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Abstract 15 

Sequenced reactivations of hippocampal neurons called replays, concomitant 16 
with sharp-wave ripples in the local field potential, are critical for the consolidation of 17 
episodic memory, but whether replays depend on the brain’s reward or novelty signals 18 
is unknown. Here we combined chemogenetic silencing of dopamine neurons in ventral 19 
tegmental area (VTA) and simultaneous electrophysiological recordings in dorsal 20 
hippocampal CA1, in freely behaving male rats experiencing changes to reward 21 
magnitude and environmental novelty. Surprisingly, VTA silencing did not prevent ripple 22 
increases where reward was increased, but caused dramatic, aberrant ripple increases 23 
where reward was unchanged. These increases were associated with increased 24 
reverse-ordered replays. On familiar tracks this effect disappeared, and ripples tracked 25 
reward prediction error, indicating that non-VTA reward signals were sufficient to direct 26 
replay. Our results reveal a novel dependence of hippocampal replay on dopamine, and 27 
a role for a VTA-independent reward prediction error signal that is reliable only in 28 
familiar environments. 29 
 30 
Introduction 31 

Spatial information is encoded in the firing of hippocampal place cells, which are 32 
thought to provide a cognitive map to support memory and navigation (O’Keefe and 33 
Dostrovsky, 1971; O’Keefe and Nadel, 1978). During pauses in locomotion, place cells 34 
participate in structured population bursts of activity, representing temporally-35 
compressed trajectories through experienced locations, a phenomenon termed replay 36 
(Diba and Buzsáki, 2007; Foster and Wilson, 2006). Replay sequences can occur in the 37 
same order as experience, called forward replay, or in the reverse order of experience, 38 
called reverse replay (Diba and Buzsáki, 2007; Foster and Wilson, 2006). Replay 39 
appears after just one experience in a novel environment (Berners-Lee et al., 2022), and 40 
is preferentially generated towards goals in goal-directed tasks (Pfeiffer and Foster, 41 
2013; Widloski and Foster, 2022). Experimentally interrupting or lengthening replay-42 
associated sharp wave ripples (SWR) in the local field potential (LFP) disrupts and 43 
enhances learning of a spatial memory task, respectively (Fernández-Ruiz et al., 2019; 44 
Jadhav et al., 2012). Replay is thus thought to support memory consolidation and online 45 
planning (Buzsáki, 2015; Foster, 2017). 46 
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Intriguingly, reward drives increased rates of SWR (Singer and Frank, 2009), and 47 
only reverse replay, not forward, is increased at highly rewarding locations (Ambrose et 48 
al., 2016). Theoretical work suggests replay functions to update spatial representations 49 
of value to influence behavior and optimize reward receipt (Mattar and Daw, 2018). 50 
These findings hint that replay may be strongly modulated by reward-processing areas 51 
in the brain, such as the midbrain dopamine system (Fields et al., 2007). Dopamine 52 
neuron activity in the ventral tegmental area (VTA) is consistent with coding of reward 53 
prediction error (RPE), with increased activity at unexpected rewards and decreased 54 
activity with omission of expected rewards (Schultz et al., 1997). Subsequent work 55 
investigated dopamine release in spatial tasks, finding it ramps towards large rewards 56 
(Guru et al., 2020; Howe et al., 2013) in a manner consistent with encoding of RPE for a 57 
value function over space (Kim et al., 2020).  58 

Besides the well-established role of midbrain dopamine neurons in reward 59 
processing, dopamine release in hippocampus has been implicated in stabilizing place 60 
fields (Kentros et al., 2004), gating the increase in plasticity in dorsal CA1 synapses by 61 
novel experiences (Li et al., 2003), and improving memory retention via increasing 62 
replay (McNamara et al., 2014). Furthermore, VTA activity is increased in novel 63 
environments (Guru et al., 2020; McNamara et al., 2014; Takeuchi et al., 2016), 64 
suggesting the hippocampus and VTA may coordinate to signal spatial novelty and 65 
induce learning in new environments (Lisman and Grace, 2005). However, recent work 66 
implicates locus coeruleus (LC) as the dominant source of dopaminergic input to dorsal 67 
CA1 and show its necessity and sufficiency for novelty-mediated episodic memory 68 
consolidation (Guru et al., 2020; McNamara et al., 2014; Takeuchi et al., 2016), leaving 69 
the role of VTA unclear. 70 

We therefore tested whether VTA dopamine neurons are required for reward-71 
related modulation of SWR and replay. We expressed an inhibitory DREADD 72 
(Armbruster et al., 2007) in VTA dopamine neurons and implanted a tetrode microdrive 73 
above hippocampus. We could then inhibit VTA dopamine signaling and simultaneously 74 
record neural activity in the dorsal CA1 region of hippocampus while rats collected 75 
rewards in familiar and novel environments. If VTA dopamine signaling is required for 76 
coordinating replay to valuable locations, we expected to see deficits in the capacity for 77 
reward to recruit SWR and replay. Additionally, if VTA dopamine is critical for inducing 78 
plasticity in CA1 in novel environments, novelty may significantly increase the effect of 79 
VTA inactivation on hippocampal replay.  80 
 81 
Results 82 
VTA inactivation in a simple spatial task with reward changes 83 

We combined tetrode recordings in dorsal CA1 (dCA1) and chemogenetic 84 
silencing of VTA dopamine neurons to determine whether reward-related changes in 85 
hippocampal ripples and replay required VTA dopamine signaling. Transgenic rats 86 
expressing cre-recombinase under the tyrosine hydroxylase (TH) promoter were 87 
stereotactically injected with cre-dependent virus containing the inhibitory DREADD 88 
hM4Di (Experimental, n=4) or mCherry-only control (Control, n=3) into bilateral VTA 89 
(Figure 1A). We observed widespread expression across the extent of VTA and co-90 
localization with TH (Figure 1B, Figure 1 – supplement 1), enabling specific and 91 
reversible inactivation of VTA dopamine signaling. Post-experiment histology confirmed 92 
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overlapping virus expression and TH-positive neurons in putative VTA near the injection 93 
site (-5.6 mm AP from bregma), as well as approximately 0.5 mm anterior and posterior 94 
(-5 to -6 mm AP). Recording microdrives containing 6-32 independently adjustable  95 
 96 

 97 
Figure 1. Experimental design and linear track behavior.  98 
(A) TH-cre rats underwent stereotactic surgery to inject virus bilaterally into VTA and implant a tetrode 99 
microdrive above dorsal CA1. (B) Co-expression of mCherry (red) and TH (green) in VTA from three 100 
example animals. Left panel, mCherry-only virus, scale bar 600 µm; middle panel, hM4Di-mCherry, scale 101 
bar 150 µm; right panel, hM4Di-mCherry, scale bar 75 µm. (C) Intraperitoneal injection of saline or CNO 102 
(1-4 mg/kg) preceded recording sessions by at least 10 minutes. Rats were placed at one end of a linear 103 
track and collected liquid chocolate reward from wells at each end. Each epoch lasted 10-20 laps and 104 
reward changes were unsignaled to the animal. For each session, the Incr. end was defined as the 105 
reward end with 4X reward in Epoch 2, and the Unch. end was defined as the reward end with 1X reward 106 
in Epoch 2. (D) During stopping periods at reward ends, LFP was bandpass filtered in the ripple band 107 
(150-250 hz) and SWR events were detected. (E) Three example ripple-filtered LFP traces from one lap 108 
(two stopping periods) are shown. (F) Cumulative distribution of reward end stopping periods at the Unch. 109 
reward end in Epoch 1 and 2 for experimental rats (left panel) and control rats (right panel). See also 110 
Figure 1 – Supplement 2. (G) The duration of Unch. reward end stopping periods decreased from Epoch 111 
1 to Epoch 2. The mean stopping durations in each condition were calculated per session, then analyses 112 
performed across sessions. Mean ± standard error, Exp Saline, Epoch 1: 6.67±0.61, Epoch 2: 5.13±0.53; 113 
Exp CNO, Epoch 1: 7.766±0.61, Epoch 2: 6.04±0.42. Con Saline, Epoch 1: 6.96±0.4, Epoch 2: 114 
4.77±0.27; Con CNO, Epoch 1: 6.59±0.29, Epoch 2: 4.43±0.15. Mixed-effects GLM with epoch, drug, 115 
animal group, and all interactions, with individual animal as a random effect: epoch, z=-3.37, p<0.001; all 116 
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other terms, n.s. (H) Cumulative distribution of reward end stopping periods at the Incr. reward end in 117 
Epoch 1 and 2 for experimental rats (left panel) and control rats (right panel). (I) The duration of Incr. 118 
reward end stopping periods increased from Epoch 1 to Epoch 2. The mean stopping durations in each 119 
condition were calculated per session, then analyses performed across sessions. Mean ± standard error, 120 
Exp Saline, Epoch 1: 6.64±0.54, Epoch 2: 10.87±0.8; Exp CNO, Epoch 1: 7.28±0.66, Epoch 2: 121 
12.31±0.82. Con Saline, Epoch 1: 7.44±0.78, Epoch 2: 11.29±0.5; Con CNO, Epoch 1: 6.47±0.35, Epoch 122 
2: 10.34±0.27. Mixed-effects GLM with epoch, drug, animal group, and all interactions, with individual 123 
animal as a random effect: epoch, z=4.62, p<10-5; all other terms, n.s. *, p<0.05; **, p<0.01. 124 
 125 
 126 
tetrodes (bilateral 32 tetrode, n=4; unilateral 20 tetrode, n=2; unilateral 6 tetrode, n=1) 127 
were implanted above dCA1 (Fig. 1A). Tetrodes were lowered to the pyramidal cell 128 
layer of dCA1, using the presence of sharp-wave ripples with upward deflections in the 129 
LFP, recording depth characteristic of dCA1, and spatially-restricted firing of place cells 130 
to confirm the recording location. 131 

