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Dopamine-gated memory selection during slow wave sleep

One Sentence Summary:
Dopamine before sleep promotes forgetting of weak memory traces associated with increased

spindle amplitude around the peak of a slow oscillations.
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Abstract:

The human brain selectively stores knowledge of the world to optimise future behaviour,
automatically rehearsing, contextualising or discarding information to create a robust record of
experiences. Storage or forgetting evolves over time, particularly during sleep. We have
previously shown that dopamine given in the form of L-DOPA tablets improves long-term
memory in Parkinson’s disease, but only when given overnight. L-DOPA is already prescribed
widely with a good safety profile and could potentially be rapidly repurposed to improve
cognitive performance and improve quality of life in, for example, early Alzheimer’s Disease, if
we understood the best time of day to prescribe. Therefore, we sought to test how dopamine
shaped long-term memory formation before and during sleep in a double-blind randomised
placebo-controlled cross-over trial of healthy older adults (n = 35). We administered L-DOPA
after word-list learning to be active during repeat exposure to a proportion of the words and
during subsequent nocturnal sleep. Nocturnal dopamine accelerated forgetting for words
presented once but it did not affect memory for words presented twice. During slow wave sleep,
L-DOPA also increased spindle amplitude around slow oscillation peaks. Larger dopamine-
induced difference in word memory was associated with a larger increase in spindle amplitude.
Dopamine-dependent memory processing may therefore modulate spindles dependent on slow-
oscillation phase. Further, overnight dopamine increased total slow wave sleep duration by
approximately 11%. This pharmaceutical modification of slow wave sleep may have potential
health-enhancing benefits in old age that could include cognitive enhancement and Alzheimer’s

prevention.
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79  Introduction

80  The brain selectively extracts and stores important details of our daily lives, while demoting

81  irrelevant information - you have probably forgotten where you parked your car while shopping
82  last week, but you will remember your parking slot in an airport carpark after a week’s holiday.
83  When memories are first encoded they form traces known as engrams — or changes in neuronal
84  and synaptic activity that represent a memory (7, 2). Depending on context and relevance,

85  engrams can be integrated within memory networks for the long term or forgotten through a set

86  of processes that start immediately and progress during wake and sleep (3-3).

87

88  The complex milieu that underpins memory formation depends on several neurotransmitters
89  including dopamine. This transmitter is released from two midbrain areas - locus coeruleus and
90  ventral tegmental area — which directly project to the hippocampus (6). Exogenous dopamine
91  administration can modulate memory persistence, particularly after initial learning (7-70). In

92  humans with dopamine depletion due to Parkinson’s disease, memory consolidation improves
93  with overnight administration of L-DOPA (Levodopa — which increases dopamine

94  concentrations in the brain), but the timing of the dopamine manipulation relative to learning

95 critically determines its effects on memory (8, 77).

96

97  During memory encoding and shortly after, engrams of important information can be prioritised
98  for storage, based either on previous knowledge, repeated exposure, or other associations, such
99  as financial or emotional value (72, 73). At a molecular level, synaptic, ‘tagging’ for information

100  prioritised for storage, protein synthesis and synaptic modifications occur within hours of

101  encountering information (74, 75). The dopaminergic connection between midbrain and

102  hippocampus may selectively bias long-term memory storage by altering synaptic tagging or the

103 protein synthesis involved in synaptic tagging (75-77).
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104

105  As well as prospectively prioritising, or tagging, memorties for later replay during sleep, dopamine
106  may directly act during sleep per se (18). As engram storage evolves, newly acquired memories are
107  spontaneously repeated (77); sleep affords an optimal neurophysiological state during which to
108  enact this process - although replay occurs during wake too (79). Patterns of activation within
109  hippocampal neuronal assemblies are selectively replayed during sharp wave ripples which are, in
110  turn, temporally coupled to sleep spindles and slow oscillations, prominent during non-REM

111 sleep (20-24).

112

113 Contextual information at a later time-point can also retroactively alter the likelihood that
114  previous memories are stored for longer term (25-27). Dopaminergic modulation of memory
115  may underpin contextually-driven modification of engrams (76, 28-30). Exogenous

116  administration of dopamine may therefore alter the likelthood of memory stabilisation when

117  given affer initial learning, during re-exposure and consolidation.

118

119  Itis important to point out that as well as actively prioritising relevant memories for storage,

120  several neurobiological substrates could promote forgetting (37, 32). In drosophila, the

121 ‘forgetting cells’ promote changes in cellular signalling that weaken the engram by releasing

122 dopamine. Dopamine enhances encoding of new memories at the cost of triggering forgetting of
123 competing information (33, 34). This dopamine-induced strategic forgetting is selective to weakly
124 encoded memories — presumably, an automatic strategy for ensuring retention of more

125  behaviourally relevant information. In humans, retroactive retrieval of already learnt information

126  has been shown to simultaneously enhance memory for the retrieved information while inducing
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127  forgetting of contextually related information (27). This retrieval induced forgetting is caused by

128  an active inhibition of the competing memory traces during recall (35, 36).

129

130  Here we propose a role for dopamine in selecting memorties for long-term storage. Specifically, we
131 propose that, after initial learning, dopamine biases human memory in favour of strongly

132 encoded memory traces as opposed to weaker traces. We tested the hypothesis that L-DOPA
133 given after initial learning (to be active during re-exposure and subsequent sleep) will increase
134  memory retention compared to placebo. We also predicted that no such effect would be

135  observed for words that were not re-exposed. We predicted the primary effects of dopamine
136  during long-term memory evolution would be mediated through modulation of slow wave sleep

137 duration and sleep spindle characteristics.

138

139  In this double-blind randomised within-subjects placebo-controlled trial, we show that a single
140  dose of exogenous dopamine (L-DOPA) given after learning (to be active during re-exposure
141  and subsequent nocturnal sleep) unexpectedly accelerates forgetting of non-repeated information
142 effectively biasing memory selection away from weakly encoded items. Investigation of sleep

143 characteristics further showed that spindle amplitude during slow wave sleep was higher on L-
144  DOPA compared to placebo, and this effect was slow oscillation phase dependent. The

145  magnitude of this increase in spindle amplitude correlated with the behavioural effect of

146 dopamine on memory selection. Further, we show that nocturnal L-DOPA increases slow wave

147  sleep duration by ~11%.

148

149  We also report a secondary placebo-controlled randomised control study in which we found that

150  L-DOPA did not affect encoding or retrieval of learned words, further suggesting that the


https://doi.org/10.1101/2020.05.23.112375
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.23.112375; this version posted July 31, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

151  effects of L-DOPA in the main experiment wete enacted during repetition, consolidation and/or

152 sleep.

