)>°, predict such backward shifting®. These two

forms of plasticity occur over different timescales (milliseconds for STDP, seconds for BTSP), so
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we calculated the timescale of backward shifting CA1 PFs to determine which form of plasticity
may be occurring. Based on the ability of STDP to potentiate synapses activated up to ~20 ms
prior to postsynaptic firingls, we calculated PFs would shift maximally 0.48 £ 0.15 cm/lap (mean
+ SD) through STDP based on the average running speed of our mice (24.1 = 7.5 cm/s mean *
SD). On average, backward shifting PFs in CA1 shifted by 0.34 £ 0.34 cm/lap (mean  SD). This
provides strong support that STDP is the mechanism driving continuous backward shifting.
Further, STDP is known to occur at CA1-CA3 synapses™ and given the relative stability of CA3
PFs concurrent with the CA1 backward shifting PFs we observed here, it suggests STDP is
occurring at these synapses to drive the backward shifting of CA1 PFs (although other synapses

could also be involved).

Memory recall of spatial contexts is supported by the reactivation of stable PFs upon re-
exposures®. We therefore examined the same place cells upon re-exposure to N across days
(Fig. 3a). On day 2, mouse behavior on the first lap of N revealed mice had become more
familiar with N (Extended Data Fig. 5a, b). We then quantified the spatial correlation of mean
PFs identified on N day 1 with N day 2 (Fig. 3b-e), which was on average significantly higher in
CA3 than CA1 (Fig. 3c-e). The bimodal distribution of CA3 PF spatial correlations (Fig. 3c;
bottom), helped categorize PFs as either stable (spatial correlation > 0.5, green) or unstable (<
0.5; light-green). In all mice we found that CA3 had a higher fraction of stable PFs compared to

CAlin (Fig. 3d).

We then compared the PF onset laps of stable PFs on day 2 (Fig. 3f, left) with PFs that newly

formed on day 2, which included both unstable PFs from day 1 (Fig. 3f, middle) and PFs that
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appeared for the first time on day 2 (Fig. 3f, right). We found that stable PFs appeared earlier in
the session than newly formed PFs, and this difference was much more significant in CA3 than
CA1 (Fig. 3g). This also shows that a high proportion of CA1 PFs are continuously forming even
as the context becomes familiar. These findings reveal that place cell representations that form
following exposure to novel contexts are more stable in CA3 than CA1. Stable PFs are instantly
reactivated on the second day of exposure and the CA1 continuously forms a high proportion of
new PFs. The greater reorganization of CA1 place cell representations across exposures

suggests offline plasticity in the CA1, possibly occurring during sleep®’.

Is the reorganization of CA1 PFs across days due to a continuation of the backward shifting that
occurs within the session on day 1, possibly during offline activation, or a process more akin to
partial/global remapping? To answer this, we calculated the difference between each PF's COM
on the last active lap on day 1 and first active lap in day 2 (Fig. 3h). The mean of the
distributions in both CA1 and CA3 were not statistically different from 0 (Fig. 3h), revealing no
evidence for systematic backward shifting occurring offline. This shows that backward shifting is
an experience-dependent process and the reorganization of CA1 PFs across days is a process

akin to partial/global remapping.

Lastly, we determined whether the backward shifting we had observed on day 1 in N continued
upon re-exposure to N on day 2. We found that lap-by-lap the CA1 systemically shifted
backwards throughout the first part of the session, yet the CA3 map remained relatively stable
throughout the session (Fig. 3i). This was also true in F (Extended Data Fig. 6), although the

extent of CA1 backward shifting decreased with familiarity. This shows that asymmetric CA1
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plasticity mechanisms are occurring in novel and familiar contexts, but the level of novelty

enhances this process.

What might be the function of these differences in the formation and plasticity of place cell
representations in CA1 and CA3? First, instant CA1 PFs could mediate the ability of the
hippocampus to rapidly learn and store episodes of events on a single trial*®. The backward
shifting of the PF population we observed during ongoing experience could allow the CA1 to

5,19

gradually predict future locations within a context™"". Indeed, asymmetric plasticity rules

automatically produce predictions of the future by strengthening synapses that are activated

earlier along the track with each traversal®

. The CA1, then, rapidly generates unique
representations of the world that are then continuously shaped by exploratory experience to
predict the near future (where am | going?). In parallel, the CA3 gradually forms
representations that are preserved during experience and encode the present moment (where
am | currently?). This function seemingly extends across time as relatively stable CA3 place cell
representations are rapidly reinstated upon re-exposure to the same context, possibly to
support memory recall. Offline reorganization of CA1 place cell representations across days
may instead serve to separate events occurring in the same context into distinct memories’®.
This framework is depicted in a conceptual model in Extended Data Fig. 7. Given the known
circuitry between CA3 and CA1l, the independent nature of CAl encoding relative to CA3
(instant PF formation and reorganization across days) suggests the formation and recall of CA1
place cell representations is substantially influenced by other inputs (Entorhinal cortex and

Nucleus Reunions®?).
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218  Fig. 1: Place field formation in novel contexts is rapid in CA1 but gradual in CA3

219 a, Top left, depiction of the virtual reality (VR) set up. Top right, the familiar (F) and two novel
220 (N1 and N2) contexts. Bottom: Scheme of the experimental procedure. b, Top: Single mouse
221  behavior showing track position versus time during an F to N switch. Bottom: Summary data

222 across all mice of mean lap velocity during F and N (n = 20 sessions in 11 mice). Lap velocity is

12
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223  normalized to the mean lap velocity in each mouse = SEM, and each lap is compared to the first
224  lapin F using a one-way ANOVA with Tukey HSD post hoc test. ***, P<0.001. c, Brain slice
225  showing specific CA3 expression of cre-dependent GCaMP6f (green) and DAPI for nuclei (blue)
226  from a Girk4-cre transgenic mouse. d, Example field of views (FOV) from multiplane imaging in
227  CA1 (top) and CA3 (bottom). Right: scheme of the position for the objective during imaging.

