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The suprachiasmatic nucleus (SCN) is composed of functionally distinct subpopulations
of GABAergic neurons which form a neural network responsible for synchronizing
most physiological and behavioral circadian rhythms in mammals. To date, little is
known regarding which aspects of SCN rhythmicity are generated by individual SCN
neurons, and which aspects result from neuronal interaction within a network. Here,
we utilize in vivo miniaturized microscopy to measure fluorescent GCaMP-reported
calcium dynamics in arginine vasopressin (AVP)-expressing neurons in the intact SCN
of awake, behaving mice. We report that SCN AVP neurons exhibit periodic, slow
calcium waves which we demonstrate, using in vivo electrical recordings, likely reflect
burst firing. Further, we observe substantial heterogeneity of function in that AVP
neurons exhibit unstable rhythms, and relatively weak rhythmicity at the population
level. Network analysis reveals that correlated cellular behavior, or coherence, among
neuron pairs also exhibited stochastic rhythms with about 33% of pairs rhythmic at any
time. Unlike single-cell variables, coherence exhibited a strong rhythm at the population
level with time of maximal coherence among AVP neuronal pairs at CT/ZT 6 and 9,
coinciding with the timing of maximal neuronal activity for the SCN as a whole. These
results demonstrate robust circadian variation in the coordination between stochastically
rhythmic neurons and that interactions between AVP neurons in the SCN may be more
influential than single-cell activity in the regulation of circadian rhythms. Furthermore,
they demonstrate that cells in this circuit, like those in many other circuits, exhibit
profound heterogenicity of function over time and space.

in vivo calcium imaging | SCN | AVP

In mammals, circadian rhythms are synchronized by the suprachiasmatic nucleus (SCN) of
the ventral hypothalamus (1, 2). At the molecular level, circadian rhythms are driven by a
transcription-translation feedback loop in which the core clock genes CLOCK and BMALL
promote the transcription of the CRY and PER genes, which in turn inhibit their own
transcription in a process that takes approximately 24 h (3). While most mammalian cells
contain this molecular machinery (4), with a few notable exceptions (5, 6), rhythmicity is
lost after only a few cycles when isolated from the SCN (7). SCN neurons, cultured in
isolation or experimentally separated, exhibit weak or unstable rhythms (4, 8-10). Thus,
although molecular clock machinery is necessary for the generation of circadian rhythms,
individual neurons are insufficient to maintain longitudinal rhythms. There is increasing
evidence that the neurons in the SCN act as a neural network in which interactions between
neurons within the circuit may be responsible for regulation circadian rhythms. SCN brain
slices exhibit robust rhythms in core clock gene expression and intracellular calcium dynamics
ex vivo for weeks to months (7, 11), and these rhythms are reversibly dampened when cellular
communication is disrupted with TTX (11-13). In addition, longitudinal bioluminescent
slice recordings reveal the existence of an organized wave of clock gene expression which
propagates through the SCN in a stereotypic fashion, for both mPer! (14) and mPer2 (11,
15). This temporal organization is modified in a predictable and reversible way by alterations
in day length, suggesting that this emergent property of the network encodes important
information about the external world (16, 17), and that rhythmic function among this
population is typified by heterogeneity.

Most SCN neurons are GABAergic (18), but can be subdivided based on other expressed
proteins. Distinct populations of vasoactive intestinal polypeptide (VIP)-expressing, gastrin
releasing peptide (GRP)-expressing and arginine vasopressin (AVP)-expressing GABAergic
neurons are somewhat divided anatomically (19). In addition, approximately 40% of
SCN neurons express the neuropeptide Neuromedin S (NMS) and approximately 60%
express the dopamine receptor DRD1 (20); however, these gene products are not expressed
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in distinct neuronal populations and these neurons may also
express AVP or VIP (21).

The activity of these neuronal subpopulations may correspond
to different roles within the circadian circuit. For instance, loss of
NMS neurons abolishes rhythmicity entirely (21). VIP- and GRP-
expressing neurons likely receive input from the retina and play a
role in entrainment of the SCN to the light/dark cycle (22, 23).
Also, VIP and GABA act together to maintain synchrony between
SCN neurons, particularly under changing environmental lighting
(16). However, the role of AVP neurons is less clear. Disrupting
the circadian clock by selectively knocking out either bmall or
casein kinase 1 delta in AVP neurons lengthened the period of
oscillation (24-26), although selective destruction of AVP neurons
themselves does not affect LMA rhythms (27). Taken together,
available data suggest that rhythmicity of the SCN network is
rather resistant to the loss of specific neuronal populations of the
SCN network.

Multi-unit neuronal activity (MUA) recordings show that the
intact SCN network exhibits a robust firing rhythm peaking during
the day, even in constant darkness (28-31). Cell-type-specific con-
tributions to circadian timing in the intact SCN is less understood.
Measurement of VIP-neuron gene expression and intracellular cal-
cium via fiber photometry (FP) show robust population level
thythms in calcium as well as Perl, Per2, and Cry1 expression in vivo
(23, 32). This approach highlights the importance of VIP neurons
for photic entrainment (23, 33), and the importance of GABA
release from AVP neurons in regulating the timing of firing of other
SCN neurons (34). However, such population measures do not
provide the cellular resolution needed to elucidate how individual
neurons interact in neural networks to exact function and behavior.
Without the measure of individual neuron activity, we cannot know
how diverse neuronal behavior may be within a network.