153

154  Results

155  To study the relationships between dopamine, sleep and forgetting, we carefully timed

156  administration of L-DOPA to increase dopamine concentration in healthy older adults across
157  two placebo-controlled double-blind randomised crossover experiments: the main experiment
158  and a secondary experiment. The overarching structure enabled targeting of L-DOPA to

159  different memory processes — in the main experiment (Fig. 1a.), we explored the effects of

160  dopamine on memory consolidation by administering long-acting L-DOPA after learning, to be
161  active after initial learning and during nocturnal sleep (37). In the secondary experiment, we used

162  short-acting L-DOPA to target memory retrieval (testing) or encoding (learning), but not sleep.
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Fig. 1. Experiment 1 Study procedure

a. In this placebo-controlled randomised crossover trial, healthy elderly volunteers completed
two overnight sleep polysomnography visits. In the evenings, they learnt a set of words
(Fig. 1b.) 45min before receiving 200mg L-DOPA CR or placebo. 75min affer dosing a
portion of the words were re-exposed. The orange bracket denotes when L-DOPA was
active. Therefore, L-DOPA was active during re-exposure and sleep but not during
learning or memory tests on days 1, 3, or 5. Apart from treatment (L-DOPA or placebo)
the nights were identical. Each volunteer completed both nights.

b. Participants were asked to memorise 80 words shown on a computer screen one at a time.
The words were separated into four lists for testing (Lists 7, 7, i, iv — 20 words each) but

during learning they were shown in a random, interleaved, order. 2h after learning,
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participants were re-exposed to List 7 by a recognition test. The following morning, ~12
hours after initial learning, memory for Lists 7 and 7 was tested (random, intetleaved),
while lists 7z and 7v were tested 3 and 5 days later over the phone. Each test was performed
using a recognition test with a unique set of distractor words. The testing procedure was

tully explained to participants before learning.

163

10
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164  In the main experiment, 35 healthy elderly volunteers (age = 68.9 * 3.5 years; 22 Female)

165  completed two overnight study visits (Fig. 1a.) which were identical except for treatment

166  allocation. On each visit, we administered controlled release L-DOPA (CR; co-beneldopa

167  200/50mg) or placebo affer participants had learnt information (word Lists 4, 7, zi and iv, Fig.
168  1b.). Participants were re-exposed to a quarter of the items (List 7) shortly after L-DOPA (or
169  placebo) administration through a recognition memory test — this manipulation was performed
170  to strengthen the memory for each List 7 word. Memory for the re-exposed items (List 7) was
171 tested the following day together with a matched number of items that had not been re-exposed
172 (List 7 — weak memory). Memory for the remainder of the items was probed 3 or 5 days after
173 learning (Lists 7 and 7). The participants knew some words would be tested both in the evening

174  and in the morning, and the remainder of the words would only be tested once.

175

176  Initial learning occutred before L-DOPA (/ placebo), whereas memory re-exposure and a full
177  night of sleep occurred after L-DOPA (/ placebo). Therefore, we were able to isolate the effects
178  of dopamine on re-exposure, consolidation and sleep-dependent processing from its effects on
179  initial encoding and retrieval. Items presented only once (Lists 7, 7, ) were expected to have

180  induced weaker memory traces than the re-exposed items (List 7).

181

182  We used d” (D-prime) as a measure of recognition memory accuracy for each list. D’ is a

183  sensitivity index that takes into account both the accurately detected signal (hits) and inaccurately
184  identified noise (false alarms) (36). In other words, d” captures not just correctly identified “old”
185  words during the recognition test, but it also accounts for incorrect judgements of “new” items
186  as “old”. D’ can be calculated as the difference between the Z-transformed rates of correct hit
187  responses and incorrect false alarms. A higher d’ therefore indicates better ability at performing
188  the task, while 0 indicates performance at chance.

11
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189

190  L-DOPA accelerates forgetting during sleep

191  L-DOPA given after learning accelerated forgetting of items presented only once when memory
192 was tested the next day (List ) but not at greater delays (Lists 7, v, Fig. 2a.). First, we

193  performed pairwise comparisons between the L-DOPA and placebo conditions for each single-
194  exposure list. Data was missing for one participant from Day 5 test following placebo, and

195  therefore we analysed each list separately, as opposed to using an ANOVA which would require
196  removing the participant’s data from all analyses. These comparisons demonstrated that d” was
197  reduced on L-DOPA (d’ rises = 1.249 £ 0.59) compared to placebo (d’ s = 1.544, £ 0.65) at
198  Day 1 (paired t(34) = -3.333, p = 0.002, BF1, = 16.6, n = 35). By Day 3 there was no difference
199  (d’ i L-DOPA = 0.86 * 0.46; placebo = 0.82 £ 0.63; Wilcoxon’s Z = 338, p = 0.313, BFy =
200 5.2, n =35; d’ Lt L-DOPA = 0.58 £ 0.58; placebo = 0.59 *+ 0.55; t(33) = -0.02, p = 0.982, BFn
201 = 5.4, n = 34). The reduction in List 7 accuracy remained after correcting for false discovery rate
202 for the three tests (Benjamini-Hochberg corrected p = 0.006) (39). Together these findings show
203 that L-DOPA accelerates the speed of forgetting for information over 1 night, but this

204  information would be lost in the longer term even without L-DOPA (Fig. 2a., SM7). This

205  suggests that dopamine may play an important part in either selecting memories for storage or
206  initiating forgetting.

207

208  We were also interested in any dose-dependent effects of L-DOPA on memory. Body weight is
209  known to influence the cumulative dose and pharmacokinetic properties of L-DOPA (40), as
210  well as L-DOPA’s effect on memory in humans (9). We used a mixed linear model to investigate
211  the effect of dose (based on body weight). A model with weight-adjusted dose (mg/kg), delay
212 from learning (days) and the interaction term (delay * dose) as fixed effects and participants as
213 random effects (including random intercepts and slopes of delay by participant) revealed a main

214 effect of delay (t(33.7) = -9.142, p < 0.001), no overall effect of dose (t(20.3) = -1.36, p = 0.188)

12


https://doi.org/10.1101/2020.05.23.112375
http://creativecommons.org/licenses/by-nd/4.0/

215

216

217

218

219

220

221

222

223

224

225

226

227

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.23.112375; this version posted July 31, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

and a delay * dose interaction (t(98.2) = 2.33, p = 0.022, n = 35). The two effects remained
following false discovery rate correction for the whole model (SM 2). Next, we performed a

series of post-hoc correlational analyses to determine which effects were driving this interaction.