Before each experimental session, rats were given intraperitoneal injection of 132 
CNO, to activate hM4Di receptors and suppress VTA dopamine neuron activity, or 133 
saline, then performed a simple task on linear tracks (1.5 to 2.5 m in length), collecting 134 
liquid chocolate rewards from each end (Fig. 1C). Each session began with equal 0.1 ml 135 
reward volume at each end (Epoch 1) for 10-20 laps (1 lap was comprised of reward 136 
collection at both ends; mean, 16 laps). This was followed by unsignaled quadrupling of 137 
reward at one end to 0.4 ml (Incr. end), while reward at the other end remained 138 
unchanged (Unch. end), for 10-20 laps (Epoch2; mean, 16.7 laps). Finally, reward was 139 
equalized again to 0.1 ml at both ends (Epoch 3) for up to 20 laps (mean, 11.6 laps).  140 

Each animal performed this task on familiar linear tracks (>2 sessions on track; 141 
total session count for each condition: Experimental rats: 36 saline, 34 CNO; Control 142 
rats: 23 saline, 25 CNO) and novel linear tracks (1st or 2nd session on track; 143 
Experimental rats: 9 saline, 10 CNO; Control rats: 12 saline, 12 CNO). During stopping 144 
periods at either end of the track (velocity ≤ 8 cm/s, position ≤ 10 cm from end), SWR 145 
were identified as peaks in the ripple band (150-250 hz) in LFP (Fig. 1D-E; see 146 
Methods).  147 

Gross behavior was largely unaffected by VTA suppression (e.g., all reward 148 
consumed on each lap), but CNO in experimental animals systematically affected 149 
stopping period duration. Visits to the Unch. end in Epoch 2 were significantly shorter 150 
than in Epoch 1, despite unchanged reward volume there, and this reduction was 151 
present in both saline and CNO sessions (Fig. 1F-G). CNO did not affect control 152 
animals (Fig. 1F-G). Visits to the Incr. end were significantly longer in Epoch 2 than in 153 
Epoch 1 in all conditions, owing to the increased reward consumption time (Fig. 1H-I). 154 
Changes in stopping period duration in Epoch 3 were similar across all conditions: 155 
Unch. visit duration increased from Epoch 2 to Epoch 3 (Fig. 1 – Supplement 2E), while 156 
Incr. visit duration decreased (Fig. 1 – Supplement 2F). Separate analysis of novel and 157 
familiar sessions revealed the pattern of shorter duration Unch. visits in Epoch 2 158 
compared to Epoch 1 did not depend on novelty (Fig. 1 – Supplement 2A-D). However, 159 
the main effect of CNO in experimental rats of prolonging stopping periods occurred in 160 
novel sessions (Fig. 1 – Supplement 2A-B), not in familiar sessions (Fig. 1 – 161 
Supplement 2C-D). Rats consistently ran slightly faster towards the Incr. end than the 162 
Unch. end in Epoch 2, across all conditions (Fig. 1 – Supplement 3).  163 
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We interpret the reduction in visit duration as a behavioral signature of the Unch. 164 
end becoming relatively less valuable during Epoch 2, when the reward volume is larger 165 
at the Incr. end. Though visit durations were slightly longer in CNO sessions in 166 
experimental rats, particularly in novel track sessions, this behavioral effect of a relative 167 
value decrease remained, indicating VTA inactivation did not prevent rats from 168 
recognizing a devalued location.  169 
 170 
Reward-related modulation of SWR rate is mediated by novelty and VTA 171 
 We analyzed the rate of SWR occurrence (number of SWR / total duration rat 172 
was stationary) during the first 10 s of each stopping period, when rats were consuming 173 
reward. In individual sessions, SWR rate increased robustly in all conditions shortly after 174 
stopping at the reward wells and beginning reward consumption (Fig. 2A). Relative to 175 
Epoch 1, SWR rate during Epoch 2 tended to increase dramatically at Incr. end visits 176 
and decrease at Unch. end visits. During Epoch 3, SWR rate at the Incr. end dropped 177 
precipitously relative to Epoch 2, while often increasing at the Unch. end (Fig. S4A).  178 

Surprisingly, during novel sessions, VTA inactivation often led to increased SWR 179 
rate at both reward ends (Fig. 2A, right). SWR rate still increased in Epoch 2 at the Incr. 180 
end even without normal VTA signaling, indicating reward sensitivity per se was not 181 
abolished, but suggesting the localization of this increased SWR rate to where reward 182 
increased was disrupted.  183 

Pooling across sessions revealed this dramatic increase in SWR rate at the 184 
Unch. end was typical with CNO in novel sessions, and further suggested there was a 185 
reduction in the difference in SWR rate between the Incr. and Unch. ends in Epoch 2 in 186 
both familiar and novel experiences (Fig. 2B). We therefore used a Poisson generalized 187 
linear model (GLM) to quantify the changes in SWR rate across reward end, epoch, 188 
drug condition, and novelty (see Methods). In experimental rats, CNO and reward both 189 
influenced SWR rate, with significant effects for the CNO main effect (z=3.19, p<0.01), 190 
the interaction between Incr. end and Epoch 2 (z=9.02, p<10-10) and the three-way 191 
interaction between Incr. end, Epoch 2, and CNO (z=-2.06, p<0.05). Control animals 192 
showed no apparent effect of CNO (Fig. 2C). The same Poisson GLM fit to control rat 193 
data confirmed this, with significant coefficients only for Incr. end (z=-2.42, p<0.05) and 194 
the interaction between Incr. end and Epoch 2 (z=7.64, p<10-10). SWR duration was 195 
reduced in novel sessions, consistent with replays becoming longer with increased 196 
familiarity  (Berners-Lee et al., 2021), as well as in Epoch 2, but was otherwise 197 
unaffected by reward or drug (Fig. 2 – Supplement 4). 198 

To assess the interaction between VTA inactivation and novelty, we fit the 199 
Poisson GLM separately to novel and familiar sessions, then used bootstrapping to 200 
generate distributions of SWR rates for each reward end and condition under the null 201 
hypothesis that CNO had no effect (see Methods). We found the actual difference in 202 
SWR rates between saline and CNO sessions in experimental animals during Epoch 2 203 
was significantly greater than chance (Fig. 2 – Supplement 1A) in novel sessions for 204 
both the Unch. end (one-tailed test, CNO>saline, p<0.001) and the Incr. end (one-tailed 205 
test, saline>CNO, p<0.01), as well as at the Unch. end in familiar sessions (one-tailed 206 
test, CNO>saline, p<0.01). There was no significant difference between saline and CNO 207 
in control animals at either reward end in either familiar or novel sessions (Fig. 2 – 208 
Supplement 1B; one-tailed tests, all n.s.).  209 
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A potential functional role for the reward-related changes in SWR rate is to 210 
strengthen downstream representations of particularly rewarding locations at the 211 
expense of less rewarding locations. We tested whether VTA suppression blunted the 212 
SWR rate difference between reward ends in Epoch 2. Across both familiar and novel  213 
 214 

 215 
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Figure 2. Modulation of SWR rate by reward, novelty, and VTA inactivation.  216 
(A) SWR rate as a function of time in stopping period in Epoch 1 and 2 for four example sessions in 217 
experimental rats; from left to right, saline on familiar track, saline on novel track, CNO on familiar track, 218 
and CNO on novel track. In each panel, visits to the Incr. end are on the left and visits to the Unch. end 219 
are on the right. Relative to Epoch 1 (black lines), in Epoch 2 (red lines) SWR rate increased at Incr. end 220 
and decreased at Unch. end in all conditions except for CNO on a novel track (far right), where SWR rate 221 
increased at both ends in Epoch 2. SWR rate was binned in 0.25 s windows and smoothed with a two-bin 222 
Gaussian. Line, mean; shading, standard error. (B) SWR rate in experimental rats as a function of epoch, 223 
drug (saline in solid lines, CNO in dashed lines), reward end (Unch. in black, Incr. in green), and novelty 224 
(familiar in left panel, novel in right panel). A mixed-effects Poisson generalized linear model (GLM) was 225 
fit to predict changes in SWR rate across reward end, epoch, drug condition, and novelty, with animal 226 
identity as a random effect. Significant coefficients: CNO (z=3.19, p<0.01), the two-way interaction Incr. 227 
end × Epoch 2 (z=9.02, p<10-10), and the three-way interaction between Incr. end × Epoch 2 × CNO (z=-228 
2.06, p<0.05). *, p<0.05; **, p<0.01. (C) SWR rate in control rats as a function of epoch, drug (saline in 229 
solid lines, CNO in dashed lines), reward end (Unch. in black, Incr. in green), and novelty (familiar in left 230 
panel, novel in right panel). The same Poisson GLM fit to control rat data had significant coefficients: Incr. 231 
end (z=-2.42, p<0.05) and the two-way interaction Incr. end × Epoch 2 (z=7.64, p<10-10). (D) Difference 232 
between SWR rate at Incr. and Unch. ends in Epoch 2 in Experimental rats. Full stopping period, left 233 
panel. Trimmed stopping period, with first 1 s and last 1 s of visit excluded to eliminate all slow 234 
approaching/leaving movement, right panel. Saline, gray bars; CNO, white bars. Mean and standard 235 
error. A mixed-effects model with drug, novelty, and their interaction, and animal-specific intercepts (“full 236 
model”) was compared to reduced model lacking the drug terms (“reduced model”). Full stopping periods: 237 
full model, intercept, z=6.05, p<10-5; other terms, n.s. AICreduced–AICfull=5.22. Trimmed stopping periods: 238 
full model, intercept, z=3.5, p<0.001; other terms, n.s. AICreduced–AICfull=4.55. (E) Difference between 239 
SWR rate at Incr. and Unch. ends in Epoch 2 in Control rats, as in (D). Full stopping periods: full model, 240 
intercept, z=3.95, p<10-5; other terms, n.s. AICreduced–AICfull=-3.54. Trimmed stopping periods: full model, 241 
novelty, z=2.31, p<0.05; other terms, n.s. AICreduced–AICfull=-3.1. (F) In experimental rats, the difference in 242 
SWR rates at each reward end (Incr. – Unch.) in Epoch 2, after subtracting the mean rates in Epoch 1, 243 
averaged over a 5-lap sliding window within Epoch 2. Blue lines, novel sessions. Gray lines, familiar 244 
sessions. Blue and gray asterisks denote the centers of sliding windows in which the difference in SWR 245 
rate was significantly greater than 0 in novel and familiar sessions, respectively (one-sample t-test, 246 
p<0.05, uncorrected for multiple comparisons). Shading denotes 95% confidence interval. See also 247 
Figure S4. (G) As in (F), but for control animals. 248 
 249 
 250 
environments, CNO reduced the difference in SWR rate between the Incr. end and 251 
Unch. end in experimental rats but not in control rats (Fig. 2D-E, left panels; 252 
experimental group, full mixed-effects model with drug terms strongly outperformed 253 
reduced model lacking drug terms, AICreduced–AICfull=5.22; control group, reduced model 254 
lacking drug terms strongly outperformed the full model, AICreduced–AICfull=-3.54). We 255 
saw little difference in this measure when comparing sessions that occurred first in each 256 
day to those that occurred later (Fig. 2 – Supplement 3), and little behavioral evidence 257 
from running velocity or number of laps completed that motivation systematically varied 258 
across session number. To control for the possibility that VTA inactivation caused 259 
changes in locomotor or other non-consummatory behavior at reward wells that might 260 
affect SWR emission, we omitted the first and last 1 s of each stopping period to isolate 261 
the reward consumption period. The effect of CNO remained in experimental rats, 262 
reducing SWR rate discrimination between Incr. and Unch. ends (Fig. 2D-E, right 263 
panels; experimental group, full mixed-effects model with drug terms strongly 264 
outperformed reduced model lacking drug terms, AICreduced–AICfull=4.55; control group, 265 
reduced model lacking drug terms strongly outperformed the full model, AICreduced–266 
AICfull=-3.1).  267 
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We next looked for within-epoch changes in SWR rate to determine whether VTA 268 
inactivation altered the dynamics of the response to reward changes. We calculated the 269 
difference in SWR rate at the Incr. and Unch. reward ends (each with its Epoch 1 mean 270 
subtracted) in a 5-lap sliding window. In all time windows and conditions except novel 271 
CNO sessions in experimental rats, the SWR rate at the Incr. end was significantly 272 
greater than at the Unch. end (Fig. 2F-G; Incr. – Unch. significantly greater than 0, one-273 
sample t-test, p<0.05, uncorrected for multiple comparisons).  274 