Studies on neural networks have indicated that cohesive func-
tion of the circuit can occur with significant heterogeneity of func-
tion among individual neurons (35-38). New in vivo fluorescent
approaches have been developed in which individual neurons of
specific cell types within a network can be targeted and recorded
within an intact circuit of an awake, behaving animal. Recording
from brain slices which lack inputs and outputs, or recording
population-level behavior, even in vivo (e.g., MUA or FP), could
mask potential heterogeneity which may be important for circuit
function. State changes in such circuits are a point at which het-
erogeneity of function can switch to more homogenous, coordi-
nated function. One example is cortical reorganization during
sleep, where diverse signaling in wake changes to more coordinated
activity during sleep (39). The mammalian SCN undergoes relia-
ble, repeating state changes each day making it an excellent model
for determining how individual neurons contribute to a cohesive
behavioral outcome. In slice recordings, significant heterogeneity
in the phase of individual cells is observed (40) and this heteroge-
neity in vivo may influence behavior-level functional outcomes
(41). Different cell types exhibit diverse characteristics (26, 42)
and a single cell can exhibit stochastic rhythmicity (43), another
type of heterogeneity observed within individual cells over time.
However, whether such diversity of function across cells and time
exists in vivo, in an unperturbed SCN circuit is unknown.

In the present work, we characterize bursting electrical behavior
of AVP neurons within the intact SCN network using optogenet-
ically targeted single-unit activity recording (SUA™"). Further,
we employ miniaturized fluorescence microscopy to characterize
a portion of the SCN network by conducting longitudinal record-
ing of intracellular calcium dynamics in AVP-expressing neurons
in the fully intact SCN of freely behaving mice. We report that
individual AVP neurons appear to be relatively unstable circadian
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oscillators in vivo, exhibiting a stochastic pattern of rhythmicity
in calcium dynamics over time. However, correlational network
analysis reveals a strong, stable circadian pattern of coherence
among AVP neuron pairs at the population level, peaking during
the circadian daytime. This study is the first to undertake cell-
type-specific in vivo recordings of individual SCN neurons,
demonstrating that AVP neuronal rhythms emerge largely at the
network level.

Methods

Animals. For in vivo calcium imaging experiments, 10-wk-old heterozygous
male AVP-IRES2-Cre-D (Jackson Laboratory 023530) (44) was used. Cre-mediated
recombination in these mice specifically targets SCN AVP+ neurons in several
studies to date (45, 46). Control experiments were conducted using male Ai6
mice which express robust ZsGreen fluorescence following Cre-mediated recom-
bination (Jackson Labs 007906) crossed with AVP-IRES2-CRE-D knock-in mice
(Jackson Labs 023530). Forin vivo optogenetically targeted single-unit recording,
mice were bred by crossing AVP-Cre with Ai32 (RCL-ChR2(H134R)/EYFP,Stock #
024109) mice. In vivo electrophysiological recordings were performed on adult
male mice (3 to 4 mo) housed in 12-h light/dark cycle from birth. Food and water
were available ad libitum. All procedures described were approved by the IACUC
committee at Morehouse School of Medicine.

In vivo Miniaturized Fluorescent Calcium Imaging. Chronic lens implan-
tation surgeries were done as previously described (47). Briefly, using a stereo-
taxic apparatus, AVP-cre mice were injected (ML: +0.750 mm, AP: —0.200 mm,
DV: —5.8 mm) with an adeno-associated viral vector conveying the genetically
encoded calcium sensor jGCaMP7s (#104491, Addgene) into the SCN and a gradi-
entindexlens 0.50 mmin diameter(1050-004611 Inscopix) was implanted above
the SCN (ML: +0.750 mm, AP: —0.200 mm, DV: —5.7 mm; Fig. 14). Minimitter
G2 Emitters were implanted at the same time into the peritoneal cavity. Post-hoc
histology verified lens placement near/above the SCN and away from other AVP-
expressing cell populations in hypothalamic paraventricular nucleus, or supraoptic
nucleus. This placement was targeted since GRIN lens focal distance is typically
~200 um below the bottom surface. Fluorescence in ventral hypothalamus, but
outside the SCN borders appeared noncellular in nature, while cell bodies are
clearly observable within the SCN. Six weeks after surgery, mice were assessed for
evidence of discrete, dynamic calcium signals and a baseplate was attached over
the gradientindex lens to establish a fixed working distance with the microscope.
Baseplated mice (n=4 mice) were acclimated to the isolated recording chamber
and the presence of the microscope for 2 d before recordings were initiated. The
recording schedule consisted of 5-min recordings where mice were imaged at
6.67 Hz, every 3 hfor 48 consecutive hours for a total of 16 timepoints under both
constant darkness and 12:12LD. An example field-of-view and recording traces (5
min) from two different regions-of-interest (ROIs) and a background region con-
taining no visible cell are shown in Fig. 1B.The two 48-h recordings did not result
in photobleaching or any other rundown of GCaMP in the neurons. Specificity of
GCaMP infection was verified by colocalization of GCaMP and AVP via IHC (Fig. 1C).
Colocalization was difficult to detect, as expected due to the reduced expression
of the AVP peptide in AVP-cre mice (48). GCaMP7s never colocalized with neu-
rons expressing VIP, supporting AVP-expressing neuronal specificity. Locomotor
activity (LMA) during a fixed, then a shifted LD cycle was measured in one mouse
after imaging to verify that implanted mice had unimpaired circadian rhythms,
including proper entrainment to phase shifts (Fi(Z;. 1D). Coincident recording of
LMAwas also used to verify rhythmicity during Ca™* recordings (SI Appendix, Fig.
S1). Proper functionality of the calcium sensor was established by comparing
dynamic GCaMP7s recordings with green fluroescent protein (GFP)-expressing
AVP neurons used as a control (Fig. 1E). The GFP signal never exhibiting dynam-
ics like those observed using the calcium indicator. Fig. 1 F and G show three
more example traces to highlight the features of the traces used for the analysis
described in more detail below.