The degree of forgetting correlated with L-DOPA dose (Spearman’s o = -0.56, p < 0.001, n =
35, Peorreeed < 0.001 after correcting for all post hoc correlations) but not with placebo (Fig. 2b. —
Spearman’s o = -0.23, p = 0.18, n = 35). The degree of forgetting did not correlate with L-
DOPA dose (p > 0.36) on days 3 or 5 in either condition. The lack of correlation in the placebo
arm suggests that these effects were not driven by bodyweight but were instead associated with
the treatment. The delay*dose interaction was therefore driven by L-DOPA affecting memory
for List 77 on Day 1 but not at subsequent delays. This suggests that L-DOPA accelerates initial
forgetting in a dose-dependent manner, but it does not influence memory for more strongly

encoded items that would be retained 3 or 5 days later.

13
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Fig. 2. Nocturnal dopamine dose-dependently modulates memory
a. Higher d” at Day 1 on placebo (green) compared with L-DOPA (red) shows that
overnight L-DOPA increased forgetting when memory was tested next day (List 7) but
not 3 or 5 days later (Lists z and v respectively) compared to placebo. Note that L-
DOPA was no longer active during memory tests. Therefore, L-DOPA during sleep
accelerates forgetting of weakly encoded information that is naturally forgotten by day

3. Boxplot shows quartiles with kernel densities plotted to the right.

14
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b. Higher L-DOPA dose during consolidation was correlated with poorer Day 1 recall of
List 7z d’ (Spearman’s o = -.056, p < 0.001, red) but no such relationship was found on
the placebo night (p = -0.23, p = 0.180, green). Notably, these two relationships were
also different (Pearson’s r-to-z transform z= -2.634, p = 0.008) suggesting the effect is
driven by dose and not body weight alone. Lines of best fit are shown for illustration
purposes.

c. L-DOPA increased the relative benefit of re-exposed compared to other items (List 7 d’
minus List 7z d’). This relative benefit was larger after L-DOPA (d” 1jse i = 0.953 £ =
0.67) compared to placebo (d” it i = 0.643 = 0.56; t (34) = 2.48, p = 0.018, BFi, =
2.0). This difference was driven both by an increase in List 7 d” and a decrease in List 7
d’ on L-DOPA, although the former was not significant (§M 3). Lines show maximum,

median, and minimum values (horizontally) and kernel densities (vertically).

228  L-DOPA accelerates forgetting of weak but not strong engrams

229  Next, we investigated whether dopamine modulates how re-exposure affects memory. As

230 expected, strong memory traces (re-exposed items — List 7) were better retained (more ‘hits’)

231 than others (List 7) both following L-DOPA (Hits 1;:; = 18.1 £ 2.1; Hits 1 = 13.8 £ 3.3; t(34)
232 =8.49, p < 0.001) and following placebo (Hits ri; = 18.0 * 2.4; Hits 1., = 15.0 = 3.0; t(34) =
233 7.18,p < 0.001).

234

235  While L-DOPA accelerated baseline forgetting for weaker items as shown above (d’ s = 1.25 £
236 0.59) compared to placebo (d’ s = 1.54 = 0.11, t(34) = -3.333, p = 0.002, BFy = 0.1, SM 3), re-
237  exposed List 7 items were not affected by the treatment (d’ 1ir; = 2.20 * 0.78; placebo d’ 1 =
238 219 £ 0.77; t(34) = 0.134, p = 0.894, BF, = 5.5, Fig. 2c., SM 4, 5). Note that we expected that
239  L-DOPA would have enhanced retention for strong engrams while leaving weaker memories
240  unaffected. Instead, .-DOPA accelerated forgetting of weaker information leaving stronger

241  memories largely unaffected.

15
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242

243 To quantify this relative effect of dopamine on single-exposed compared to re-exposed items, we
244 used the paired difference between the strongly and weakly encoded lists (i.e. d’ for List 7 minus
245  d’ for List z) from the Day 1 recognition test. This relative benefit was larger following L.-DOPA
246 (&’ i = 0.953 £ 0.67) compared to placebo (d’ i 2z = 0.643 £ 0.56, (t(34) = 2.48, p = 0.018,
247  BFi = 2.6, Fig. 2.c.). Therefore, L-DOPA selectively biased memory retention away from non-
248  repeated items resulting in a larger difference between the two lists on L-DOPA compared to
249  placebo.

250

251  To reiterate, L-DOPA differentially modulated strong and weak memory traces, augmenting

252 differences between them. Furthermore, we performed two post-hoc analyses that showed that
253  the treatment had no effect on the false alarm rate (t(34) = 0.527, p = 0.601, BFo; = 4.8). Rather,
254  L-DOPA reduced the hit rate (List 77 — t(34) = -2.89, p = 0.007, BFio = 6.0) — the hits rather than
255  the false alarms drive all the effects of L-DOPA on d” we identified. This implies that effects of
256  dopamine are related to engram strength rather than modulation of noise that generates false

257 responses.

258

259  Importantly, there was no difference in performance during the evening re-exposure tests

260  between placebo and L-DOPA conditions (Day O List 7 paired t(34) = .83, p = 0.412, BFy = 4.0,
261  SM 4). The Bayes Factor (BFo) suggested that these results were 4 times more likely to have

262  been recorded under the null than the alternative distribution. Therefore, dopamine did not

263  affect memory performance before sleep — the effects we report here only manifest after or

264  during the re-exposure.

265
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266  Together, these findings provide evidence that dopamine biases selection of memories for long
267  term storage by accelerating forgetting of weakly-encoded information, a process that could free
268  memory capacity for storage of more strongly encoded items. Dopamine may bias memory in
269  this way during sleep. Next, we explored polysomnography measures for potential

270  neurophysiological mechanisms underlying dopamine’s effects on memory.

271

272 L-DOPA prolongs slow wave sleep

273 Nocturnal L-DOPA increased time spent in slow wave sleep (stage N3) by ~10.6% (Fig. 3.a.)
274 but did not markedly affect the time in other sleep stages or total sleep time (SM 6). As most
275  slow wave sleep occurs in the first 4 hours of sleep and the absorption profile of L-DOPA

276  controlled release strongly predicts that dopamine would be increased in the first half of the
277  night (37), we expected that dopamine would predominantly affect sleep during this time. As
278  predicted, the observed increase in slow wave sleep occurred only during the first half of the
279  night (as defined by the mid-point between lights-off and lights-on times) on L-DOPA (90.2 *
280  34.1 min) compared to placebo (76.8 * 30.3 min, (¢(30) = -3.07, p = 0.005, BF,, = 8.7, n = 31,
281  for missing data see SM 7). L-DOPA did not affect slow wave sleep duration during the second

282 half of the night (t(30) = -0.387, p = 0.703, BFy = 4.9).