In novel sessions, VTA inactivation did not prevent an initially larger increase in 275 
SWR rate at the Incr. end than the Unch. end, but caused that difference to diminish 276 
over laps (Fig. 2F). By the middle of the epoch, there was no statistically-significant 277 
difference in reward modulation between the reward ends (one-sample t-test, p>0.05, 278 
for 5-lap windows centered on laps 8-13 and 15), consistent with an initial appropriately-279 
localized reaction to reward change that eventually spread across the track. We found a 280 
similar deficit in Epoch 3, with SWR rate decreasing significantly more compared to 281 
Epoch 2 at the Incr. end than the Unch. end (Incr. – Unch. significantly below 0, one-282 
sample t-test, p<0.05, uncorrected for multiple comparisons) for almost every task 283 
condition and timepoint except in novel CNO sessions in experimental rats (Fig. 2 – 284 
Supplement 2B-C). This suggests VTA inactivation may disrupt the normal magnitude 285 
or time course of the SWR response to negative value changes as well.  286 

Overall, VTA inactivation spared the capacity for increased reward to modulate 287 
SWR rate but led to decreased differentiation of low and high value locations, 288 
particularly in novel environments where SWR rate increased spatially-indiscriminately.  289 
 290 
SWR rate is correlated with RPE even with VTA inactivation 291 

Taken together, the above results demonstrate VTA inactivation caused changes 292 
in the normal dynamics of the response of SWR rate to positive and negative changes 293 
in reward value (Fig. 2). However, because each session had only two timepoints when 294 
reward value changed by fixed amounts, our experiment was not optimized to probe the 295 
precise relationship between SWR rate and reward changes. Additionally, the effect of 296 
VTA inactivation was particularly prominent with novelty, when both SWR rate and its 297 
modulation by reward changes were greater, raising the possibility that large SWR rates 298 
and fluctuations, rather than novelty per se, depend on VTA dopamine signaling.  299 

To address these questions, we designed a volatile reward schedule (Experiment 300 
2) with frequent, large reward changes at one end of the linear track, and tested 301 
whether VTA inactivation impacted the capacity for SWR rate to track value (Fig. 3A, 302 
top). The “stable end” delivered 0.2 ml every lap, while the “volatile end” reward volume 303 
was drawn pseudorandomly from 0, 0.1, 0.2, 0.4, and 0.8 ml (mean 0.37 ml; blocks of 304 
20 laps were comprised of 3 laps x 0 ml, 4 laps x 0.1 ml, 3 laps x 0.2 ml, 4 laps x 0.4 ml, 305 
and 6 laps x 0.8 ml). The position of the stable and volatile ends randomly varied across 306 
sessions.  307 
 This reward schedule also allowed us to test whether SWR rate was correlated 308 
with value, RPE, or neither. We expected SWR rate at the volatile end would be 309 
predominantly determined by the current reward volume there, but potentially also 310 
modulated by previous reward volumes (Fig. 3A, bottom). If SWR rate is correlated with 311 
value, then for a given current volume, larger reward volumes at the last visit will lead to 312 
higher SWR rates compared to when the last visit was a smaller reward volume. 313 
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Conversely, if SWR rate is correlated with RPE, the opposite modulation by last reward 314 
volume will be observed: the larger the previous reward volume, the lower the current 315 
SWR rate. 316 
 A subset of rats performed sessions of the modified reward schedule (mean 53.4 317 
laps per session; Total sessions per condition: Experimental rats 2 and 4: 6 saline, 7 318 
CNO; Control rats 1-3: 16 saline, 18 CNO). Each rat completed 1-2 saline sessions 319 
before any CNO sessions and all sessions were on the same linear track, meaning 320 
almost all CNO sessions took place on a familiar track. As expected, SWR rate at the 321 
volatile end was predominantly determined by the current volume (Fig. 3B-C). There 322 
was little obvious difference between saline and CNO in either experimental (Fig. 3B) or 323 
control rats (Fig. 3C). SWR rate at the stable end was largely stable across laps, 324 
although there was a trend towards higher SWR rate if the most recent volatile end visit 325 
was lower volume, consistent with lap-by-lap changes in the relative value of the stable 326 
end (Fig. 3 – Supplement 1).  327 
 We next investigated how SWR rate at the volatile end varied as a function of 328 
both current and immediately previous volatile end volume in experimental rats (Fig. 3D-329 
E, top panels). For each current volume, we subtracted the mean SWR rate across all 330 
previous volumes, and examined how previous volume affected the mean-subtracted 331 
SWR rates across all current volumes (Fig. 3D-E, middle panels).  332 

The mean-subtracted SWR rate was modestly negatively correlated with the 333 
previous volume (Pearson correlation: saline, r=-0.076, p=0.177; CNO, r=-0.109, 334 
p<0.05). A GLM found the mean-subtracted SWR rate was significantly affected by 335 
previous volume (z=-2.3, p<0.05), but not drug (z=-0.24, p=0.81) or current volume 336 
(z=0.196, p=0.844). There was no similar behavioral effect: for each current volume, we 337 
subtracted the mean reward end visit duration, and found no correlation between the 338 
previous reward volume and mean-subtracted visit duration (Pearson correlation; saline, 339 
r=0.011, p=0.844; CNO, r=-0.075, p=0.175).  340 

We next separated visits to the volatile end using a median split based on the 341 
recent volumes (mean of previous 3 visits). SWR rates were higher for a given current 342 
reward volume when the recent reward history was low (Fig. 3D-E, bottom panels). A 343 
Poisson GLM predicting SWR rate as a function of current volume, drug condition, and 344 
whether reward history was low or high (relative to the median for the session) revealed 345 
significant effects of current volume (z=13.86, p<10-10), as expected, and reward history 346 
split (z=-2.23, p<0.05), but not drug condition (z=-1.05, p=0.29).  347 

Finally, we separated combinations of current and previous volume into those 348 
with negative RPE (current < previous) and positive RPE (current > previous) and found 349 
mean-subtracted SWR rate was significantly affected by RPE sign (Fig. 3F; two-way 350 
ANOVA with drug and RPE sign, RPE sign: F[1,518]=6.42, p<0.05), but not drug 351 
(F[1,518]=0.3, p=0.582; drug X RPE sign, F[1,518]=0.07, p=0.785).  352 

