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Sleep-Dependent Potentiation in the Visual System Is at Odds with the

Synaptic Homeostasis Hypothesis
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Study Objectives: Two commentaries recently published in SLEEP came to very different conclusions regarding how data from a mouse model of sleep-
dependent neural plasticity (orientation-specific response potentiation; OSRP) fit with the synaptic homeostasis hypothesis (SHY). To assess whether SHY
offers an explanatory mechanism for OSRP, we present new data on how cortical neuron firing rates are modulated as a function of novel sensory experience
and subsequent sleep in this model system.

Methods: We carried out longitudinal extracellular recordings of single-neuron activity in the primary visual cortex across a period of novel visual experience
and subsequent sleep or sleep deprivation. Spontaneous neuronal firing rates and visual responses were recorded from the same population of visual

cortex neurons before control (blank screen) or novel (oriented grating) stimulus presentation, immediately after stimulus presentation, and after a period of

subsequent ad lib sleep or sleep deprivation.

Results: Firing rate responses to visual stimuli were unchanged across waking experience, regardless of whether a blank screen or an oriented grating
stimulus was presented. Firing rate responses to stimuli of the presented stimulus orientation were selectively enhanced across post-stimulus sleep, but
these changes were blocked by sleep deprivation. Neuronal firing increased significantly across bouts of post-stimulus rapid eye movement (REM) sleep and

slow wave sleep (SWS), but not across bouts of wake.

Conclusions: The current data suggest that following novel visual experience, potentiation of a subset of V1 synapses occurs across periods of sleep. This

finding cannot be explained parsimoniously by SHY.
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Significance

Understanding how sleep contributes to experience-dependent plasticity in the brain has important implications for human health and welfare. To
promote our understanding of this process at the neuronal network and synaptic levels, we characterized the effects of sleep on a simple form of
sensory-evoked plasticity in the adult mouse visual system. By quantifying the direction and magnitude of firing rate response changes in cortical
neurons following novel visual experience and subsequent sleep, we have expanded upon our previous findings to provide additional evidence of
synaptic potentiation during sleep. These data demonstrate that a predominant hypothesis in the field, the synaptic homeostasis hypothesis (SHY),
cannot fully explain the beneficial effects of sleep on brain plasticity and cognitive function.

We are grateful to the authors of two commentaries recently
published in SLEEP'? for helpful discussion of how our data
on sleep-dependent visual system plasticity® (and recent data
from a number of other labs) could provide evidence for, or
against, the synaptic homeostasis hypothesis (SHY). Here, we
would like to present additional data to clarify why this form of
plasticity cannot be explained parsimoniously by SHY.

Simply stated, the underlying assumption for SHY is that
during waking experiences, synapses are strengthened, and
during sleep, synapses are weakened. Aimed at explaining
the cognitive benefits of sleep, SHY proposes that synapses
throughout the brain undergo a global (if not necessarily uni-
form) decrease in strength as a function of sleep. Such a pro-
cess could improve the function of neural circuits by reducing
synaptic “noise” caused by strengthening of connections in
wake. Proponents of the hypothesis have posited that “sleep is
the price the brain pays for plasticity.™ In other words, reduc-
tion in the neuronal signal-to-noise ratio through homeostatic
synaptic downscaling is the sine qua non of why the brain has
evolved to sleep. Such an incredibly far-reaching assertion re-
quires a proportional amount of supportive evidence; Occam’s
razor must be applied, no matter how elegant the hypothesis
seems. In support of SHY, converging electrophysiological,
anatomical, and molecular data have shown subtle decreases in
synaptic strength across the brain after a period of sleep when
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compared with a period of wake.>"® Critically, however, such
changes have been described primarily for rodents in their
home cage in the absence of novel experience or learning.”
Thus, one fair criticism of SHY is that there is a paucity of
data implicating downscaling as a mechanism for adaptive
brain plasticity (e.g., during sleep-dependent memory con-
solidation). And while data simulations may indicate that SHY
could improve neural circuit function®'® (as described by Drs.
Cirelli and Tononi in their commentary?), no experimental
studies have conclusively demonstrated that sleep-dependent
downscaling actually occurs in the context of sleep-dependent
cognitive processes. Second, no studies have selectively in-
terfered with downscaling during sleep (indeed, the cellular
mechanism for sleep-dependent downscaling has not been
clearly defined")—so its function is unknown. Third, a strict
interpretation of SHY is that sleep promotes cognitive func-
tions exclusively through synaptic weakening—which is not
supported by data from several labs indicative of sleep-depen-
dent synaptic strengthening.*!?'8