283

284  Next, we explored the relationship between L-DOPA’s effect on total slow wave sleep duration
285  with its effects on memory. Overall, longer slow wave sleep duration was associated with

286  enhanced accuracy for the repeated items (List z) on placebo (Spearman’s @ = 0.450, p = 0.009).
287  This effect did not occur for List /7 (non-repeated items), and it disappeared after participants
288  took L-DOPA (List 7 Spearman’s @ = -0.043, p = 0.810, Fig. 3.b., SM §&). This suggests that

289  slow wave sleep duration is associated with consolidation of stronger memory traces, but it does
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290  not suggest a direct relationship between slow wave sleep duration and acceleration of forgetting

291  of weaker memory traces on dopamine.

292

293  We next asked what neurophysiological processes underlie the quicker forgetting of weaker

294  compared to stronger memory traces on L-DOPA.
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Fig. 3. L-DOPA and slow wave sleep duration

a.

Paired differences in slow wave sleep duration show that most volunteers (dots above
zero) had increased slow wave sleep on L-DOPA compared to placebo. The duration
was increased by an average of ~10.6% on L-DOPA compared to placebo (t(31) =
2.702, p = 0.011, BF;o = 4.0). This effect remained after false discovery rate correction
accounting for each sleep stage (p corrceed = 0.044).

Longer slow wave sleep duration was correlated with better memory for strongly
encoded information on placebo (Spearman’s o = 0.45, p = 0.009, p correctea = 0.012,
green), but after L-DOPA was given this effect disappeared (p = 0.043, p = 0.810,
red). The two relationships were different (Pearson’s r-to-z = -1.99, p = 0.046). This
strongly suggests that L-DOPA does not increase the relative effect of re-exposure by

merely increasing slow wave sleep. Lines of best fit are presented for illustration.

L-DOPA increases spindle amplitude during slow wave sleep

Spindle

s are a prominent feature of NREM sleep and are associated with memory retention (47,

42). L-DOPA increased slow wave sleep spindle amplitude, and while this increase was small on
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299  average (M pacebo = 28.3 £ 8.5 uV; m rpora = 28.9 * 83 uV; Wilcoxon’s Z = 95.0, peorrecred =

300 0.008, BFio = 3.06), this effect was manifest in 25 out of 31 participants with spindle data available
301  (Fig. 4.a., SM 9). This change was not correlated with the weight adjusted dose (Pearson’s r = -
302 0.139, p = 0.456), nor did we find any correlations between spindle amplitude and the d’

303  difference between Lists 7 and 7 on either L-DOPA (Spearman’s @ = 0.047, p = 0.801) or

304  Placebo (Spearman’s @ = -0.040, p = 0.833, SM &). However, the paired change of slow wave
305  spindle amplitude and the d’ difference for strong and weak memories between the L.-DOPA

306  and placebo nights was positively correlated (o = 0.438, p = 0.015, n = 30, Fig. 4.b.).

307

308  In other words, the behavioural effect of L-DOPA on memory based on engram strength was
309  associated with the increase in spindle amplitude on L-DOPA. This effect was specific to the L-
310 DOPA-mediated difference in memory and spindle amplitude between strong and weak memory

311  traces, and it was not present for List 7 or 7 alone (SM §).

312

313  L-DOPA affects spindles most at slow oscillations peaks

314  Temporal coupling between slow oscillations and spindles have been shown to predict memory
315  performance, and this coupling is impaired by aging (43). As we observed effects of L-DOPA on
316  both memory and spindle physiology, we next explored whether L-DOPA’s effects on memory

317 performance could be due to an alteration in slow oscillation — spindle coupling.

318  Periods of time during which the maximum spindle amplitude occurred during a slow oscillation
319  events were identified, segmenting the slow oscillations into 16 phase bins (then grouped into 4
320  shaded and white areas in Fig. 4¢.).L-DOPA had a slow oscillation phase dependent effect on

321  spindle amplitude, with a larger increase around the zero phase (Fig. 4c.). The peak change
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322 occurred in the -m4 to +w/4 grouping, the same that showed the highest mean spindle amplitude

323  for both L-DOPA and placebo conditions (Fig. 4c., d.).

324 To see whether this effect was specific to this spindle region-of-interest (ROI)we also

325  performed spectral composition analyses of each slow oscillation — spindle co-occurrence. A
326  spectral mean was calculated for each participant for L-DOPA and placebo conditions using
327  Motlet Wavelet convolution (Fig. 4e). Changes in power between L-DOPA and placebo were
328  then identified using a cluster-based permutation method. Cluster analysis of the a priori spindle
329 ROl revealed an increase in power on L-DOPA compared to placebo (p = 0.002). Fig. 4e.

330  demonstrates the primary cluster (threshold a = 0.01 p = 0.002) when this same analysis was
331  carried out on the surrounding time-frequency space. It suggests that the power increase extends

332 beyond the spindle ROI, into theta and alpha bands following the slow oscillation peak.

333

334  L-DOPA therefore altered the neural dynamics that underlie the synchronised relationship
335  between slow oscillations, spindles, and potentially other frequencies. This may represent either a
336  phase-specific effect of dopamine during sleep, or a secondary effect on these dynamics caused

337 by a dopaminergic bias of early awake consolidation or re-exposure.