Given the lack of an effect of drug in experimental rats, we pooled all sessions 353 
(both animal groups, both drug conditions) in Experiment 2 to maximize experimental 354 
power and found similar results as in just experimental rats (Fig. 3 – Supplement 2). On 355 
top of a large increase in SWR rate with current volume at the volatile end (Fig. 3 – 356 
Supplement 2A-B), SWR rate was also significantly negatively correlated with the 357 
previous volatile volume, both at the volatile end (Fig. 3 – Supplement 2C) and at the 358 
stable end (Fig. 3 – Supplement 2E). Accordingly, SWR rates were significantly lower  359 
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 360 
Figure 3. Frequent reward changes modulated SWR rate.  361 
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(A) Recording sessions in the volatile reward task were preceded by intraperitoneal injection of saline or 362 
CNO by at least 10 minutes. Rats were placed on the stable end to begin each session, which delivered 363 
0.2 ml reward at each visit, while the volatile end delivered 0, 0.1, 0.2, 0.4, or 0.8 ml, pseudorandomly 364 
chosen on each lap. Bottom panel, schematic of how value and RPE would modulate SWR. Given a 365 
particular current volume, value coding predicts a positive correlation between SWR rate and previous 366 
volume, while RPE coding predicts a negative correlation. (B) SWR rate as a function of reward volume 367 
and time in end visit in example rat, experimental rat 4. Left panel, saline. Right panel, CNO. In stable 368 
panel, traces are colored based on previous volatile end visit volume. In volatile panel, traces are colored 369 
based on current volatile volume. See also Figure 3 – Supplement 1 and 2. (C) SWR rate as a function of 370 
reward volume and time in end visit in example control rat 3, as in (B). (D) Top panel, SWR rate at volatile 371 
end as a function of current and previous volatile volume, for saline sessions in experimental rats. Middle 372 
panel, SWR rate for each non-zero volatile volume plotted as a function of previous volume, with the 373 
mean SWR rate for that current volume subtracted. Unfilled symbols, mean of previous volume across all 374 
current volumes. Thick dashed line, linear fit to mean values. Pearson correlation between (ripple rate – 375 
mean) and previous volume, r=-0.076, p=0.177. Error bars, standard error. Bottom panel, SWR rate as a 376 
function of reward volume, separated by recent reward history (median split on average of last 3 visits). 377 
Black, recent history below median; red, recent history above median. (E) Same as (D), for CNO sessions 378 
in experimental rats. Middle panel, Pearson correlation between (ripple rate – mean) and previous 379 
volume, r=-0.109, p<0.05. GLM fitting SWR rate as a function of drug, current volume, and previous 380 
volume: previous volume, z=-2.31, p<0.05; drug and current volume, both p>0.8. Bottom panel, Poisson 381 
GLM fitting ripple rate as a function of volume, drug condition, and reward history (above/below median), 382 
with animal-specific intercept as random effect: volume, z=13.86, p<10-10; history, z=-2.23, p<0.05; drug, 383 
z=-1.05, p=0.29. (F) The RPE of volatile end visits were calculated by subtracting the previous volatile 384 
volume from the current volume. Two-way ANOVA with drug and RPE sign (+/-): drug (F[1,518]=0.3, 385 
p=0.582), RPE sign (F[1,518]=6.42, p<0.05), drug X RPE sign (F[1,518]=0.07, p=0.785). 386 
 387 
 388 
for negative RPE than for positive/non-negative RPE (Fig. 3 – Supplement 2D-F). 389 
Finally, recent reward history at the volatile end significantly affected SWR rate (Fig. 3 – 390 
Supplement 2G), with higher SWR rate when recent rewards were lower. 391 

Taken together, SWR rate was modulated by reward volume changes consistent 392 
with RPE-like coding. This modulation did not require normal VTA dopamine signaling, 393 
at least in familiar environments. The lack of effect of VTA inactivation, even with 394 
frequent, large swings in value and SWR rate, corroborates the results from Experiment 395 
1 that novel experiences are particularly susceptible to disruption, indicating VTA 396 
dopamine release is critical when learning new reward locations. 397 
 398 
Rate of reverse replay is increased with reward in novel environments only with 399 
intact VTA signaling 400 
 Previous work discovered the incidence rate of reverse replay, but not forward 401 
replay, was increased at locations with increased reward (Ambrose et al., 2016). We 402 
therefore analyzed single unit data collected in Experiment 1 (excluding experimental 403 
rat 2, who had a 6-tetrode recording drive) to determine whether this modulation of 404 
replay required VTA dopamine signaling. As previously observed (e.g., Ambrose et al., 405 
2016), place cells in dCA1 had directional fields, such that the location a neuron was 406 
active while the rat moved in one direction on the track (e.g., “upward”) was often 407 
distinct from its activity when the rat moved in the other direction (e.g., “downward”). 408 
This directionality was apparent in both familiar and novel sessions, including in 409 
experimental rats with either saline or CNO (Fig. 4A). We found no effect of CNO on 410 
within-session field reliability, but significantly less reliability in novel compared to 411 
familiar sessions (Fig. 4 – Supplement 1A). Field similarity across running directions 412 
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was slightly but significantly increased by both CNO and novelty (Fig. 4 – Supplement 413 
1B).  414 

Two place fields were defined for each neuron, one for each running direction, 415 
permitting Bayesian decoding methods to estimate both position and direction from 416 
neural activity (Fig. 4B-C). Sessions with accurate position and direction decoding 417 
during run, primarily due to sufficiently high cell yield (cell count, mean±sem; included 418 
sessions: 26.1±1.1, excluded sessions: 9.5±1.6; two-sample t-test, t(133)=5.3, p<10-5) 419 
and also marginally smaller average place field size (mean place field size, defined as 420 
number of spatial bins with >1 hz firing rate, mean±sem: included sessions: 47.7±1.3, 421 
excluded sessions: 57.7±5.8; two-sample t-test, t(133)=-2.33, p<0.05), were included for 422 
replay analysis (Fig. 4 – Supplement 2; total sessions included: Experimental rats: novel 423 
saline, n=8; novel CNO, n=8; familiar saline, n=18; familiar CNO, n=23; Control rats: 424 
novel saline, n=12; novel CNO, n=11; familiar saline, n=16; familiar CNO, n=17). 425 

Candidate replay events were periods of high population spiking activity while the 426 
rat was not running (z-scored spike count>3, minimum duration of 50 ms, rat velocity≤8 427 
cm/s). We used a memory-less Bayesian decoder, with 40 ms decoding windows 428 
advancing by 5 ms steps, to estimate position and direction from neural activity. 429 
Replays were defined as candidate events with spatial trajectories meeting a threshold 430 
for motion and minimum total posterior in one running direction map (Ambrose et al., 431 
2016) (see Methods), with the running direction with greater posterior probability used to 432 
classify replay directionality, described below.  433 
Forward replays were spatial trajectories moving across the track in the same direction 434 
as the rat when fields were calculated, e.g., moving “downward” with posterior 435 
probability in the “downward” place field map (Fig. 4B, left panel). Reverse replays were 436 
trajectories that moved in the opposite direction as the rat, e.g., moving “upward” with 437 
posterior probability in the “downward” place field map or vice versa (Fig. 4B, middle 438 
and right panels). We found forward and reverse replays occurred in all conditions, 439 
including in novel sessions with saline (Fig. 4B) or CNO (Fig. 4C). We therefore asked 440 
how novelty and drug condition influenced the effect of reward change on rates of 441 
reverse and forward replay. 442 

Consistent with previous work (Ambrose et al., 2016), the rate of reverse replay 443 
was strongly modulated by the reward volumes on the track. Excluding novel CNO 444 
sessions for the moment, in all other conditions in experimental rats, when reward was 445 
larger at the Incr. end than the Unch. end (unequal reward), reverse replay was 446 
significantly increased at the Incr. end relative to when rewards were equal (novel 447 
saline: equal reward, 0.0019±0.0009 replay/s; unequal reward, 0.0121±0.004 replay/s; 448 
two-sample t-test, t(420)=3.235, p=0.0013; familiar saline: equal reward, 0.0033±0.0012 449 
replay/s; unequal reward, 0.0128±0.0025 replay/s; two-sample t-test, t(907)=3.822, 450 
p=0.0001; familiar CNO: equal reward, 0.0033±0.001 replay/s; unequal reward, 451 
0.0139±0.0022 replay/s; two-sample t-test, t(1153)=5.234, p<10-6). The rate of reverse 452 
replay was not significantly increased at the Unch. end with unequal rewards in any of 453 
these conditions (all p>0.05). This led to a bias for reverse replay to preferentially occur 454 
at the Incr. end when rewards were unequal (Fig. 4D-E). In control rats, reward changes 455 
caused similar changes to the balance of reverse replay (Fig. 4H-I), with a significantly 456 
larger swing in reverse replay bias in novel sessions (mixed-effects model with drug, 457 
novelty, and replay directionality: novelty X directionality, z=2.18, p<0.05; all other 458 
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terms, n.s.). The lack of effect of reward in familiar sessions in control rats (Figure 4I) 459 
was likely due to a dearth of replay in these sessions, with mean reverse replay rates at  460 

 461 
Figure 4. Replay recruitment by reward change in novel sessions requires VTA 462 
signaling.  463 
(A) Place cells exhibit directional place fields on the linear track. Fields calculated from movement in a 464 
particular direction (“right” fields and “left” fields), ordered based on field center location in either running 465 
direction (“right” order and “left” order). Color denotes z-scored firing rate, from high (yellow) to low (blue). 466 
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Example saline session and CNO session from experimental rat 3. See also Figure 4 – Supplement 1 and 467 
2. (B) Three example replays from Epoch 2 of a novel saline session from experimental rat 3. Red, 468 
posterior in upwards map; blue, posterior in downwards map. Title indicates reward end (Incr., Unch.) and 469 
replay direction (Reverse, Forward). The horizontal black line indicates rat position. (C) Three example 470 
replays from Epoch 2 of a novel CNO session from experimental rat 3, as in (B). (D) The difference in rate 471 
of reverse replay at each end (Incr. – Unch.) in novel sessions in experimental rats. Error bars, standard 472 
error of the mean. Reward condition is indicated by color (equal reward, epoch 1 and 3, gray; unequal 473 
reward, epoch 2, orange), and drug condition is indicated on the x-axis. The difference in replay rate 474 
between equal and unequal reward conditions was assessed with a mixed-effects linear model with drug, 475 
novelty, and replay directionality, and animal-specific intercepts as random effect: drug X novelty X 476 
directionality, z=-2.27, p<0.05; novelty, z=-2.01, p<0.05; novelty X directionality, z=2.15, p<0.05; all other 477 
terms, n.s. (E) Same as (D), but for familiar sessions. (F) Same as (D), but for forward replay. (G) Same 478 
as (F), but for familiar sessions. (H) Same as (D), but for control rats. The difference in replay rate 479 
between equal and unequal reward conditions was assessed with a mixed-effects linear model with drug, 480 
novelty, and replay directionality, and animal-specific intercepts as random effect: novelty X directionality, 481 
z=2.18, p<0.05; all other terms, n.s. (I) Same as (H), but for familiar sessions. (J) Same as (H), but for 482 
forward replay. (K) Same as (J), but for familiar sessions. 483 
 484 
 485 
both reward ends under 0.008 replays/s during Epoch 2, compared to greater than 486 
0.013 replays/s at the Incr. end in Epoch 2 in novel sessions. Reward changes caused 487 
no consistent effects in the rates of forward replay (Fig. 4F-G, Fig. 4J-K), nor in the 488 
rates of replay that began far from the animal (non-local replay, Fig. 4 – Supplement 3). 489 