Nonetheless, if further evidence was needed that SHY is
highly influential in the field, one might cite the fact that dis-
cussion of our data has been centered on how it relates to SHY.
As Dr. Heller correctly stated in his commentary,' our previous
findings do not disprove SHY. However, they do suggest that
SHY does not account for some forms of sleep-dependent
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brain plasticity.>!” The plasticity we recently described (orien-
tation-specific response potentiation; OSRP) is initiated in pri-
mary visual cortex (V1) by presenting a novel visual stimulus
(a flickering oriented grating). OSRP is expressed as a relative
increase in V1 responses to the presented stimulus orientation
over subsequent hours.*" This process relies on the same in
vivo mechanisms as thalamocortical long-term potentiation
(LTP),® and critically, post-stimulus sleep deprivation inter-
feres with OSRP.> A parsimonious explanation is that in this
case, synapses are potentiated during sleep. However, this
simple interpretation runs counter to SHY, which does not
allow for large-scale (i.e., circuit-wide) synaptic strengthening
outside of wake.

Drs. Cirelli and Tononi commented that two factors suggest
a mechanism consistent with SHY for sleep-dependent OSRP.
First, they state that “visual responses were not recorded im-
mediately after training,” conjecturing that enhancement of
orientation-specific responses occurs across waking visual
experience. This statement is simply not true; we showed that
preference for the presented stimulus orientation is unchanged
immediately after stimulus presentation, but only shifts in
favor of the presented stimulus 6—12 hours later’—a finding
consistent with what others have reported.”” Their second con-
cern is that by comparing neuronal firing responses to stimuli
of different orientations, rather than the absolute amplitude
of visually evoked potentials (VEPs), we have obscured any
absolute changes in V1 visual responses. The distinction be-
tween single neuron firing rate responses and VEPs is not
germane; VEPs and V1 neuronal firing are correlated across
stimulus conditions,”* and changes in VEP amplitudes are
predicted by changes in V1 neuronal firing during visually in-
duced response plasticity.>** The relative change in firing for
various stimulus orientations was the salient feature of OSRP
in our study, just as it was for prior studies using VEPs."”?
Nonetheless, absolute changes in spontaneous®*?’ or stimulus
evoked® neuronal firing rates have recently been found during
homeostatic plasticity in the cortex (e.g., increases in firing
rates following visual deprivation). Here, we present a meta-
analysis of raw firing rate changes from a large number of in
vivo stereotrode recordings (comprising the 23 mouse experi-
ments previously reported® and an additional 46 experiments
subsequently carried out using identical methods), to address
whether overall synaptic strength appears to go up or down in
V1 with sleep. For all experiments, mice were implanted with
2 bundles of stereotrode wires (7 per bundle, spaced 1-2 mm
apart in right-hemisphere V1) for single-neuron and local field
potential recordings (reference and ground wires placed over
left-hemisphere V1 and cerebellum, respectively) and nuchal
EMGs as described previously.® Spike trains from individual
neurons were discriminated offline; only stably recorded and
reliably discriminated VI neurons (with single-unit spiking
continuously recorded throughout the experiment) were in-
cluded in subsequent analyses. All animal procedures were ap-
proved by the University of Michigan Committee on Use and
Care of Animals.