338

339  We found no associations between L-DOPA and other slow oscillation characteristics (all ps >
340  0.09, SM 9). Exploratory analyses revealed no differences between L-DOPA and placebo on
341  subjective sleep measures (St Mary’s Hospital Sleep Questionnaire (44) or Leeds Sleep

342  Evaluation Questionnaire (45) (SM 70).

343
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Fig. 4. L-DOPA, memory, and spindle amplitude

a. Nocturnal L-DOPA increased spindle amplitude (n = 31, Wilcoxon’s z = 401, p = 0.002,
P correcred = 0.008, BF19 = 3.6) suggesting an effect of L-DOPA on regional coherence
during slow wave spindles.

b. The L-DOPA mediated increase in spindle amplitude was associated with the L-DOPA
mediated increase in the relative benefit of re-exposure on d” (Fig. 2¢.) (Spearman’s o =
0.438, p = 0.015). Note that this relationship is non-linear, line is fitted in the figure for
illustration.

c. The dopamine-induced spindle amplitude increase is slow oscillation phase-dependent.
Mean spindle amplitude change (normalised to baseline amplitude ([placebo + L-
DOPA]/2) is higher on L-DOPA around the zero phase of slow oscillations. We
compared the effect of L-DOPA at the peak (zero phase) and trough (n phase) of the slow
oscillation. The L-DOPA mediated spindle amplitude increase was larger in the 4 zero-
centric bins compared to the 4 n-centric bins (outermost on either side) — (paired t(30) =
2.12, p=0.043, BFy = 1.3). Yellow bars show the mean amplitude change with individual
participants’ spindle amplitude change overlaid. Spindle amplitude peaked in the -n/4 to -

n/8 phase bin for both placebo and L-DOPA.
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d. Peak-locked grand average mean slow oscillation events (grey) superimposed with the
peak-locked average of all spindle events (blue) that occurred during slow oscillations —
averaged across both L-DOPA and placebo nights.

e. Paired permutation cluster analysis in time-frequency space comparing L.-DOPA and
placebo conditions for all slow oscillation - spindle co-occurrence events, centered on the
slow oscillation peak. All shown differences denote increased activity on L-DOPA (cluster
threshold of o = 0.01, time-frequency space outside significant clusters is greyed). Overall

p = 0.002 for the largest cluster.

L-DOPA does not modulate memory at encoding or retrieval — Secondary experiment

Whilst there were no differences in performance between L-DOPA and placebo during the re-
exposure test in the evening (SM 4), it is possible that the observed effect of L-DOPA on
memory was driven by either L-DOPA enhancing encoding during the re-exposure or by
residual amounts of L-DOPA acting during retrieval. To investigate whether dopamine was
affecting these stages of memory, we ran a secondary placebo-controlled experiment

manipulating dopamine levels at encoding or retrieval.

In the secondary experiment, healthy elderly participants were given short-acting L-DOPA an
hour before encoding and, in a separate memory task, an hour before retrieval (SM 77, 72). Note
that we used short-acting Levodopa here rather than controlled-release (as in the main
experiment) as the processes we were probing were discrete events rather than evolving
processes. We did not find an effect of L-DOPA on encoding (t(28) = - 0.352, p = 0.728, BFy=
4.6, n = 32) or retrieval (t(27) = - 0.393, p = 0.698, BFu= 4.6, n = 28) with a 24-hour delay
between learning and test (SM 72, 74, for missing data see SM 7). Therefore, at the doses and

timings used here, dopamine appears to have a temporally and functionally specific effect biasing
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361 memory towards important information after initial learning, during either re-exposure, sleep or

362  both.

363

364  Whilst the results from this control study support our initial interpretation that L-DOPA affects
365  memory affer initial learning but before retrieval, it is important to note that due to practical

366  reasons direct statistical comparisons between the two studies cannot be made. First, due to the
367  different profiles of the treatments used (controlled release versus short acting), the L-DOPA
368  doses participants were exposed to were different; 2.1 mg/kg for the control study compared to
369 2.9 mg/kg for the main experiment. Second, whilst the memory tasks used were similar word-list

370  tasks, they were not identical.

371

372 Discussion

373  Dopamine accelerates forgetting for weakly encoded information during sleep — while more

374  strongly encoded information is relatively preserved — and increases duration of slow wave sleep
375 by 10.6%. The behavioural effect of dopamine on strongly versus weakly encoded information is
376  associated with a dopamine-driven increase in spindle amplitude during slow wave sleep. This

377  increase in spindle amplitude only occurs around the peak of slow oscillations.

378

379  Traditionally, forgetting is considered a passive process where information is “lost”. However,
380  newer animal models support an active, more strategic, forgetting process mediated by dopamine
381 (31, 33, 34, 46). We showed that dopamine increased forgetting for information at 1-day delay
382  but not at later timepoints. Therefore, dopamine may accelerate forgetting of low importance
383  information that would inevitably be lost over time. Our data suggest an active dopamine-

384  dependent forgetting mechanism in humans — which can be conceived as dopamine biasing
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385  memory selection away from weakly encoded items. This may in turn allow prioritisation of

386  strongly encoded or salient items for consolidation.

387

388  Such prioritisation may be further explained — through analogy with drosophila experiments — by
389  asecond dopaminergic system that protects important information from forgetting (46). Human
390  behavioural evidence supports preferential consolidation of salient or rewarded information

391  during sleep (79, 47, 48), and we tie this more closely to dopaminergic modulation. Contrary to
392  hypothesis,, we did not find evidence for a dopamine-driven direct enhancement in

393  consolidation of strongly encoded information here. The relative effect of dopamine on

394  forgetting of low versus high importance items suggests a more nuanced dopaminergic effect -
395  biasing memory away from weaker memory traces Given L-DOPA is already widely used in

396 clinical practice for Parkinson’s disease and could be quickly repurposed if this effect is beneficial

397  for memory overall, this certainly warrants attention and further clinical research.

398

399  There is clear evidence that memory processes before sleep can alter slow wave sleep

400  characteristics, particularly in the eatly part of the night (49). We administered dopamine while
401  participants were awake, 2h before their bedtime, thus it is possible that at least a portion of the
402  dopamine-driven increase in forgetting occurred during wake. Whilst we cannot rule this out, we
403  did observe that L-DOPA compared to placebo was associated with changes in scalp

404  electrophysiology during sleep, with some of these effects being associated with memory

405  performance. Therefore, we suggest that the dopamine-driven changes on memory were sleep-

406  dependent.

407
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408  While changes in spindle characteristics are well known to be associated with memory and

409  neurodegeneration (50), this study directly links dopamine with behavioural relevance of

410  spindles. Spindle amplitude is shaped by the interplay between the thalamus and the cortex (57),
411  and increased amplitude reflects a more coherent and wider topographical expression of spindle-
412 related activity, i.e. better coordination between the brain regions (52, 53). Behaviourally, spindle
413  amplitude has also been associated with enhanced memory retention during a motivated

414  forgetting task (54) and during a tagging paradigm (55). This coordinated activity between the
415  thalamus and cortex during sleep may thus be associated with selecting memories for later

416  retention. Consistent with this, we showed that greater spindle amplitude was associated with a
417  larger dopamine-induced difference between retention of strongly and weakly encoded

418 information.