Conversely, in novel CNO sessions in experimental rats, reverse replay rate 490 
failed to be biased towards the larger reward location (Fig. 4D). With unequal reward, 491 
the rate of reverse replay did increase at the Incr. end (equal reward, 0.0053±0.0016 492 
replay/s; unequal reward, 0.0116±0.0029 replay/s; two-sample t-test, t(332)=2.043, 493 
p<0.05), but also increased somewhat at the Unch. end (equal reward, 0.0173±0.004 494 
replay/s; unequal reward, 0.0249±0.0068; two-sample t-test, t(319)=1.019, n.s.), leading 495 
to no consistent change in the difference at the two reward ends. This effect of VTA 496 
inactivation on the bias of replay between the reward ends when reward contingencies 497 
changed was specific to novel sessions and reverse replay (mixed-effects model with 498 
drug, novelty, and replay directionality: drug X novelty X directionality, z=-2.27, p<0.05; 499 
novelty, z=-2.01, p<0.05; novelty X directionality, z=2.15, p<0.05; all other terms, n.s). 500 
VTA dopamine signaling was therefore required to direct reward-related changes in 501 
reverse replay, specifically in novel environments. 502 

    503 
Discussion 504 

Here we demonstrated a critical role for VTA dopamine signaling in driving 505 
hippocampal SWR and reverse replay selectively to locations with increased reward. 506 
Surprisingly, we found this was true only in novel environments, with only modest 507 
effects of VTA inactivation on SWR rates and no discernible effect on replay rates in 508 
environments that had been explored several times before. We additionally recorded 509 
activity in a modified task that allowed us to differentiate SWR rate modulation by value 510 
and RPE. While SWR rate was modulated by RPE, VTA inactivation had little effect on 511 
this RPE-like modulation, suggesting that at least in familiar environments normal VTA 512 
dopamine signaling is dispensable for this reward-related hippocampal activity.  513 

Our work has several limitations. First, we did not directly measure the 514 
suppression of VTA neurons after CNO injection. Previous work in other brain areas 515 
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found hM4Di activation suppressed firing rates to around 60% of baseline (Mahler et al., 516 
2014; Chang et al., 2015), in addition to diminished synaptic transmission even when 517 
spikes occurred (Stachniak et al., 2014). Combined with the incomplete expression of 518 
hM4Di in TH-positive neurons in our animals, we expect VTA activity was significantly 519 
but not completely suppressed. Because our results depend only on any degree of 520 
blunting differences in dopamine release at different reward locations, rather than the 521 
total absence of dopamine signaling, measuring the magnitude of suppression was not 522 
essential for our conclusions. Second, we chose simple behavioral tasks specifically to 523 
isolate the effect of reward changes per se on hippocampal replay, distinct from learning 524 
or performance effects. In more complex tasks, replay overrepresents high value 525 
locations (Pfeiffer and Foster, 2013; Widloski and Foster, 2022), which may aid in 526 
consolidating memory of and planning routes to those locations. In our hands, VTA 527 
inactivation reduced the SWR rate difference between high and low value locations in 528 
novel environments by about 2/3 (Figure 2D), which would greatly reduce any effect of 529 
reward-biased replay in learning more complex environments or tasks. Finally, we found 530 
no effect of VTA inactivation on SWR rates in familiar environments even with large and 531 
frequent reward changes (Figure 3), but replicating this result with more animals and 532 
probing the interaction between volatile reward changes and environmental novelty are 533 
important future directions. 534 

Why is VTA inactivation particularly disruptive during novel experiences? 535 
Dopamine neuron firing rates are elevated in novel environments (McNamara et al., 536 
2014; Takeuchi et al., 2016). More specifically, early in experience dopamine neuron 537 
activity ramps while mice run towards both larger and smaller rewards and this ramping 538 
activity declines over experience until modest ramps persist only towards the larger 539 
reward (Guru et al., 2020). Activation of VTA projections to dorsal CA1 improves 540 
retention of spatial learning of a novel maze configuration, while also promoting replay-541 
related reactivation (McNamara et al., 2014), while inactivation of VTA causes an 542 
increase in spatial working memory-related errors in novel, but not familiar, 543 
environments (Martig et al., 2009). The results presented here support the hypothesis 544 
that VTA is critically involved in learning in new environments, as its inactivation 545 
prevents the selective recruitment of replay-associated planning or memory 546 
consolidation mechanisms to high value locations.  547 

VTA is not the sole source of dopamine release in hippocampus, with recent 548 
work demonstrating locus coeruleus (LC) axons likely provide the bulk of dopamine to 549 
dorsal CA1 and can be necessary for novelty-related spatial learning (Kempadoo et al., 550 
2016; Takeuchi et al., 2016). LC axons in CA1 are active in locations immediately 551 
preceding a new reward location in a familiar environment but not in a novel one, 552 
despite similar behavior in both cases indicating mice had learned the reward locations 553 
(Kaufman et al., 2020). This result, coupled with findings that LC neurons are modulated 554 
by reward-predicting stimuli similarly to substantia nigra dopamine neurons (Bouret et 555 
al., 2012; Bouret and Richmond, 2015), suggests LC activity can convey reward-related 556 
information and thereby compensate for VTA inactivation, but only in familiar 557 
environments where it is not signaling more general novelty. Altogether, our work adds 558 
to the body of evidence that VTA can directly or indirectly mediate hippocampal 559 
plasticity and spatial learning and memory (Gasbarri et al., 1996; McNamara et al., 560 
2014; Rosen et al., 2015; Rossato et al., 2009), and suggests an intriguing distinction 561 
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between the function of VTA and LC dopamine release in hippocampus (Duszkiewicz et 562 
al., 2019). 563 

These results also support the hypothesis that reverse replay is intimately 564 
involved in reward learning (Ambrose et al., 2016; Foster and Wilson, 2006; Mattar and 565 
Daw, 2018). By activating representations associated with the location of the current 566 
reward and then progressing sequentially to earlier positions that preceded reward, 567 
reverse replay may provide a neural eligibility trace by which spatial positions can be 568 
associated with their proximity to reward (Foster and Wilson, 2006; Sutton and Barto, 569 
1998). Dopamine release at reward detection and consumption would then couple a 570 
temporal gradient of dopamine concentration with the temporally-extended, reverse 571 
sequential activation of states that led to that reward. Indeed, VTA dopamine neurons 572 
are activated when SWR and replay occur during a spatial working memory task, but 573 
not during subsequent sleep (Gomperts et al., 2015), indicating close coordination 574 
specifically during reward learning. CA1, VTA, and medial prefrontal cortex neurons are 575 
jointly coupled via oscillatory mechanisms during spatial working memory (Fujisawa and 576 
Buzsáki, 2011), suggesting downstream targets of both replay (Berners-Lee et al., 2021) 577 
and VTA dopamine neurons (Lammel et al., 2008) may receive temporally-precise 578 
conjunctive input from them. We expect future work aimed at untangling under what 579 
conditions VTA and replay influence each other and coordinate to provide downstream 580 
areas with sequential activity in the presence of dopamine to be particularly fruitful in 581 
understanding how reward drives spatial learning.  582 
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This study did not generate any unique reagents. 608 
 609 
Data and code availability 610 

All data and code are available from the Lead Contact upon request. Custom 611 
analysis code is publicly available at the DOI listed in the key resource table. Any 612 
additional information required to reanalyze the data reported in this work is available 613 
from the Lead Contact upon request. 614 
 615 
Experimental model and subject details 616 

All experimental procedures were performed in accordance with the University of 617 
California Berkeley Animal Care and Use Committee and US National Institutes of 618 
Health guidelines. A total of twelve adult male Sprague Dawley TH-cre knock-in rats 619 
(inotiv, HsdSage:SD-THem1(IRES-Cre)Sage, age 3-10 months, 300-750 g) were used in this 620 
experiment, of which seven contributed data to the present report. Two were excluded 621 
from further analysis due to lack of virus expression evident in post-mortem 622 
immunohistochemistry, two were excluded due to faulty recording hardware, and one 623 
was excluded due to non-performance of behavioral tasks. Animals were housed on a 624 
standard, non-inverted 12-h light cycle. Rats were pair-housed with littermates prior to 625 
the start of experiments, after which they were single-housed. 626 
 627 
Behavioral pre-training  628 

Adult male Sprague Dawley TH-cre knock-in rats were fed ad lib and handled 629 
daily prior to experimental training. They were then food restricted to 85-90% of 630 
baseline weight and trained to collect liquid chocolate reward (0.1 ml) from each end of 631 
a single linear track (200 cm length) for at least 15 sessions. 3-6 other linear tracks 632 
were present in the room during this pre-training, with positions constant for the duration 633 
of experiments with each animal.  634 
 635 
Surgical procedures 636 

Each rat underwent virus injection and drive implantation in one surgery (control 637 
rats 1 and 2) or two surgeries spaced 4-20 days apart (experimental rats 1-4, control rat 638 
3).  639 

Virus injection. All virus was obtained from the Stanford Gene Vector and Virus 640 
Core under material transfer agreement with the laboratory of Karl Deisseroth. 641 
Experimental rats were injected with AAV-DJ-EF1a-DIO-hM4D(Gi)-mCherry (GVVC-642 
AAV-129) and control rats were injected with AAV-DJ-EF1a-DIO-mCherry (GVVC-AAV-643 
14), with 1 µl of virus delivered stereotactically to VTA in each hemisphere (-5.6 mm 644 
posterior, ± 0.7 mm lateral, and -8 mm ventral, all from bregma and skull surface). Data 645 
collection began four weeks after virus injection to allow for expression. 646 