To test whether synaptic downscaling is a likely mediator
of OSRP, we first assessed whether V1 neuronal firing rates
increased in non-anesthetized, head-fixed mice across waking
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visual experience (Figure 1A—1B). We found that firing rates
for individual V1 neurons were virtually identical at the begin-
ning and end of a 1-h waking visual stimulus period (3.4 + 0.4
Hz and 3.4 + 0.4 Hz for the first and last 5 min of stimulus
presentation). Presentation of a blank screen over the same
1-h time window resulted in similar firing rate changes (mean
changes of 0.01 + 0.05 Hz and —0.11 + 0.09 Hz across oriented
grating stimulus presentation and blank screen presentation,
respectively; Figure 1C). Immediately following stimulus pre-
sentation, firing rate responses to the presented stimulus orien-
tation were only slightly (and not significantly) enhanced (V.S.,
RM ANOVA). Responses to stimuli of the orthogonal orien-
tation, and spontaneous activity, showed a similar degree of
change (increases of 0.15 + 0.09 Hz and 0.17 + 0.09 Hz, respec-
tively, vs. 0.16 + 0.08 Hz for presented stimulus responses; all
N.S., RM ANOVA vs. baseline). Moreover, firing rate changes
were similar in mice presented with a blank screen over the
same time period (an increase of in spontaneous activity of
0.16 + 0.17 Hz, also N.S., RM ANOVA; Figure 1D). Thus no
significant spontaneous or stimulus evoked firing rate changes
are present immediately following waking visual experience.
We next asked whether evidence for sleep-dependent down-
scaling was present in our recordings. We compared visually
evoked firing rate responses (and spontaneous firing) 12 h
after baseline visual response assessment, in freely-behaving
animals which either were allowed ad [ib sleep or were sleep
deprived (Figure 1D). Neuronal firing was recorded continu-
ously from mice across the post-stimulus interval to assess re-
sponse changes associated with behavioral state, as previously
described.? Following uninterrupted post-stimulus sleep, neu-
ronal firing rate responses to the presented stimulus orientation
were selectively enhanced, increasing on average by 0.54 + 0.24
Hz (P < 0.05, RM ANOVA vs. baseline), vs. 0.31 + 0.20 Hz
and 0.39 + 0.25 Hz, respectively, for blank screen and the or-
thogonal stimulus orientation (P < 0.05 for both comparisons,
RM ANOVA). These orientation-specific firing rate response
increases were eliminated by post-stimulus sleep deprivation.
When mice were deprived of sleep by gentle handling during
either the first or last half of the day (early sleep dep. and late
sleep dep., Figure 1D), V1 neurons’ spontaneous activity and
responses to stimuli were virtually unchanged from baseline.
Taken together, our data suggest that OSRP is dependent
on selective, orientation-specific potentiation of V1 circuitry
during post-stimulus sleep, resulting in enhanced firing rate
responses to stimuli of the presented stimulus orientation. If
these increases in firing rate are a function of sleep, one would
predict that: (1) firing rate changes could be detected across in-
dividual bouts of either SWS or REM sleep, and (2) following
stimulus presentation, firing rate increases would occur pref-
erentially during sleep (vs. wake). To test these predictions, we
quantified firing rates for individual neurons at the beginning
and end of each bout of wake, SWS, and REM > 1 min dura-
tion. Changes in firing rate across bouts were averaged for the 3
states over the first 4 h following presentation of oriented grat-
ings or (for comparison) following presentation of blank screen
(Figure 1E). Similar to what we found in our previous study,’
presentation of gratings led to significant increases in firing
rate overall (main effect of stimulus presentation, F = 16.4,
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Figure 1—Cortical neurons’ firing rates do not change across waking visual experience which induces OSRP, but do increase across subsequent sleep.
(A) To assess firing rate changes over waking experience, firing rates were compared during the first (Timepoint A) and last (Timepoint B) 5-min windows
of oriented grating (stimulus) presentation or blank screen (blank) presentation, beginning at lights-on. (B) Firing rate histograms for three representative V1
neurons during 1-h stimulus presentation. (C) Firing rate changes for individual neurons (in Hz) were not significantly changed across stimulus presentation,
and were not different between stimulus (n = 20 experiments [8 from a previous study®], 268 neurons) and blank screen (n = 3 experiments, 44 neurons)
conditions. (D) No differences in either spontaneous firing rate or orientation-specific responses (presented and orthogonal orientations are shown) were
seen immediately after blank screen or stimulus presentation (Timepoint B). After subsequent ad lib sleep (Timepoint C; n = 11 experiments [4 from
a previous study?®], 137 neurons), firing rate responses were selectively enhanced for the presented stimulus. *P < 0.05 for presented vs. orthogonal,
presented vs. blank, Holm-Sidak post hoc test, P < 0.05, RM ANOVA. Post-sleep firing rate changes following blank screen presentation (n = 8 experiments
[4 from a previous study®], 105 neurons) were negligible. Subsets of mice underwent behavioral sleep deprivation in the first (early sleep dep., n = 14
experiments [4 from a previous study®], 176 neurons) or second (late sleep dep., n = 13 experiments [3 from a previous study?], 166 neurons) half of the
post stimulus sleep period. In both sleep deprivation conditions, response rate changes across the day were negligible, and stimulus-specific potentiation
of responses was lost. (E) To determine how neuronal firing changed during sleep and wake bouts, firing rates were averaged over the first and last 30
seconds of individual bouts of wake, SWS, or REM. Changes in firing were calculated for each bout = 1 min over the first 4 h following presentation of
oriented gratings (striped bars; n = 509, 1152, and 287 measurements from 4 mice for wake, SWS, and REM, respectively) or blank screen (black bars;
n =630, 1625, and 236 measurements from 4 mice). Bouts with zero firing were excluded from analysis. *P < 0.005 for stimulus vs. blank screen; m, ®, and
¢ indicate P < 0.001 vs. wake, SWS, and REM, respectively in the stimulus condition, 2-way RM ANOVA with Holm-Sidak post hoc test.
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P < 0.001, two-way RM ANOVA). However, these increases
were not uniform across states (stimulus X state interaction,
F =333, P <0.001, two-way RM ANOVA). Relatively large
increases in firing rate (0.96 + 0.17 Hz) occurred across bouts
of REM, with smaller increases (0.27 + 0.04 Hz) occurring
across bouts of SWS, and decreases in firing (—0.39 + 0.12 Hz)
occurring across bouts of wake (main effect of state, F'= 12.0,
P < 0.001; wake vs. REM, wake vs. SWS, and REM vs. SWS,
P < 0.001, Holm-Sidak post hoc test). State-specific firing rate
changes were in the opposite direction in the hours following
blank screen presentation, with mean per-bout changes of
—0.24 + 0.15 Hz, 0.01 = 0.04 Hz, and 0.13 + 0.09 Hz, respec-
tively, in REM, SWS, and wake.