419

420 L-DOPA mainly increased spindle amplitude around the peak of slow oscillations, which

421  occurred despite no change in slow-oscillation amplitude. Spindles peaked just before zero

422 phase, consistent with previous findings in healthy elderly (43). Spindles, particularly when

423 nested in slow oscillation peaks, are hallmarks of sleep-dependent memory consolidation (56).
424  Age-related uncoupling of spindles from peak of slow oscillations increases overnight forgetting
425  (43). We interpret dopaminergic increase in spindles synchronised to near zero phase of slow

426 oscillation as enhancement of physiological spindle activity to modulate memory consolidation.

427

428  There are two possible explanations for our finding — (1) dopamine directly enhances spindle
429  amplitude which in turn enhances the way in which memory is biased based on encoding

430  strength (2) or dopamine during memory re-exposure before sleep results in stronger behavioural
431  tags that in turn alter subsequent spindle amplitude to reflect the changes in the memory engram
432 that took place during tagging. These effects are not mutually exclusive, and indeed could be
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433  interacting. Future experiments separating the effects of sleep consolidation from re-exposure

434 benefit are necessary to disentangle this.

435

436 We suggest that two simultaneous processes may be at play (Fig. 5.). First, during learning a
437  portion of information is “tagged” as important (57), and dopamine enhances this process by
438  creating a stronger tag (58, 59). Second, during subsequent sleep, dopamine increases forgetting
439  for the less important, non-tagged items while the tag shields the important (or re-exposed)

440  information from forgetting (60, 67). This theory has been proposed before, and the current
441  study adds to it by implicating (dopamine-mediated) crosstalk between the thalamus and the

442 cortex during spindles as a potential mechanism for the later effects.

443

444  Our observed findings may be specific to older people. Memory loss is a prominent problem in
445  old age and our eventual goal is to improve quality of life through cognitive enhancement,

446  justifying the use of a target population of interest to future trials. There is drop-out of

447  dopaminergic neurons that comes with old age (62-64) (62-64) which has been shown to affect
448  the impact of taking dopaminergic medications on cognition (65). Ageing decreases the duration
449  of slow wave sleep, and the number and amplitude of spindles (66), with some reporting nearly a
450  50% reduction in spindle amplitude with advanced age (67). Models in non-aged animals suggest
451  that D2 receptors promote wakefulness (68) and dopamine levels are generally higher during
452  wake than sleep in animals (69). In young healthy adults, direct administration of a dopamine
453  antagonist during slow wave sleep actually increases the duration of slow waves sleep (70). It has
454  been noted before that the wake-promoting effects of dopamine in the young contradict the

455  sleepiness that is a recognised side effect of L-DOPA in patients with Parkinson’s disease (/7).
456  Therefore, age should be considered when interpreting the effects of dopamine on memory and
457  sleep.
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458

459  Furthermore, slow wave sleep may be affected eatly in Alzheimer’s Disease (72). Interrupting
460  slow wave sleep is proposed to hinder clearance of amyloid from the brain and amyloid plaques
461  are one of the key pathological changes in Alzheimer’s Disease (73, 74). L-DOPA is routinely
462  prescribed for Parkinson’s disease with a good safety profile; however, the impacts of L-DOPA
463  on sleep have not been assessed in detail except in small studies of Parkinson’s disease (75-77).
464  Our finding that L-DOPA may ameliorate age-dependent spindle loss with concomitant memory
465  benefits could be promising for treating age-related memory decline, or more severe memory
466  deficits found in Alzheimer’s dementia. Perhaps more excitingly, our current findings may have
467  implications for prevention of Alzheimer’s disease. Through increasing slow wave sleep duration
468  and spindle amplitude with nocturnal dopamine, we open up a new therapeutic avenue for

469 Alzheimer’s disease prevention — repurposing L-DOPA to prevent Alzheimer’s.

470

471  Together, our findings suggest that the repetition-benefit on memory is improved by dopamine
472  at the time of the repetition and during sleep-consolidation, which is mediated by increased slow
473  wave sleep duration and spindle amplitude. We propose that this dopamine-induced increase in
474  spindle amplitude reflects more synchronous cortical activity during spindles increasing

475  forgetting of weakly encoded items and with a net effect of augmenting the difference between
476  strongly and weakly encoded engrams (Fig. 5.). These findings have potential clinical impact in

477  enhancing sleep and memory selection in old age, and in mild amnesic disease.
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Fig. 5. Dopamine modulates memory after learning by enhancing memory

prioritisation and subsequent sleep processes.

A proportion of important information (yellow engram) is earmarked for retention by a neural

“tag” during re-exposure (blue pin). Dopamine during re-exposure enhances this effect (red

pins) at the expense of unpinned engrams (green). During sleep, weak engrams are

preferentially forgotten whilst ear-marked information remains unaffected, leading to a more

selective memory trace. Dopamine modulates these selective memory processes by enhancing

synchronisation in cortical firing patterns during spindles, at the peak of slow oscillations.

Together these two processes (enhanced prioritisation and synchronisation) bias subsequent

memory.
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478 Method

479  Participants

480  We recruited 70 elderly (65+ years) volunteers to complete the two studies reported here (n = 35
481  each study, see SM 4, 75, 16). All aspects of this research adhered with the Declaration of
482  Helsinki and we had relevant ethical and regulatory (UK) approvals in place (Study 1 ISRCTN:

483  908970064).

484

485 Design

486  Study 1: In the main placebo-controlled double-blind randomised study, volunteers were initially
487  screened over the phone for common exclusions, and then invited for three in-house visits. On
488  the first visit they were fully screened for eligibility, and they practiced the memory task. They
489  were asked about their usual sleeping pattern so that the second and third visits could be

490  designed to follow each participants’ usual sleep routines as much as possible. On the second
491  wisit, volunteers arrived on site in the evening where they were re-consented and screened for

492  continued eligibility. For an outline of the evening see Fig. 1a., SM 77.

493

494  First, volunteers learnt a verbal memory task (Fig. 1b.). Thirty minutes after learning, they were
495  given 200mg L-DOPA or placebo. 75 min after dosing, a quarter of the items (List /) were re-
496  exposed by a recognition test where no feedback was given. The purpose of this test was to

497  create a stronger memory trace. 45 min after the re-exposure the volunteers went to bed. Each
498  evening was designed based on each participants’ usual sleeping pattern (L-DOPA administered

499  2h prior to switching the lights off for the night at their usual bedtime).