Recording drive implantation. Each rat was implanted with a recording 647 
microdrive, targeting bilateral (32 tetrodes, ~40 g, n = 4 rats) or unilateral (20 tetrodes, 648 
~35 g, n = 2 rats; 6 tetrodes, ~20 g, n = 1 rat) dorsal CA1. Each tetrode bundle of four 649 
platinum iridium wires (Neuralynx) was independently adjustable and electroplated with 650 
gold to an impedance of 150-300 kΩ. Tetrodes were advanced over the course of 1-3 651 
weeks to the pyramidal cell layer. Rats were reintroduced to the pre-training linear track 652 
after several days of post-surgical recovery.  653 
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 654 
Tissue processing and immunohistochemistry 655 

Eight weeks after virus injection, rats were deeply anesthetized with isoflurane 656 
and transcardially perfused with phosphate-buffered saline (PBS) and then 4% 657 
paraformaldehyde (PFA) in PBS. Brains were stored in 4% PFA for >24 hours, then 658 
30% sucrose dissolved in PBS for >7 days for cryoprotection. 20-40 µm sections were 659 
made in a cryostat and mounted on slides. For tyrosine hydroxylase (TH) staining, all 660 
steps were performed at room temperature in a dark container on a slow orbital shaker. 661 
Sections were rinsed three times for 10 minutes each in PBS, then incubated for 2 662 
hours in blocker (3% normal donkey serum and 0.3% Triton-X in PBS). Sections were 663 
then kept for 16-20 hours in blocking buffer with primary antibody (1:200, rabbit α-TH, 664 
EMD Millipore 657012, or sheep α-TH, Abcam ab113). After three 10-minute washes in 665 
PBS, sections were incubated with secondary antibody in blocking buffer for 2 hours 666 
(1:200, Alexa Fluor 488-conjugated α-rabbit, Invitrogen ThermoFisher R37118, or Alexa 667 
Fluor 488-conjugated α-sheep, Abcam ab150177). Imaging was performed at the 668 
Biological Imaging Facility at the University of California Berkeley using a Zeiss 669 
AxioImager M2. 670 
 671 
Drug delivery 672 

At least 10 minutes prior to beginning a recording session (individual animal 673 
means of 12 to 17.4 minutes, except for experimental rat 1, with an average of 4 674 
minutes before recording session), rats were injected intraperitoneally (IP) with saline or 675 
1-4 mg/kg clozapine N-oxide (CNO) solution (2-4 mg/ml in diH2O with 50-100 µl 676 
dimethyl sulfoxide). In Experiment 1 (described below), 2 mg/kg CNO was delivered in 677 
all control animal CNO sessions and in most CNO sessions (22/30 sessions), including 678 
all novel track CNO sessions, in 3 out of 4 experimental animals. Experimental rat 3 679 
received 1 mg/kg CNO in all sessions, motivated by our desire to have enough low 680 
dosage data in one animal in case 2 mg/kg CNO had an effect in control animals 681 
(Gomez et al., 2017). However, this was not the case, and we saw no difference 682 
between CNO doses, consistent with some previous reports in the literature (Mahler et 683 
al., 2014; Vazey and Aston-Jones, 2014), and therefore combined all data. In 684 
Experiment 2, animals received 1mg/kg (n=6 sessions), 2 mg/kg (n=14 sessions), or 4 685 
mg/kg (n=5 sessions), with the higher dose included to probe whether it could reveal a 686 
role for VTA in the absence of novelty. As in Experiment 1, we saw little difference 687 
between doses and combined all data. 1-4 sessions (mean±s.d., 1.5±0.65) were 688 
completed each day, with at least 1.5 hours between injections. Altogether, we were 689 
guided in the injection timing and drug doses by previous work in the field (reviewed in 690 
Smith et al., 2016), with drug delivery 0-30 minutes before behavioral testing (Kane et 691 
al., 2017), significant neuronal suppression occurring within 5-10 minutes and returning 692 
to baseline 70 minutes post-injection (Chang et al., 2015; all recording sessions were 693 
completed by 60 minutes post injection), and CNO doses between 1 and 10 mg/kg 694 
(Smith et al., 2016). 695 

To prevent the possibility of carry over effects of CNO, saline sessions never 696 
followed CNO sessions in the same day (except for 3 recording days in experimental rat 697 
3, when CNO preceded saline sessions by > 4 hours). Besides this restriction, any other 698 
ordering of saline and CNO sessions was permitted. In days with two sessions, for 699 
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example, saline -> saline, saline -> CNO, and CNO -> CNO all occurred. Nevertheless, 700 
we attempted to keep the drug X session number of the day close to balanced. In 701 
particular, in Experiment 1 novel sessions (described below), each animal had equal 702 
numbers of saline and CNO 1st and 2nd sessions of the day. 703 

 704 
Task design 705 

In Experiment 1, animals progressed through three epochs. In Epoch 1, animals 706 
collected 0.1 ml rewards from each end for 10-20 laps. Then, unsignaled to the rat, the 707 
session entered Epoch 2, where reward at one end (Incr. end) was increased to 0.4 ml 708 
while the other (Unch. end) remained at 0.1 ml. The assignment of track ends to be Incr. 709 
and Unch. randomly varied session to session. After 10-20 laps in Epoch 2, the reward 710 
changed again unsignaled to the rat, with both reward ends again delivering 0.1 ml in 711 
Epoch 3. Rats completed up to 20 laps in Epoch 3, before being removed and placed 712 
back into a rest box. This same task was repeated on distinct linear tracks that varied 713 
based on position in the room, material of construction, color, length, orientation, and 714 
reward well size and position. Sessions were classified as either “novel” (the 1st or 2nd 715 
experience on a particular linear track) or “familiar” (3rd or later experience on a specific 716 
track). The track used for pre-training was used first for both saline and CNO sessions. 717 
Then, each novel track was used for 2-6 sessions, with all sessions consisting of only 718 
saline or CNO (excluding one track each in experimental rats 2 and 3 that had both 719 
saline and CNO sessions). The assignment of saline or CNO to each novel track was 720 
varied across rats.  721 

In Experiment 2, reward at the stable end (0.2 ml) remained fixed throughout the 722 
session, while at the volatile end it varied pseudorandomly every lap between 0 and 0.8 723 
ml (mean 0.37 ml; blocks of 20 laps were comprised of 3 laps x 0 ml, 4 laps x 0.1 ml, 3 724 
laps x 0.2 ml, 4 laps x 0.4 ml, and 6 laps x 0.8 ml). Rats were allowed to continue 725 
running until sated. Which track end was assigned to be stable and volatile varied 726 
randomly session by session. Each rat performed saline and CNO sessions of this task 727 
on the same linear track. The linear track was initially novel (except for in experimental 728 
rat 3). However, 1-2 saline sessions preceded the first CNO session, rendering it 729 
familiar for almost all CNO sessions and most saline sessions. In each rat, all 730 
Experiment 2 sessions were completed after all Experiment 1 sessions. 731 
 732 
Data acquisition 733 

Rat position was monitored at 30 frames/s using overhead camera and LEDs on 734 
the recording drive, then tracked using automated software (Spike Gadgets). Two-735 
dimensional position and velocity were smoothed using a 7-bin median average, 736 
followed by a 5 bin Gaussian filter. Linearized position was then used for further 737 
analysis. Neural data was collected using a 128-channel wireless HH128 headstage 738 
(Spike Gadgets). LFP was sampled at 30 kHz and spikes extracted based on threshold 739 
crossing of 40-60 µv (Trodes software, Spike Gadgets). Individual units were 740 
differentiated based on manual clustering of spike waveform peak amplitudes using 741 
custom software (xclust2, M. A. Wilson, MIT).  742 
 743 
Behavioral analysis 744 
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Reward end visits were defined as periods when the rat was within 10 cm of the 745 
end of the track (approximately ~3-5 cm from the reward well, depending on the track). 746 
When analyzing visit durations, we excluded a small number of outliers (< 15 total 747 
across all sessions) that were longer than 60 s. 748 
 749 
LFP analysis 750 

For each sesson, 2-5 tetrodes with visible sharp wave ripples (SWR) were 751 
selected for SWR analysis. LFP from one channel from each tetrode was band-pass 752 
filtered between 150 and 250 Hz, then the smoothed (Gaussian kernel, 12 ms s.d.), 753 
absolute value of the Hilbert transform was averaged across tetrodes. For detecting 754 
SWR, we examined periods when the rat position was within 10 cm of the reward wells 755 
with velocity ≤ 8 cm/s. SWR were classified as local peaks when the average ripple 756 
power exceeded 4 s.d. above the mean, with start and end points defined as the time 757 
ripple power reached the mean before and after the peak, with a minimum start to end 758 
duration of 150 ms and maximum of 1 s. SWR rate for each reward end visit was then 759 
calculated as the number of SWR detected divided by the total duration of rat velocity ≤ 760 
8 cm/s during that end visit. During Experiment 1, all analyses considered SWR rate 761 
only during the first 10 s of each end visit to isolate the reward consumption-related 762 
period and exclude occasional longer task-disengaged resting periods. Results shown 763 
in Figure 2 were similar if we extended this to examine up to the first 20 s of each 764 
reward visit. In Experiment 2, we included the first 20 s of each end visit to allow for the 765 
longer consumption time required for 0.8 ml.  766 

In Experiment 2, we defined mean-subtracted SWR rate: 767 
Mean-subtracted rate (x,y) = rate (x,y) − rate (x) 768 

Where x and y are current and previous volatile volumes, respectively. 769 
 770 
Single unit analysis 771 

Place fields were calculated for each neuron based on spiking activity while the 772 
rat velocity exceeded 8 cm/s. Position was binned into 2 cm bins and directional place 773 
fields were calculated as the histogram of spike counts in each position bin (smoothed 774 
with Gaussian kernel, 4 cm s.d.) normalized by the animal’s occupancy in each bin, 775 
separately for periods when the rat was moving in each direction on the linear track 776 
(e.g., left and right). We calculated several properties of place fields to determine 777 
whether novelty or VTA inactivation affected them. The map direction correlation was 778 
defined as the Pearson correlation between the place field calculated in each running 779 
direction, such that a value of 1 indicates perfectly reliable firing dependent only on 780 
position, not running direction. The lap to session correlation was defined for each 781 
neuron only for the running direction with higher max firing rate. For that running 782 
direction, a place field was calculated independently for each lap, smoothed (Gaussian 783 
kernel, 4 cm s.d.), correlated to the directional field calculated from the entire session, 784 
and the average correlation coefficient taken across all laps.  785 
 786 
Replay analysis 787 