228  Scale bar =50 um. e, Left: mean place fields in F sorted by track position. Middle: mean activity
229  of the same neurons on the left in N. Right: mean place fields in N sorted by track position. Far
230  right: Percentage of place cells in F and N or common to both from all active neurons. CA1, top
231  panels; CA3, bottom panels. AF/F activity is normalized to each neurons’ maximum transient. n
232 =7 sessions in 4 mice for CAl, n = 13 sessions in 7 mice for CA3. f, Pearson’s correlation

233  coefficient of each cell’s mean place field within F (blue) and between F and N (red). Estimation
234  plots of mean difference (A) shown on the right of each plot (see Methods). g, Example of an
235 instant place field (left) and delayed place field (right) in N. Arrows indicate the place field onset
236 lap. h, Histograms of place field onset laps in F (left) and N (middle) and cumulative fraction
237  plots for F and N (right). Wilcoxon rank sum test. ***, P < 0.001. i, Cumulative fraction plots for
238 CA1l and CA3 place field onset lap in F (left) and in N (right). Wilcoxon rank sum test. ***, P <
239  0.001. j, Example mouse showing actual track position (black) on laps 37-40 and the predicted
240  position (red) decoded by an LSTM decoder (see Methods). CA1, top; CA3, bottom. k,

241  Confusion matrix between the predicted (x-axis) and the real (y-axis) position for the first lap in
242  N. |, Predicted error on the first lap in N for CA1 and CA3. Each dot represents the decoding

243 error for one decoder trial built based on the activity of 200 randomly chosen place cells from
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244  CA1 (left) or CA3 (right). n = 20 decoder trials. Estimation plot of mean difference (A) shown on

245  theright.
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Fig. 2: CA3 place fields exhibit relative stability while CA1 place fields continuously shift
backwards with experience in novel contexts

a, Spatial correlation (Pearson’s correlation coefficient) of mean place field activity within N
(first half versus second half of session in N). Estimation plot of mean difference (A) between
CA1 and CA3 shown on the right. b, 6 example place cells with stable place fields (top) or
backward shifting place fields (bottom) in N. Place field transients shown lap-by-lap for the first
25 laps. White arrows depict the direction of place fields with experience. ¢, Mean + SEM place
field shift from all place cells and all mice lap-by-lap in N in CA1 (green; n = 1444 cells from 4
mice;) and CA3 (orange; n = 520 cells from 7 mice;). For each place cell the COM of place field
transients on each lap was compared to the COM of place field transients on lap 12. Regression

lines are depicted on top of data and have statistically different slopes. ***, P < 0.001.
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Fig. 3: CA3 place fields exhibit higher stability across days than CA1 place fields

a, Experimental setup. Top: mice are recorded for 20 min in N across 2 days. Bottom: example
field of view from one imaging plane from CA1 and CA3 across 2 days showing the same cells.
scale bar = 50 um. b, Left: mean place fields in N on day 1 sorted by track position. Middle:
mean activity of the same neurons on the left on day 2 in N. Right: mean place fields in N on
day 2 sorted by track position. ¢, Histograms of Pearson’s correlation coefficient of mean place
field activity across days in N (only place cells with place fields on both days were used). Spatial
correlations greater than 0.5 were considered stable place fields and less than 0.5 unstable. d,

Fraction of stable place fields across days per mouse in CA1 and CA3. Unpaired t-test. *P<0.05.

16


https://doi.org/10.1101/2020.09.10.292177
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.10.292177; this version posted September 11, 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

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

available under aCC-BY-NC-ND 4.0 International license.

e, Cumulative fraction plots of Pearson’s correlation coefficient in N across days in CA1 and CA3
from the same data shown in (c). Wilcoxon rank sum test. ***, P < 0.001. f, Example of a stable
place field (left), an unstable place field with a newly formed place field on day 2 (middle) and a
newly formed place field on day 2 (right). Place field transients shown lap by lap for all laps in N
on day 1 and day 2 from the same 3 cells. g, Histograms of place field onset laps in N on day 2
for stable place fields (left), and newly formed place fields (middle) in CA1 (top) and CA3
(bottom). Right: cumulative fraction plots of histogram data. Wilcoxon rank sum test. ***, P <
0.001. h, Histogram of place field shifts across days for CA1 (left) and CA3 (right). The shifts
were calculated by the difference between each place field’s COM of the last active lap on day 1
and first active lap in day 2. Only place cells with place fields on both days are included.
Wilcoxon signed rank test, N.S., P > 0.05. i, Mean £ SEM place field shift from all place cells and
all mice lap-by-lap in N on day 2 in CA1 (green; n = 530 cells from 3 mice) and CA3 (orange; n =
212 cells from 6 mice). For each place cell the COM of place field transients on each lap was
compared to the COM of place field transients on lap 12. Regression lines are depicted on top

of data. ***, P < 0.001.
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