500
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501  Volunteers slept on-site for a full night, and they were woken up at their usual wake-up time.
502  Around 1.5h after waking up, approximately 12h after dosing, volunteers’ verbal memory was
503  tested again (Lists 7 and 7 ) before they left the study site. 2 and 4 days later (3 and 5 days after
504  learning) they were contacted over the phone for follow-up recognition memory tests (for Lists

505 i and 7, respectively).

506

507  The second and third visits were identical except for treatment (L-DOPA / placebo) allocation.
508  This study obtained ethical approval from the South West Central Bristol NHS Research Ethics
509  Committee (REF: 16/SW0028) and clinical trial authorisation from the Medicines and

510  Healthcare products Regulatory Agency IRAS ID:178711) .

511

512 Study 2: In the secondary placebo-controlled double-blind crossover experiment, volunteers

513  were first screened over the phone before inviting them on site for the test sets. Each test set
514  carried over for three days: On the Day -1 (relative to dosing) participants learnt word-list on
515  site, on Day 0 they were dosed with 150mg L.-DOPA (or placebo, SM 717, 72) and then tested on
516  the previously learnt words (retrieval test). Immediately following this, they learnt another word-
517  list (encoding condition) for which their memory was tested the following day (Day 1) over the
518  phone. Therefore, participants learnt two word lists on each test There tests were timed so there

519  was approximately 24h in between learning and test.

520

521  This study obtained ethical approval from the University of Bristol Faculty of Medicine and

522 Dentistry Ethics Committee (REF: 12161).

523
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524  Treatment

525  Study 1: In the main placebo-controlled randomised double-blind study, each participant was

526  dosed with co-beneldopa controlled release (containing 200mg L.-DOPA) was given in capsule
527  form and placebo (encapsulated inert powder, matched for appearance). Blinding and

528  randomisation were performed in blocks of 6 by author LM, Production Pharmacy, Bristol Royal
529  Infirmary, University Hospitals Bristol and Weston NHS Trust. On the study nights, dose was
530 given by an on-site medic who was blind to treatment condition and played no role in collecting
531  data. The treatments were given at different visits. Both treatments were preceded by

532 Domperidone 10mg (tablet) to alleviate possible nausea caused by L-DOPA.

533

534  Study 2: In the L-DOPA condition of the secondary study volunteers received 10mg of

535 Domperidone (anti-emetic) 30 minutes before co-beneldopa (containing 150mg L-DOPA). Both
536  medications were dispersible, and they mixed into cordial to hide taste and residue. In the

537  placebo condition, volunteers received plain cordial in place of Domperidone and vitamin C

538  mixed into cordial in place of L-DOPA. Blinding and randomisation were performed by

539  members of the research group who had no other involvement in this study.

540

541  While the two experiments were designed to complement one another, for practical reasons
542  there were several important differences in study designs. First, the L-DOPA given in the main
543  study was long-acting and of higher dose (4-8 hours cf. 1-4 hours and 200mg cf. 150mg) to
544  target consolidation during sleep which is a longer process than encoding or retrieval. Second,
545  the controlled release L-DOPA in the main study was encapsulated, whilst in the secondary
546  study we used dispersible L-DOPA. For this reason, the placebo used in the main experiment

547  was encapsulated inert powder, whilst in the second study we used dispersible vitamin C. These
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548  differences and individual differences in dopamine absorption and metabolism introduce
549  unmeasurable differences between the two experiments that need to be considered when

550 interpreting differences between them.

551

552 Verbal memory test

553  Study 1: Volunteers learnt four lists (7, #, 77, and ) of 20 target words (total 80 targets)

554  presented on a computer screen one at a time, in a random, interleaved order (Fig. 1b., SM 72).
555  Each word was presented once for 3.6s during which the volunteers were asked to determine if
556  the items were alive or not to assist learning. They were instructed to remember as many of the

557  words as they could.

558

559  During test phases, volunteers were presented with a list of 40 (days 0, 3, and 5) or 80 words (day
560 1), half of which were targets (present at learning) and half of which were distractors (not

561  presented previously). They were asked to judge whether words were targets or not. On days 0,
562 1,3, and 5 memory was tested for Lists 7 7 and 7, 2z, and 7v respectively. Therefore, List 7 was

563  tested twice: First in the evening while L-DOPA (/ placebo) was active in the system and then
564  again in the morning together with List 7z The re-exposed and novel (List 7 and List 7,

565  respectively) targets tested on day 1 were assessed to study L-DOPA’s effect on behavioural

566  tagging of important’ information. The rationale was that when a word is presented a second
567  time (during re-exposure), it will be deemed more important and will be preferentially

568  remembered. The distractors were unique at each test.

569

570  Study 2: The purpose of this study was to test L-DOPA’s effects on retrieval and encoding. Two

571  separate memory tests were conducted (SM 73).
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572

573  Retrieval During learning on D-1 (day before dosing) volunteers were presented with 48

574  complete nouns on a computer screen. They were instructed to read the words aloud and try to
575  memorise them for later. Each word was shown once for 5 seconds separated by a fixation cross
576  in the middle of the screen for 2 seconds and no responses to the words were made during

577  learning. There were no breaks in the learning block (total duration = 5mins 36secs). Memory
578  was tested using unique words 30 minutes (D-1, baseline) and 24 hours (DO0) after learning. The
579 DO test was given when L-DOPA was at its peak concentration (~ 1h following dosing). In the

580  test phases (D-1 and DO). This test took approximately 5 minutes to administer.

581

582  Encoding: DO around 1.5 hours after dosing, after the test for the previous task had finished,
583  volunteers saw a list of 96 complete nouns presented on the computer screen. Each word was
584  displayed for 5 seconds, followed by a fixation cross for 2 seconds. The words were first

585  presented in a random order over two blocks, and then again in a different random order over
586  two more blocks, each word was presented twice (n blocks = 4, n words per block = 48, n
587  breaks = 3, block duration = 5 min 36 s). Memory was prompted immediately after learning

588 (DO0),and 1, 3, and 5 days later. Each target was tested once with unique distractors (SM 74).

589

590  Across experiments, learning and tests were completed on a laptop on-site, or over the phone.
591  The experiments were programmed in the MATLAB environment (2015b or 2017a) using the
592  Psychophysics Toolbox V3 (78). The scripts and data are available from corresponding authors

593 upon request.