Because decoding quality relies on sufficient spiking and SWR and population 788 
spike density events do not always co-occur, our replay analysis used population 789 
spiking to determine candidate events. Candidate replay events were determined based 790 
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on population activity while the rat was not running (velocity ≤ 8 cm/s) and near the 791 
reward wells (10 cm away at most). Population spike density was binned into 1 ms bins 792 
and smoothed (Gaussian kernel, 20 ms s.d.) and candidate events defined as local 793 
peaks when the population rate exceeded the mean by 3 s.d. and that lasted at least 50 794 
ms, with start and end defined as the nearest times the rate crossed the mean before 795 
and after the peak. A memory-less Bayesian decoding algorithm was used to classify 796 
both position and running direction during candidate events, as in previous work 13. 797 
Replay position in each running direction was estimated in time windows of 40 ms, 798 
beginning at the start of the event, and advancing in 5 ms steps. The start/end of 799 
putative trajectories within a candidate event were determined by removing bins at 800 
either end of the event that contained zero spikes or had a position difference > 50% of 801 
the track length from the next/previous window. Candidate events with a remaining 802 
length of at least 5 time bins, an absolute weighted correlation (Wu and Foster, 2014) 803 
exceeding 0.5, and at least 55% of the posterior probability in one of the running 804 
directions (Ambrose et al., 2016) were classified as replay. Replays were classified as 805 
forward or reverse by comparing the direction of replay movement across the track with 806 
the running direction map containing the majority of the posterior probability: if they 807 
matched (e.g., the replay moved upward and used upward fields), the replay was 808 
classified as forward, and otherwise it was classified as reverse. 809 

Only sessions with sufficiently accurate behavioral position decoding accuracy 810 
during run were included. Bayesian decoding using the directional place fields was 811 
applied to 250 ms non-overlapping windows covering the entirety of each session. For 812 
all time bins with mean animal velocity >20 cm/s, position >20 cm from reward wells, 813 
and >5 total spikes from any neurons, actual and decoded position and running 814 
direction were compared, yielding a position decoding error (distance in cm) and 815 
direction decoding match (same or different). Sessions with mean decoding error >35 816 
cm or direction match <60% were excluded, which totaled 4/64 sessions in experimental 817 
rats and 12/72 sessions in control rats. 818 
 819 
Statistics 820 

A mixed effects Poisson generalized linear model was used to test which 821 
experimental variables affected SWR rate using the Matlab fitglme function 822 
(Mathworks), similarly to previous work 13. Animal ID was modeled as a random effect, 823 
allowing baseline SWR rate to vary across rats. The full model was as follows: 824 
 825 
SWR rate = exp[  b0 + b1 × (Incr. reward end) + b2 × (Epoch 2) + b3 × (CNO) + b4 × 826 
(Incr. reward end) × (Epoch 2) + b5 ×(Incr. reward end) × (CNO) + b6 × (Epoch 2) × 827 
(CNO) + b7 × (Incr. reward end) × (Epoch 2) × (CNO) ] 828 
 829 
Where “Incr. reward end” is a dummy variable indicating the rat is at the Incr. reward 830 
end, “Epoch 2” is a dummy variable indicating the visit is occurring in Epoch 2, and 831 
“CNO” is a dummy variable indicating it is a session with CNO injected. The coefficient 832 
for each term corresponds to the log multiplicative change in SWR rate from the 833 
reference condition (animal-specific rate at Unch. end, not in Epoch 2, of a saline 834 
session). The offset term log(duration) for each stopping period accounted for the total 835 
time the rat was stationary at each reward well visit, so the model fit SWR rate, rather 836 
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than SWR count. Experimental and control rats were fit separately with this model, as 837 
were familiar and novel sessions.  838 
 Bootstrapping was used to assess the effect of drug on SWR rate in each 839 
experimental condition. For each combination of novelty, reward end, and epoch, drug 840 
identity was shuffled 5,000 times, generating a distribution of the chance difference 841 
between the SWR rate in saline vs. CNO sessions. P-values were determined using 842 
one-tailed tests, under the hypothesis that CNO would cause lower SWR rates at the 843 
Incr. end and higher SWR rates at the Unch. end when compared to saline. 844 

In analyses used to assess the effect of various experimental variables on 845 
behavioral and neural measurements, the following variables were consistently defined: 846 
“animal group” was a dummy variable indicating experimental rats, “drug” was a dummy 847 
variable indicating CNO, “novelty” was a dummy variable indicating novel session, 848 
“epoch” was a categorical variable indicating epoch number, “reward end” was a 849 
dummy variable indicating Incr. reward end, “RPE sign” was a dummy variable 850 
indicating a positive RPE, and “previous volume” was a categorical variable indicating 851 
the volatile volume at the previous visit. 852 