In Vivo Optogenetically Targeted Single-Unit Activity Recording (SUAAYR),
Optrode implantation. Optrode implantationwas doneas previously described (49). Briefly,
a stereotaxic apparatus (KOPF, model 1900) was used for implanting custom 12-channel
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Fig. 1. InVivo Characterization of AVP Neurons in the SCN Network. (A) Left: lllustrations describing AAV infection of AVP neurons, GRIN implantation above the
SCN, and tethered recordings using microendoscope. Right: example of histological validation of lens placement. Typical focal distance below the lens is ~200 pm.
(B) Representative still image demonstrating how AVP calcium dynamics are observed in vivo. Green polygons are drawn around AVP neuronal ROl and the red
polygons are non-AVP neuronal spaces used for background subtraction. Sample traces on the right illustrate examples of 5-min recordings obtained from AVP
neurons in the same field of view. (C) Image of the SCN taken with a confocal microscope (63x lens) showing neuronal colocalization (yellow) of GCaMP7s (green)
and AVP antibody (orange) as well as the exclusion of GCaMP7s from VIP expressing neurons (white). Red boxes indicate neurons with clear colocalization.
(D) Representative actogram demonstrating that mice with a GRIN lens implanted above the SCN appear to have normal daily circadian behavior which shifts
normally in response to a 6-h phase advance. (E) Representative calcium traces recorded from the SCN of AVPcre x GFP mice and AVPcre mice infected with
GCaMP7s demonstrating that while GFP does not exhibit acute calcium dynamics, intracellular calcium dynamics are detected by GCaMP7s. F-H: Representative
5-min calcium traces demonstrating how mean fluorescence intensity (red dotted line, F), acute events (red stars, G), and calcium waves (onsets green; offsets
red, H) were quantified for the purposes of determination of single-cell rhythmicity in Fig. 2.

optrodes above the SCN (AP: +0.38 mm, ML: +0.15 mm, DV: —5.5 mm). Optrodes were firing after light stimulation was 2.26 ms = 0.02 ms (n = 100 randomly selected
drivable viamanual screw-drive, and once implanted were slowly advanced into the SCN over APs; Fig. 3D). Thirteen AVP neurons were recorded from five mice in total. However,
days/weeks (see below). Optrodes were constructed by combining a microelectrode bundle for only three of them (AVP neuron #3, 4, 13), recorded from two mice, were we
(insulated nichrome wire, 30 pum diameter, Stablohm 675, Galiforia Fine Wire, USA) with a able to obtain complete recordings of a successive 96 h (48 h under LD and 48 h
custom-made optical fiber (200 pum diameter, Doric Lenses). The entire site was then sealed underDD). One neuron (AVP neuron #9) from one mouse was lost during recording

and secured with dental acrylic (Fig. 34). under DD. So four neurons in LD and three neurons in DD were used for further data
Identification of ChR2-expressing neurons and data acquisition. After recovery analysis. Electrophysiological data were recorded with a sampling rate of 20 KHz by
from electrode implantation surgery, the mice were handled to adapt to extracel- ~ a 16-channel head-stage and controller (RHD2000, Intan Technologies). Recorded

lular recording procedures (30 min) and the optrode is gradually lowered through raw voltage data were high-pass filtered (>250 Hz) and spikes were identified by
the brain toward the SCN (40 pm, once a day) until light stimulation through the applying thresholding. Single units were identified through offline sorting and then
optrode yielded single unit responses. For optogenetic identification of ChR2- analyzed using NeuroExplorer and MATLAB software. All electrode locations were
expressing (AVP+) neurons, pulses of blue light (473 nm, 2 to 10 ms duration, verified histologically (Fig. 3B). Due to the relative scarcity of the neurons recorded,
20 Hz, 10to 15 mW) were delivered to the SCN through the optical fiber. Asingle longitudinal (i.e., circadian) analysis was not performed for SUA"" data; instead,
unitwas identified as a ChR2-expressing neuron when action potential spikeswere  the data were only used to analyze bursting behavior.

repeatedly and reliably evoked by the blue light pulses (>50% occurrence) with a

shortfirst-spike latency (<7 ms), low jitter (<3 ms) and with waveforms consistent Image Analysis and Statistics. A complete description of our data analysis
with prior-recorded spontaneous spikes (correlation coefficient between waveforms approach is provided in S/ Appendix, Supplemental Methods. A brief description
of spontaneous and optically evoked spikes >97%). The latency to action potential follows.
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Image correction, ROI definition, and production of intensity traces. Raw
image stacks acquired at 6.67 Hz were motion-corrected using Inscopix Data
Processing software and 5-min recordings of images were exported as TIFF stacks.
The TIFF stacks were imported into Igor Pro 8 (Wavemetrics Inc, Lake Oswego,
Oregon) for further analysis. Regions of interest (ROI) were identified from max-
imum projection images. Using the background subtracted image stack, the
average intensity for each ROl was determined for each image in the stack. This
produced a line trace of varying intensities with time over the 5-min period for
each ROI (e.g., Fig. T F-H).

Mean intensity, intensity correlation, and events analysis. To determine
whether individual ROls varied with circadian rhythmicity, we first characterized
each ROl for its average intensity within the 5-min trace at each 3-h time point
(Figs. 1Fand 2 A-C). Fluorescence intensity traces for each ROl were also cross-cor-
related with each other yielding a Pearson coefficient for each ROI-ROl interaction

on the calcium traces. This was accomplished in two different ways. An unbiased
analysis of acute events was conducted in which the onset of an event was found if
the amplitude increased by more than two standard deviations above the intensity
of the previous 20 points (3 s) (Figs. 1G and 2 D-F). A second method was used
to determine event parameters of slow calcium waves (Figs. 1Hand 2 G-/). In a
first pass, automatic analysis was done in which the raw fluorescence line trace
for each ROl was smoothed with a 50-point box window. Then, the first derivative
was calculated from the smoothed raw data trace. The first derivative trace was also
smoothed using a 100-point box window followed by recording the time when a
threshold level on the first derivative was crossed in an increasing manner when
searching from the start of the first derivative trace to the end for either positive
or negative slopes. This approximated the start of slow calcium fluorescence
wave rise and the end of the calcium wave. The value of the threshold of the first
derivative was determined heuristically (usually 0.05). These time points could