594

595  Polysomnography
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596  In the main experiment, standard in-laboratory polysomnography, including video, was recorded
597  during both study nights using the Embla N9000O amplifier and Embla RemI.ogic software

598  (Natus Medical Inc., California) at CRIC Bristol, University of Bristol, Bristol, UK. We recorded
599 12 scalp EEG channels (F3, Fz, F4, C3, Cz, C4, M1, Pz, M2, O1, O2, and a ground electrode
600  approximately between Cz/P3 and C3/Pz) placed according to the 10-20-20 system. Eye

601  movements were detected by electro-oculogram recorded from E1 and E2 sites, and muscle tone
602  from electromyogram recorded below the chin. A 2-lead ECG was also recorded. All signals

603  were sampled at 500Hz. The recordings started 2.5h after dosing when lights were switched off

604 for the night and continued until the volunteer woke up.

605

606  Analysis

607 EEG

608  Event scoring: Sleep stages in 30s epochs were identified manually in accordance to standard
609  criteria (79) by two expert scorers, and a third scorer visually assessed a random 10% of ratings
610  for quality. Durations of N1, N2, N3 (i.e. slow wave sleep), REM, awake, asleep and total time in
611  bed were extracted in minutes. First and second halves of the nights were defined by the middle
612  time-point between switching lights ON and OFF. When there was an odd number of epochs,

613  they were rounded so that the first half of the night had the extra epoch.

614

615  Spindle detection: Spindle characteristics were then isolated with in-house written MATLAB
616  scripts using the EEGIlab toolbox (80). Electrodes were re-referenced to contralateral mastoid
617  and empty and high variance epochs were removed. Thereafter, only data from the Cz electrode
618  was used. First, the channel was visually inspected and epochs with high noise or clear artefacts

619  were removed manually. Data was then filtered (high pass 11Hz, low pass 17Hz) and rectified.
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620  Next data was smoothed using a moving average window of 200ms before down-sampling to
621  100Hz (from 500Hz) for computational efficiency. An event was marked as a spindle if the
622  threshold exceeded the 90th percentile for that data set (i.e. sorting data into an ascending order

623  and including top 10%) for .5 — 3 seconds, with a minimum of 0.5s between spindle events.

624

625  Slow oscillations: The slow oscillation detection process followed the same re-referencing and
626  noise removal methods used for spindle detection, without smoothing. Data from the CZ

627  electrode was filtered between 0.16Hz and 1.25Hz and then z-scored. We applied a threshold of
628  75%; if the slow oscillation amplitude surpassed this threshold for 0.5 - 5 seconds (including
629  multiple events if separated by <0.25s), it was marked as a slow oscillation. The duration of the
630  event was determined by the closest oscillation maxima following the amplitude dropping below

631 a 60% threshold on each side.

632

633  Spindles and slow oscillations: We identified spindle-slow oscillation co-occurrences as cases
634  where the maximum amplitude of a spindle event coincided with a slow oscillation event, again
635  using the CZ electrode. Using the time stamp of the spindle max amplitude as the centre point,
636  we calculated how spindle amplitude varied with slow oscillation phase over one cycle. First, we
637  divided the oscillation events into 16 bins, equally distributed in phase space around zero, to
638  calculate how the spindle amplitude varied with slow oscillation phase for each coinciding case
639  (for statistical analysis we grouped together 4 adjacent frequency data points (bins) to generate 4

640  bins as shown in Fig. 4c).

641

642  The spectral composition of each was done using a Morlet wavelet time-frequency method over

643  a4s window centred on the slow oscillation peak. Motlet waves at 20 frequencies were used,
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644  with 3 cycles for the lowest frequency (1Hz) and 6 cycles otherwise (2-20Hz). A spectral mean
645  was next calculated for each participant for L-DOPA and placebo conditions (Fig. 4e.). A

646  cluster-based permutation method (permutation n = 500, cluster threshold of a = 0.01),

647  implemented with the Fieldtrip toolbox (87), was used to identify power differences. Based on
648  the finding that max spindle amplitude occurring near zero slow oscillation phase predicts to

649  memory performance in ageing {Helfrich, 2018 #3297}, an a-priori spindle region of interest of
650 11 - 16Hz, -0.5 - 0.5s was chosen for initial analysis. This same cluster method was then carried
651  out on the wider time-frequency space, 1 — 20Hz, -1 — 1s, the primary cluster (p=0.002) of which

652  is shown in Fig. 4e..
653
654

655  Behaviour

656  Pairwise comparisons (placebo versus L-DOPA) were calculated using either t-tests or

657  Wilcoxon’s rank tests in R 3.5.3 using RStudio. We also employed a Bayesian paired t-tests in
658  JASP 0.9.2.0 (§2) to obtain Bayes Factors (BF) — this allows more meaningful estimates of

659  confidence in both significantly different and null results than standard t-tests. BF gives the
660  probability of the data under either hypothesis. E.g. a BFioof 5 would denote that the data is 5
661  times more likely to have been sampled from the alternative compared to the null distribution,
662  while a BF; of 5 would denote that the data is 5 times less likely to have been sampled from the
663  alternative compared to the null distribution (i.e. 01 versus 10). We defined the prior (expected)
664  distribution as a Cauchy distribution with a mean of 0 and an interquartile range of .5 [~

665  Cauchy (0, .5)]. In other words, we predicted that the 8 lies between -.5 and .5 with a 50%

666  confidence. We selected this one as the 8s in cognitive neurosciences typically are within those

667  bounds, and as we did not have an informed prediction for the effect sizes.

668
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669  All mixed modelling was performed on R 3.5.3 using Rstudio, Ime4 (§3) and ImerTest (§4). We
670  included the participants as random effects and the dose (mg/kg) and the memory test delay
671  (Day 1, Day 3 and Day 5), or memory strength (re-enforced versus not), depending on the

672  analysis, as fixed effects. All fixed effects were mean-centred but not scaled. We selected the

673  model using the maximum feasible fit as this has previously been shown to be the best approach

674  for confirmatory hypothesis testing (§5).

675  List of supplementary materials:

676  SM 1 : Paired differences for delayed memory test

677 SM 2 : L-DOPA accelerates forgetting.

678 SM 3 : Re-activated items better retained in both conditions

679 SM 4 : Pairwise accuracy for List i across tests

680 SM 5: L-DOPA has disparate effects on forgetting rate depending on whether items were re-

681 exposed or not

682  SM 6 : Single dose of nocturnal L-DOPA increases time spent in slow wave sleep by 10.6%.

683  SM 7 : Missing data

684  SM 8 : Sleep and memory correlations on L-DOPA and placebo

685 SM 9 :L-DOPA increases spindle amplitude

686 SM 10 : Subjective sleep measures

687 SM 11 : Sleep visit timeline
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689  SM 13 : Secondary study timeline
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