 853 
 854 
 855 
 856 
 857 
 858 
 859 
 860 
 861 
 862 
 863 
 864 
 865 
 866 
 867 
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 869 
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Supplemental Figure Legends 883 
 884 
Figure 1 – Supplement 1. Additional histology examples.  885 
 (A) Additional example section from experimental rat with evident virus expression. 886 
Scale bar 300 µm. Dashed line marks approximate location of midline. mCherry puncta 887 
(top panel) and TH-positive dopaminergic neurons (bottom panel) indicated virus 888 
expression in the VTA. (B) Additional example section from control rat with evident virus 889 
expression. Scale bar 150 µm. (C) Example sections from 1st rat excluded due to lack 890 
of virus expression. Scale bar 600 µm. Complete lack of mCherry puncta (top panel) 891 
indicated failure of virus expression. (D) Example sections from 2nd rat excluded due to 892 
lack of virus expression. Scale bar 300 µm. 893 
 894 
Figure 1 – Supplement 2. Behavioral effects of novelty and VTA inactivation.  895 
(A) In novel sessions, Unch. visit duration decreased from Epoch 1 to Epoch 2, while 896 
CNO additionally led to longer visit duration in experimental rats. Mean ± standard error, 897 
Exp Saline, Epoch 1: 7.551±1.11, Epoch 2: 4.98±0.44; Exp CNO, Epoch 1: 12.14±1.7, 898 
Epoch 2: 6.75±0.64. Con Saline, Epoch 1: 7.76±0.65, Epoch 2: 4.86±0.35; Con CNO, 899 
Epoch 1: 7.46±0.59, Epoch 2: 4.96±0.25. Mixed-effects GLM with epoch, drug, animal 900 
group, and all interactions, with individual animal as a random effect: epoch, z=-2.99, 901 
p<0.01; group X drug, z=3.29, p<0.01; all other terms, n.s. (B) In novel sessions, Incr. 902 
visit duration increased from Epoch 1 to Epoch 2, while CNO additionally led to longer 903 
visit duration in experimental rats. Mean ± standard error, Exp Saline, Epoch 1: 904 
7.52±1.32, Epoch 2: 10.05±0.88; Exp CNO, Epoch 1: 11.55±2, Epoch 2: 13.39±1.18. 905 
Con Saline, Epoch 1: 7.77±0.58, Epoch 2: 10.97±0.55; Con CNO, Epoch 1: 6.77±0.38, 906 
Epoch 2: 10.46±0.22. Mixed-effects GLM with epoch, drug, animal group, and all 907 
interactions, with individual animal as a random effect: epoch, z=2.82, p<0.01; group X 908 
drug, z=2.91, p<0.01; all other terms, n.s. (C) In familiar sessions, Unch. visit duration 909 
decreased from Epoch 1 to Epoch 2, with only a modest effect of CNO compared to 910 
novel sessions. Mean ± standard error, Exp Saline, Epoch 1: 6.45±0.72, Epoch 2: 911 
5.17±0.66; Exp CNO, Epoch 1: 6.47±0.42, Epoch 2: 5.841±0.51. Con Saline, Epoch 1: 912 
6.54±0.5, Epoch 2: 4.72±0.37; Con CNO, Epoch 1: 6.18±0. 3, Epoch 2: 4.17±0.17. 913 
Mixed-effects GLM with epoch, drug, animal group, and all interactions, with individual 914 
animal as a random effect: epoch, z=-2.37, p<0.05; all other terms, n.s. (D) In familiar 915 
sessions, Incr. visit duration increased from Epoch 1 to Epoch 2. Mean ± standard error, 916 
Exp Saline, Epoch 1: 6.41±0.59, Epoch 2: 11.1±0.97; Exp CNO, Epoch 1: 6.03±0.18, 917 
Epoch 2: 11.99±1. Con Saline, Epoch 1: 7.27±0.66, Epoch 2: 11.46±0.71; Con CNO, 918 
Epoch 1: 6.33±0.48, Epoch 2: 10.28±0.4. Mixed-effects GLM with epoch, drug, animal 919 
group, and all interactions, with individual animal as a random effect: epoch, z=3.97, 920 
p<0.001; all other terms, n.s. (E) Unch. visit duration increased from Epoch 2 to Epoch 921 
3. Mean ± standard error, Exp Saline, Epoch 2: 5.13±0.53, Epoch 3: 7.95±0.6; Exp 922 
CNO, Epoch 2: 6.04±0.42, Epoch 3: 7.89±0.68. Con Saline, Epoch 2: 4.77±0.27, Epoch 923 
3: 6.23±0.37; Con CNO, Epoch 2: 4.43±0.15, Epoch 3: 5.96±0.19. Mixed-effects GLM 924 
with epoch, drug, animal group, and all interactions, with individual animal as a random 925 
effect: epoch, z=2.32, p<0.05; all other terms, n.s. (F) Incr. visit duration decreased from 926 
Epoch 2 to Epoch 3. Mean ± standard error, Exp Saline, Epoch 2: 10.87±0.8, Epoch 3: 927 
9.08±1.01; Exp CNO, Epoch 2: 12.31±0.82, Epoch 3: 9.92±0.95. Con Saline, Epoch 2: 928 
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11.29±0.5, Epoch 3: 6.48±0.28; Con CNO, Epoch 2: 10.34±0.27, Epoch 3: 6.42±0.29. 929 
Mixed-effects GLM with epoch, drug, animal group, and all interactions, with individual 930 
animal as a random effect: epoch, z=-4.77, p<10-5, group X epoch, z=2.31, p<0.05; all 931 
other terms, n.s. 932 
 933 
Figure 1 – Supplement 3. Effect of reward change on running velocity.  934 
Running speed towards the Incr. end in Epoch 2 was consistently significantly faster 935 
than towards the Unch. end, across all conditions. The median running speed in all non-936 
zero velocity timepoints while the animal was located outside of the reward end zones in 937 
each epoch and running direction was calculated for each session. Mean and standard 938 
error across sessions are shown here. Mixed-effects model predicting the velocity 939 
difference in Epoch 2, Incr. – Unch., as a function of drug, novelty, and their interaction, 940 
with animal-specific intercepts. Experimental group : intercept, z=2.99, p<0.01; drug, 941 
z=3.18 , p<0.01; all other terms, n.s. Control group: intercept, z=7.85, p<10-10; all other 942 
terms, n.s. Filled symbol, saline; unfilled symbol, CNO.  943 
 944 
Figure 2 – Supplement 1. Modulation of SWR rate by reward increase.  945 
(A) In experimental rats, a mixed effects Poisson GLM was fit to the data and 5,000 946 
drug identity shuffles. The difference between model-predicted SWR rate in saline and 947 
CNO sessions at each reward end (Unch. top row, Incr. bottom row) and novelty 948 
condition (familiar left column, novel right column), in data (red lines) and in bootstrap 949 
shuffles (histogram). Significance values reflect one-tailed hypothesis test, with 950 
hypotheses that Unch. saline < Unch. CNO and Incr. saline > Incr. CNO. (B) A mixed 951 
effects GLM with bootstrap, as in (A), but for control animals.  952 
 953 
Figure 2 – Supplement 2. SWR rate in Epoch 3.  954 
(A) SWR rate as a function of time in stopping period in Epoch 2 and 3 for four example 955 
sessions in experimental rats, as in Figure 2a. Epoch 2 (red lines), Epoch 3 (dashed 956 
gray lines). SWR rate was binned in 0.25 s windows and smoothed with a 2 bin 957 
Gaussian. Line, mean; shading, standard error. (B) Same as Figure 2F, but for Epoch 3. 958 
(C) Same as Figure 2G, but for Epoch 3. 959 
 960 
Figure 2 – Supplement 3. Similar results independent of session number of the 961 
day. The dataset for Experiment 1 was split into two, with one part including only 962 
sessions that occurred 1st in any given day (“1st of day”) and the other including all 963 
sessions that were not the 1st in any given day (“2nd+ of day”). Although the low 964 
resultant session counts in each group precluded statistical analysis, the main effect of 965 
CNO in reducing SWR rate difference between the reward ends was very similar.  966 
 967 
Figure 2 – Supplement 4. Ripple duration is increased with familiarity. The duration 968 
of SWR was examined similarly to the analysis on SWR rate. A mixed-effects Poisson 969 
generalized linear model (GLM) was fit to predict changes in SWR duration across 970 
reward end, epoch, drug condition, and novelty, with animal identity as a random effect. 971 
Significant coefficients: CNO (z=-5.86, p<10-5) and Epoch 2 (z=-2.1, p<0.05). 972 
 973 
Figure 3 – Supplement 1. SWR rate at stable end in experimental rats.  974 
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(A) At stable end visits in saline sessions, SWR rate was not significantly modulated by 975 
the previous volatile end visit reward volume. Pearson correlation between SWR rate 976 
and previous volatile volume, r=-0.0643, p=0.21. Two sample t-test between volatile 977 
volume ≤ 2 and volatile volume > 2, t(380)=1.465, p=0.144. (B) At stable end visits in 978 
CNO sessions, SWR rate was not significantly modulated by the previous volatile end 979 
visit reward volume. Pearson correlation between SWR rate and previous volatile 980 
volume, r=-0.0645, p=0.205. Two sample t-test between volatile volume ≤ 2 and volatile 981 
volume > 2, t(386)=1.137, p = 0.256. Two-way ANOVA with drug and previous volatile 982 
volume ≤ 2: drug (F[1,766]=6.43, p<0.05), volume ≤ 2 (F[1,766]=3.36, p=0.067), drug X 983 
volume (F[1,766]=0.03, p=0.853). Error bars, standard error. 984 
 985 
Figure 3 – Supplement 2. SWR rate in all sessions in volatile reward task.  986 
(A) SWR rate as a function of reward volume and time in end visit, as in Figure 3B, for 987 
all sessions combined (including saline and CNO sessions in experimental and control 988 
rats). Left panel, stable reward end. Right panel, volatile reward end. In stable panel, 989 
traces are colored based on previous volatile end visit volume. In volatile panel, traces 990 
are colored based on current volatile volume. (B) SWR rate at volatile end as a function 991 
of current and previous volatile volume, as in Figure 3D, for all volatile reward task 992 
sessions. (C) SWR rate for each non-zero volatile volume plotted as a function of 993 
previous volume, with the mean SWR rate for that current volume subtracted. Unfilled 994 
symbols, mean of previous volume across all current volumes. Thick dashed line, linear 995 
fit to mean values. Pearson correlation between (ripple rate – mean) and previous 996 
volume, r=-0.07, p<0.01, consistent with RPE coding. Error bars, standard error. (D) 997 
Positive RPE caused significantly greater ripple rate than negative RPE (two-sample t-998 
test, t[1661]=2.741, p<0.01). (E) SWR rate at the stable end was significantly negatively 999 
correlated with the most recent volatile volume (r=-0.06, p<0.01). (F) SWR rate at the 1000 
stable end was significantly greater when the most recent volatile end volume was less 1001 
than or equal in volume (≤ 2) than when it was greater (two-sample t-test, 1002 
t[2485]=2.582, p<0.01). (G) SWR rate at the volatile end was significantly higher if 1003 
recent reward history was lower than the average. Reward volume at the 3 previous 1004 
visits was averaged, then split above and below the median. Poisson GLM with two 1005 
terms, current volume and reward history (above/below median): current volume, 1006 
z=22.21, p<10-10; history, z=-2.03, p<0.05). 1007 
 1008 
Figure 4 – Supplement 1. Effect of novelty and VTA inactivation on place cell 1009 
properties.  1010 
(A) Correlation between single lap place fields and session averaged field. Three-way 1011 
ANOVA with drug, novelty, and animal group: novelty (F[1,3249]=6.75, p<0.01), novelty 1012 
X group (F[1,3249]=15.76, p<0.01), all others, p>0.2. (B) Correlation between 1013 
unidirectional fields calculated separately in each running direction. Three-way ANOVA 1014 
with drug, novelty, and animal group: drug (F[1,2816]=5.76, p<0.05), novelty 1015 
(F[1,2816]=28.21, p<10-10), drug X novelty (F[1,2816]=5.52, p<0.05), novelty X group 1016 
(F[1,2816]=6.56, p<0.05), all others, p>0.17. 1017 
 1018 
Figure 4 – Supplement 2. Run decoding accuracy in replay analysis sessions.  1019 
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(A) Mean decoding error during run. Position and running direction were decoded 1020 
during periods of strong locomotion (animal velocity >20 cm/s and position >20 cm from 1021 
the reward wells) in 250 ms bins. Sessions with >35 cm mean decoding error were 1022 
excluded from analysis. A mixed-effects model predicting position decoding error as a 1023 
function of drug, novelty, recorded neuron count, and mean place field size, found more 1024 
recorded cells and smaller mean field size in both groups led to smaller decoding errors. 1025 
Experimental rats: drug, z=-2.48, p<0.05; cell count, z=-3.48, p<0.01; mean field size, 1026 
z=5.36, p<10-5; other terms, n.s. Control rats: cell count, z=-4.07, p<0.01; mean field 1027 
size, z=4.04, p<0.01; other terms, n.s. Filled and unfilled symbols are saline and CNO 1028 
sessions, respectively. Error bars, standard error. (B) Mean fraction of bins where 1029 
actual and decoded running direction were the same. Sessions with <60% match were 1030 
excluded from analysis. Symbols as in (A). A mixed-effects model predicting probability 1031 
of matching real and decoded run direction as a function of drug, novelty, recorded 1032 
neuron count, and mean place field size, found more recorded cells in both groups led 1033 
to higher match probability. Experimental rats: drug, z=2.33, p<0.05; novelty, z=-2.96, 1034 
p<0.01; cell count, z=6.81, p<10-5; other terms, n.s. Control rats: cell count, z=6.23, 1035 
p<10-5; other terms, n.s. 1036 
 1037 
Figure 4 – Supplement 3. Non-local replay was unaffected by experimental 1038 
manipulations.  1039 
(A) The difference in rate of reverse replay at each end (Incr. – Unch.) in novel sessions 1040 
in experimental rats. Error bars, standard error of the mean. Reward condition is 1041 
indicated by color (equal reward, epoch 1 and 3, gray; unequal reward, epoch 2, 1042 
orange), and drug condition is indicated on the x-axis. The difference in replay rate 1043 
between equal and unequal reward conditions was assessed with a mixed-effects linear 1044 
model with drug, novelty, and replay directionality, and animal-specific intercepts as 1045 
random effect: all terms, n.s. (B) Same as (A), but for familiar sessions. (C) Same as 1046 
(A), but for forward replay. Unequal reward, epoch 2, purple. (D) Same as (C), but for 1047 
familiar sessions. 1048 
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Supplemental Figures 1066 
 1067 

 1068 
Figure 1 – Supplement 1 1069 
 1070 
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 1071 
Figure 1 – Supplement 2 1072 
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Figure 1 – Supplement 3  1074 
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