Three of our current findings are inconsistent with SHY.
First, firing rates do not increase significantly across a novel
waking experience that induces OSRP. Second, after this
experience, stimulus-specific visual responses increase in a
sleep-dependent manner. Third, firing rates in V1 increase
significantly across individual bouts of post-stimulus SWS,
and increase even more across bouts of post-stimulus REM.
One caveat is that in these studies, we directly measured
neuronal activity, but not synaptic strength. In response to
changing sensory input, in vivo firing rate change increases
(as measured here) may result from Hebbian plasticity mecha-
nisms,?** homeostatic mechanisms,?* or alterations in mem-
brane excitability.*® Nonetheless, our data present a case where
there is no evidence for homeostatic downscaling of synapses
during sleep, and where downscaling is not a parsimonious
mechanistic explanation for sleep-dependent plasticity. Rather,
in light of what is already known about OSRP,* the most par-
simonious explanation of our current and past*'7* findings is
that cortical synapses are strengthened during sleep.

Hypotheses are useful for advancing our understanding
only when they can be amended or falsified. Because SHY
has been so influential, two questions neuroscientists must ask
are: (1) whether synaptic potentiation associated with novel
learning can occur during sleep and, (2) whether synaptic po-
tentiation, downscaling, or both are present in the context of
naturally occurring sleep-dependent plasticity. The answer to
the first question is “yes” - our lab and others®'>"'” have already
provided substantial evidence that synaptic potentiation can
occur during sleep instead of wake. The second question can
only be answered with data from the brain in the context of
experience-dependent plasticity, not with rigid adherence to
one hypothesis about the function of sleep.
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