at each circadian time point (Fig. 44). In addition, we performed event analysis then be manually corrected for missing and/or spurious events. Wave durations,
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Fig. 2. Circadian Rhythmicity in individual AVP Neurons is stochastic. (A) Heatmaps illustrating mean fluorescence intensity across the 5-min recording (see
Fig. 1F) of individual AVP neurons/ROls (rows) by recording timepoint (columns) in both DD and LD. Rows are normalized to their means. ROIs which exhibited
significant circadian rhythms according to cosinor (P < 0.05) for mean intensity appear above the dashed line and triangle. ROIs that were not rhythmic are
plotted below the dashed line. Plotted beneath the heatmap is the population average and standard errors for each timepoint. When the population measure
is rhythmic (P < 0.05), the cosine fit is superimposed on Top of the bar graph. (B) Polar plots illustrating the phase distribution of ROIs exhibiting significant
circadian rhythms in mean fluorescence in both DD and LD. The direction of the bar represents hour in CT for DD or ZT for LD. The length of the bar represents
the number of ROIs. Circular mean and SEM are represented in green. Pie charts indicate the proportion that exhibited a statistically significant rhythm across
the 48 h of DD and LD. (C) Phenotype tracking plots indicating the stability/change of rhythmic state of individual AVP neuron ROIs between the two recording
days (DD day 1 and DD day 2) under constant darkness (Left) and between the 48 h recordings in each lighting condition (Right). Blue lines indicate stable rhythmic
or arrhythmic ROIs, while red lines indicate a loss of rhythmicity between conditions, and green lines a gain of rhythmicity. Black triangles on the axes indicate
the division between rhythmic (Above) and arrhythmic (Below) ROls. (D-F) Rhythmicity measures for unsupervised acute events as quantified as described in
Fig. 1G. Same conventions as A-C, above, except that raw event number is plotted in the heatmaps rather than normalized counts. (E-/): Rhythmicity measures
for calcium waves, as quantified as described in Fig. 1H. Same conventions as A-C, above.
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inter-event intervals, and wave number could then be calculated from the start the Pvalue was below 0.05.The 24- or 48-h data were then ranked by Pvalue and
and end times of each event in each fluorescent intensity line trace. displayed as heatmaps. Data which could not be fit was given a Pvalue of 1 in the
resulting heatmaps and is not ranked (Figs. 2 A, D, and G and 4B).Those non-rhyth-
Circadian rhythm analysis. Circadian rhythmicity was tested by fitting data (mean mic ROIs are plotted below the dashed line in each heatmap.
intensity, acute events, calcium wave variables including number, duration and To determine whether AVP neurons displayed any rhythmicity as a population,
inter-event interval, and Pearson correlations among ROI pairs) collected at 3-h the columns of the heatmaps were averaged, and these values were subjected
intervals over 24 or 48 h with a cosine function. Fit optimization was based on to the circadian fit. For population averages, fitting was also weighted by the
Levenberg-Marquardt least-squares method constraining the results for the period reciprocal of the SDs determined for each column of the heatmap. When the
between 21 and 28 h (50, 51). The Pvalues from these fits were determined using population measure was rhythmic, the cosine fit is displayed on the mean bar
a nonparametric Mann-Kendall tau test. A particular ROl was deemed rhythmic if graph below each heat map (Figs. 2 4, D, and G and 4B).
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Fig. 3. Electrical Characterization of Calcium Waves using Optogenetically Tagged Single Unit Activity Recording In Vivo. (A) Schematic illustrating how laser
stimulation is used to identify and record from AVP neurons in freely behaving mice. (B) Photomicrograph of representative histological section illustrating
the location of the fiber optrode above the SCN. Blue = DAPI; Green = EYFP expression tag for channelrhodopsin. OC = optic chiasm. (C) Blue light stimulation
(blue bar) yielded an increase in firing rate in AVP+ neurons containing channelrhodopsin. (D) Histogram showing short (~2.25 ms) latency between blue light
stimulation and action potential firing in AVP neurons containing channelrhodopsin. (E) Action potential firing measured from the optrode of a representative
AVP neuron (Top) with the smoothed firing rate plotted beneath. (F) Representative 5-min calcium trace of GCaMP mediated fluorescence from an AVP neuron.
Note the similarity between the fluorescence calcium waves to the smoothed firing rate dynamics measured by SUA*'" plotted in E. (G) Example histogram of
firing rate for an AVP neuron. The black line indicates the fit to the log transform of the exponential fit with the yellow lines being the individual exponential
components from the fit. (H) Example histogram from the same neuron showing the log transform of burst length. (/) Summary of average burst duration
recorded with SUA*P (Left) compared with the duration of calcium waves measured via miniaturized fluorescent microscopy (Right). There was no significant
difference in duration between recording modalities and lighting conditions (ANOVA P > 0.05).
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Fig. 4. Circadian Rhythmicity in Correlation among AVP Neuron Pairs. (A) Schematic illustrating correlational (a.k.a. coherence) analysis among AVP neuron
pairs. Calcium traces of individual SCN neurons across a field of view within a 5-min recording were cross-correlated, then the Pearson’s coefficient for cell pairs
was plotted for each time point over 48 h and subjected to rhythmicity analysis. High correlation is interpreted as active interaction or coordination among cell
pairs and referred to as coherence. Coherence among some pairs was strongly rhythmic. (B) Heat maps illustrating Pearson coefficients of single AVP neuronal
pairs (rows) by timepoint (columns) in both DD and LD. Neuronal pairs which exhibited significant circadian rhythms according to cosinor (P < 0.05) in correlated
activity appear above the dashed line and triangle. Plotted beneath the heatmap is the population average and standard errors for each timepoint. Where the
population measure is rhythmic (or trending in that direction), the cosine fit is superimposed on Top of the bar graph (DD cosinor P =0.004; LD cosinor P=0.057).
(C) Polar plots illustrating the phase distribution of ROI pairs exhibiting significant circadian rhythms in coherence in both DD and LD. The direction of the bar
represents hour in CT for DD or ZT for LD. The length of the bar represents number of ROI pairs. Pie charts indicate the proportion that exhibited a statistically
significant rhythm across the 48 h of DD and LD. (D) Histogram illustrating the frequency contribution to neuronal pair correlation. A low-pass filter (<0.25 Hz)
applied to raw data yielded correlations with Pearson Coefficients approximating the unfiltered data. On average, over 90% of the power was carried by these
low frequencies in comparison to when a high-pass filter (>1 Hz) was applied to the raw data. (E) Phenotype-tracking plots indicating the stability/instability of
rhythmic state of AVP neuron ROI pair coherence between the two recording days (DD day 1 and DD day 2) under constant darkness (Left) and between the
48 h recordings in each lighting condition (Right). Blue lines indicate stable rhythmic or arrhythmic pairs, while red lines indicate a loss of rhythmicity between
conditions, and green lines a gain of rhythmicity. Black triangles on the axes indicate the division between rhythmic (above) and arrhythmic (below) ROI pairs.
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Phases resulting from the fits were recorded for each ROl or ROI-ROl interaction

with significant rhythmicity. Histograms of the phases were then calculated utilizing
3-hbinsand then plotted on polar coordinate graphs (Figs. 2 B, £,and Hand 4C) with
associated circular means and SEM (in green).
Calculation of firing rate and duration of bursting for single-unit analysis.
After spike sorting, traces dedicated to a particular single unit were analyzed for
their firing rate (Fig. 3). Time stamps of action potential firing were subjected to
histogram analysis with a bin size of 3 s over the whole recording and then divided
by the bin size to get the firing rate per 3 s time point. A histogram of this firing
rate time course was then produced, indicating the prevalence of firing rates.
Burst lengths were determined by rebinning the time stamp data per 10 s bins
and determining the duration of the burst by analyzing the points when the firing
rate had risen above and then returned below 1.5 Hz (Fig. 3G). Because firing
rates and burst lengths could have a range of several decades, these histograms
were converted to a log transform where the abscissa was the log of the firing
rate and the ordinate was the square root of the number of events per bin (e.g.,
Fig. 3 Gand H) (52). These data were then fit with a log transformation of a sum
of exponential components (53) to determine the firing rate or the burst length
for Fig. 3 Gand H, respectively.

Raw data from this study can be found in Dryad (https://doi.org/10.5061/
dryad.2ngf1vhpz) (84).

Results

Circadian Rhythmicity in Mean Fluorescence of AVP Neurons
in the SCN. Circadian analysis of mean fluorescence intensities
could indicate if basal levels of calcium, a surrogate for overall
levels of neuronal activity, would change over the course of the day.
Average fluorescence intensity was determined from each 5-min
recording at each 3-h time point for each ROI (e.g., Fig. 1F). The
mean fluorescence per 3-h time point was fit with Equation 2 for
each ROI to determine whether the ROI exhibited a circadian
rthythm. Heatmaps of these rhythms in mean intensity are shown
in Fig. 2A4. In constant darkness, 24% of AVP neurons exhibited
significant circadian rhythmicity (cosinor, P < 0.05) with mean
peak phase at CT 8.69 + 0.92 h; n = 6 ROIs (Fig. 24, Left, above
the dotted line; Fig. 2B, Upper); whereas in 12:12 LD, 53% of the
AVP neurons demonstrated significant circadian rhythmicity with
a mean peak phase at ZT 9.11 + 0.80 h; n = 18 ROIs (Fig. 24,
Right, above the dotted line; Fig. 2B, Lower).

For each individual 24-h day, approximately 35 to 50% of
recorded cells were rhythmic, but the set of cells that made up
that rhythmic subpopulation was dynamic, with neurons gaining
or losing rhythmicity in the two 24-h periods (Fig. 2C,
Left and SI Appendix, Fig. S4A). Also, there was no discernable
pattern between lighting conditions except for an overall increase
in the likelihood of rhythmicity in LD compared with DD
(Fig. 2C, Right). When mean fluorescence values for all ROls were
averaged for each 3-h time point, the population did not display
circadian rhythmicity in constant darkness (Fig. 24; cosinor
P =0.546; n = 26 ROIs). In contrast, under a 12-h light/dark
cycle the population average resulted in a significant population
rthythm in mean fluorescence (Fig. 2B; cosinor P = 0.005; n = 34
ROIs), peaking during late day. Bootstrapping analysis was also
performed to address the unequal contribution of cells from each
mouse to the population measure (87 Appendix, Fig. S7 and
Table S2) for this and other variables reported below. A majority
of bootstrap trials in both lighting conditions suggested a popu-
lation-level rhythm regardless of # of ROIs sampled per mouse.

Rhythmicity of Acute Calcium Events in AVP Neurons. Although
slower variants of GCaMP including the GCaMP7s used in this
study are not capable of resolving distinct rapid events such as action
potentials, significant changes in fluorescence within a recording
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are indicative of neuronal dynamics in these AVP neurons. Within
the 5-min recordings, events were detected automatically by finding
fluorescence that crossed a threshold that was two standard deviations
above a sliding 3-s window (e.g., red diamonds, Fig. 1G). In DD,
50% of AVP neurons exhibited a circadian rhythm (cosinor P < 0.05)
in the number of dynamic calcium events per 5-min recording
session compared with 44.1% of neurons in LD (Fig. 2D). The
subpopulation average phase for these dynamic events for these
rhythmic cells in DD was at CT 14.21 + 1.30 h (n = 13 ROIs) with
a similar population average phase for LD at ZT 14.10 + 1.68 h
(n=15ROIs) (Fig. 2E). However, when considering all characterized
AVP neurons (both rhythmic and non-rhythmic), the population
average exhibited no significant rhythm in DD (Fig. 2D, left below
the heatmap; cosinor P = 0.322; n = 26 ROIs) or LD (cosinor P
= 0.652; n = 34 ROIs). This was largely due to the wide-phase
distribution apparent in the polar plots for the rhythmic ROIs
(Fig. 2E). Bootstrapping results confirmed this lack of population
rhythmicity as a significant minority of trials resulted in the detection
of a population thythm (S Appendix, Fig. S7 and Table S2). As was
observed for mean fluorescence (Fig. 2C), there was a fairly consistent
~30% of neurons that were rhythmic for any given 24-h period, but
the members of that rhythmic subset, and sometimes the phase of
those thythms (S Appendix, Fig. S4H), were highly dynamic across
the two recording days of DD (Fig. 2F, Lefi) and LD (8] Appendix,
Fig. S4B), and between 48-h series from each lighting conditions
(Fig. 2F, Right).

AVP Neurons in the SCN Exhibit Distinctive Calcium Waves
In Vivo. Slow, high-amplitude calcium waves appear to be a
characteristic feature of most AVP neurons in the SCN. Nearly
all ROIs in three of the four mice recorded for this study exhibited
unambiguous waves distinct from the other dynamics apparent in
the signal (S Appendix, Table S1). For the fourth mouse (AVP63),
the waves were less distinct from the faster dynamics. Such waves
were never observed in control experiments in which AVP neurons
expressing GFP under the CAG promoter were recorded using the
same methods, in either DD or LD (Fig. 1£). The waves occurring
within each 5-min recording were counted (Fig. 2H) across the
circadian day to determine whether the frequency of these events
is thythmic. To be conservative, wave counting and analysis
for rhythmicity were not performed for AVP63 (SI Appendix,
Table S1). In DD, calcium waves were observed in most AVP
neurons during at least one (usually most) time point(s), though
a significant circadian rhythm in their counts was observed in
only 16.7% of AVP neurons with a peak phase at CT 14.24 =
0.96 h; n = 5 ROIs (Fig. 2 G and H). Under 12-h light/dark cycle,
calcium waves were also observed in most analyzed neurons, and
significant circadian rhythms were detectable in 26.5% of the
cells with a peak phase at ZT 20.06 + 1.79 h; n = 9 (Fig. 2 G
and H). Averaging the number of waves by timepoint for all AVP
neurons (or via bootstrapping simulations (S/ Appendix, Fig. S7
and Table S2) did not reveal a significant circadian population
thythm in DD or in LD [Fig. 2G below the heatmaps; P = 1
(n=26ROIs); P=0.133 (n = 34 ROIs) respectively]. As reported
above for both mean fluorescence and acute calcium events, very
lictle stability in the subpopulation of thythmic ROls was observed
for the number of calcium waves over 2 d in DD (Fig. 27, Lef?)
or LD (87 Appendix, Fig. S4C), with a variable ~15 to 30% of
neurons rhythmic for 24-h periods. And again, for calcium waves
as reported above for other measures, largely different populations
of cells were rhythmic in DD or LD (Fig. 2/, Right). In addition
to the analysis of wave number here, wave duration (S Appendix,
Fig. S2) and interevent interval between these calcium waves

(SI Appendix, Fig. S3) were also calculated. Neither additional
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measure provided the evidence of stable circadian rhythmicity
or common phasing, and both exhibited similar state-switching

(81 Appendix, Figs. S2D, S3D, S4, and S5) as reported above.

Calcium Waves Likely Correspond to Bursting Activity in AVP
Neurons. Optogenetically targeted Single-Unit Activity Recording
(SUAM") was employed to determine if the timing of the slow
wave phenomenon observed in calcium imaging (e.g., Fig. 1H)
corresponded to increased action potential firing activity in individual
AVP neurons within the intact SCN (Fig. 3 A and B). Mice expressing
channelrhodopsin in AVP neurons were implanted with optrodes and
neurons were verified as AVP positive if an increase in firing rate was
elicited by blue light stimulation through the optrode (Fig. 3C). The
latency to action potential firing after light stimulation was 2.26 ms
+0.02 ms (n = 100 randomly selected Aps; Fig. 3D). When the firing
rate was considered for 5-min epochs, a distinct pattern of bursting
was observed (Fig. 3E) which corresponded closely with the calcium
imaging data observed from SCN AVP neurons in other animals
(Fig. 3F). Both firing rate (Fig. 3G) and burst duration (Fig. 3H) were
calculated using the unbiased method described above. Average burst
length was 13.41 +2.6sand 8.92 +2.11 sin DD (n = 3 cells) and LD
(n = 4 cells) respectively compared with the calcium wave duration of
14.20 £0.50 sand 13.97 £ 0.32 s in DD and LD respectively (Fig. 3).
Two-way ANOVA indicated that there was no main effect of method of
observation (DF =1, F, ;, =1.27, P=0.26; n=7) or lighting condition
(DF =1, F, ¢, = 0.827, P = 0.37, n = 7) as well as no interaction
(DF =1, F, ¢, = 0.67, P= 04.1,n = 7).

Rhythmicity of Correlated Activity Between AVP Neurons.
Raw fluorescence across all cell/ROI pairs within a recording
(Fig. 4A) was subjected to correlational analysis for each
timepoint to quantify the degree of coherence, or coordinated
activity among AVP neuron pairs. We sought to determine if
the degree of coherence varies over circadian and diurnal time,
which would indicate changes in the state of network signaling or
output beyond those appreciated by single-neuron analysis, or by
measurement of bulk fluorescence. We observed that many ROI
pairs exhibited strong positive correlations between their calcium
dynamics during the middle/late day/subjective day and either
no correlation or were inversely correlated during the subjective
night (Fig. 44, Right). In DD, 34.33% of AVP neuron pairs
exhibited a circadian rhythm in correlated activity (Fig. 4B, Lef};
ROI pairs above the dotted line) with an average peak correlation
for rhythmic pairs at a phase of CT 9.83 + 0.25 h; n = 149 ROI
pairs (Fig. 4C, Upper). In LD, 34.70% of ROI pairs demonstrated
significant rhythmicity of coherence with a mean peak phase at
ZT9.37 +0.24 h; n = 161 ROI pairs (Fig. 4B, Righrand Fig. 4C,
Lower). In both cases, the phase distributions were tight compared
with measures of single-cell rthythms in Fig. 2. The population
average of Pearson coeflicients by timepoint exhibited a significant
rthythm at the population level (all cells/ROIs) in DD and in LD
(Fig. 4B, below the heatmap; DD: P = 0.004; n = 434 ROI pairs;
LD: P = 0.024; n = 451 ROI pairs). However, bootstrapping
simulations suggest that the population rhythm in LD is less
circadian than under DD, when equal samples are drawn from
each mouse (SI Appendix, Fig. S7 and Table S2). Most ROlIs in
the study had at least one rhythmic correlation with another RO],
with the modal # of rhythmic connections being from two to five
(SI Appendix, Fig. S6C).

We wanted to know how much of the power in the correlations
resulted from low-frequency fluorescence changes (<0.25 Hz) or
if higher-frequency calcium dynamics were mostly responsible for
the coherence between AVP neuron ROIs. Frequency contribution
analysis on a subset of interactions indicated that wave
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components slower than 0.25 Hz accounted for 99.2 + 0.40% of
the correlation between AVP neurons (n = 10 ROI pairs; Fig. 4D),
indicating that an increased synchronous activity was arising from
coincidence in calcium waves or other slow dynamics in AVP
neuronal pairs rather than due to shared high-frequency
dynamics.

Rhythmicity in correlated activity consistently occurred in ~25
to 35% of AVP neuron pairs across all four of the 24-h periods
for which we recorded (Fig. 4F and SI Appendix, Fig. S4), but the
membership of that rhythmic subset of cell pairs was highly var-
iable. Cell pairs either gained, lost, or maintained their rhythmic
relationship  across  the  48-h  recordings  (Fig. 4F,
Left and SI Appendix, Fig. S4) and between DD and LD (Fig. 4F,
Right) with no predictability. The strength of correlation as a func-
tion of distance between neurons was also measured. In DD, there
was a weak but significant relationship between correlated activity
and the distance between AVP neurons, such that the further one
neuron was from another for both positively (R* = 0.007, P <
0.001; n = 160 ROI pairs) and negatively correlated relationships
(R* = 0.01, P < 0.004; n = 160 ROI pairs), Pearson coefficients
decreased. Correlated activity also weakly decreased with distance
between neurons for 12:12LD, for both positively correlated (R*
=0.02, P < 0.001; n = 188 ROI pairs) and negatively correlated
(R* = 0.04, P < 0.001;n = 188 ROI pairs).

Multimodal Analysis of Rhythmicity. S/ Appendix, Table S1
provides a summary of rhythmic characteristics across all of our
primary measures for each ROI. The final two columns indicate
how many rhythmic coherence relationships each ROI has within
that mouse. Likelihood of rhythmicity across variables appears
to be stochastic, such that no one parameter predicts the value
of another, and no single-cell variable predicts the number of
rthythmic relationships. Results from each mouse in the study
share these general characteristics. ST Appendix, Fig. S6 summarizes
the multimodal analyses with histograms that indicate shared
and unique rhythmic features within ROIs. About 60% of cells
exhibited at least one rhythmic single-cell parameter in both DD
and LD (87 Appendix, Fig. S6 A and B), and nearly all cells had
at least one rhythmic relationship, with the modal # of rhythmic
relationships of two to four.

Discussion

Individual Neuron Heterogeneity of Function in the Context of
an Intact Circuit. The master circadian pacemaker in mammals in
the SCN is comprised of groups of neurons which express specific
neuropeptides and these cells may exert distinct influences over the
regulation of circadian rhythms. It is still poorly understood how
this network generates a unified output in which different neurons
within the network interact to regulate circadian rhythmicity.
Imaging of brain slices, using bioluminescent and fluorescent
gene-reporter mice, demonstrates the existence of robust network
organization that is predictably and reversibly altered by changing
light conditions (11-13, 54). However, this approach is limited by
the need to dissect the SCN network for observation, severing all
inputs, outputs, and most intra-network connections. Multi-unit
recording offers a window into the electrical activity of the intact
SCN network in vivo, and such studies have been fundamental in
developing our understanding of the SCN as a master pacemaker
for circadian rhythmicity (28-31, 55), but are unable to provide
additional information regarding cell-type-specific population or
individual neuronal contribution to the regulation of circadian

rhythmicity within the SCN.
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Intersectional genetics and novel recording techniques have
dramatically improved our ability to conduct population level,
cell-type-specific studies within the intact circadian network. For
example, recent studies in vivo demonstrate the necessity and suf-
ficiency of VIP-expressing neurons in synchronizing the SCN to
light-induced phase resetting (23, 32, 33). In vivo FP is a powerful
technique, but one that can be enhanced with the ability to
observe individual neurons and the interactions between these
neurons within the fully intact SCN network. Thus, here we pres-
ent work involving two novel techniglljles: optogenetically targeted
single unit activity recording (SUA*"") and in vivo calcium imag-
ing of AVP-expressing neurons in the intact SCN of awake, freely
moving mice under different lighting schedules using miniaturized
fluorescence microscopy. Targeted SUA has been used for cell-type
specific electrophysiological recording in the medial prefrontal
cortex (56), and the striatum (57), but applied here for the first
time in the SCN. In vivo calcium imaging has been used to meas-
ure calcium dynamics in many brain areas including the frontal
cortex (58), hippocampus (59), and cerebellum (60, 61). This
technique permits the characterization of individual cells within
the SCN and how they contribute to communal network behavior,
and how these contributions are modulated over circadian and
diurnal time.

Our data indicate that most AVP neurons in the SCN exhibit
slow calcium waves, approximately 20% of which show a modu-
latory rhythm of their frequency over a 24-h period (Fig. 2 G-1).
While increases in intracellular calcium can be indicative of neu-
ronal firing (62), because of the slow decay time of the variant of
GCaMP7 we employed, temporal discrimination of individual
action potentials within bursting events was not possible. Thus,
we employed SUA™" to better characterize the firing behavior of
a small number of AVP neurons within the SCN in vivo. The
burst duration resulting from firing rate of AVP neurons by
SUA™" is similar to the duration of calcium waves measured by
fluorescence (Fig. 37). This suggests that the waves we observe in
our calcium imaging data are likely the result of bursting activity
exhibited by AVP neurons. Previous studies observed similar burst-
ing activity in AVP neurons of the supraoptic nucleus (63) and
paraventricular nucleus (64). Although the specific cell types were
not identified, such bursting was also reported within the SCN
(65). The present results are the first to bridge these findings and
confirm that AVP neurons within the SCN exhibit phasic firing,
or bursting activity, in vivo. Interestingly, although bursting activ-
ity is present in nearly all SCN AVP neurons recorded, a minority
of neurons exhibit circadian rhythmicity in bursting. This suggests
that while bursting is an identifying characteristic of these neu-
rons, it may not play a significant role in the regulation of circadian
rthythms.

Although circadian or diurnal regulation of bursting is
uncommon in SCN AVP+ neurons (Fig. 2 G-/ and SI Appendix,
Figs. S2 and S3), the well-known role of these cells as regulators
of the circadian clock suggests that some aspect of their activity
should exhibit reliable rhythmicity. AVP-specific Per2::luc
thythms in SCN slices illustrate the presence of functional
molecular clocks (26). We have observed similar results using a
D site-binding protein (DBP) reporter in AVP-expressing SCN
cells (42); however, our selection of cell-based ROI used rhyth-
micity as a criterion and thus excluded non-rhythmic cells which
may have been present. Imaging from SCN slices from
AVPEluc/+ mice demonstrates the rhythmic transcription of
avp in the SCN (66), and there is a circadian rhythm in the
secretion of vasopressin (67, 68) and GABA (34) from AVP
neurons in the SCN.
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Using longitudinal calcium imaging, we find that stable cir-
cadian rhythmicity is not observed in all AVP neurons. Only a
minority of these neurons exhibited rhythmicity for each of the
three main parameters characterized (mean fluorescent intensity,
calcium events, or calcium waves). While individual neurons
sometimes exhibit circadian rhythmicity in various measures
(sometimes several measures; SI Appendix, Table S1 and Fig. S6),
these rhythms are not stable from day to day nor is there a reli-
able trend in rhythmicity between lighting conditions (Fig. 2,
and ST Appendix, Figs. S2-S4). Furthermore, the phases of the
calcium rhythms that we did observe vary among cells as well as
across time and lighting condition such that rhythms do not
emerge at the population level in some of these measures. This
was not equally true among the three measures, as mean intensity
was rhythmic in LD at the population level and was trending
that way in DD. Bootstrapping simulations suggested that pop-
ulation rhythms existed in both lighting conditions (S Appendix,
Table S2). But overall, while AVP neurons exhibit strong rhythms
in gene transcription with coherent phasing in slice recordings,
such rhythmicity may not accurately reflect the temporal, and
electrical activity of a majority of these neurons at all times
in vivo. Instead, we suggest that stable rhythmic activity of indi-
vidual neurons is not needed. Instead, perhaps a generous (and
ever-changing) subset (i.e., ~30% of cells perhaps) need only be
rhythmic, electrically, in order to drive rhythmic outputs. These
data may suggest a novel view of network rhythmicity for AVP
neurons, where all cells contribute to the generation of a popu-
lation rhythm, but not all the time. A very similar phenomenon
has been reported for hippocampus, where the dynamic sharing
of the responsibility for encoding place memory among neurons
was described (69).

At first blush, this view of SCN rhythmic organization may
seem at odds with what has been reported prior, that a large
majority of SCN neurons exhibit rhythms in gene expression
and bulk Ca®* which reflect underlying molecular rhythms in
these cells (7, 8, 11, 40). We argue that our findings reflect
properties only appreciable through longitudinal in vivo record-
ings with cellular resolution. It is important to distinguish how
these cells might behave in the presence of dynamic input from
outside of the SCN from how they behave in a slice. It is also
important to distinguish how a cell behaves over time, versus
how the population does. Previous studies utilizing diverse tech-
niques have had either single-cell resolution in a reduced prep,
OR in vivo bulk recordings, OR in vivo single cell recordings
without cellular specificity. No studies have had all of these
advantages combined, and thus could not have observed the
stochasticity and dynamically shared function reported here. The
closest comparison is in vivo MUA/SUA (70, 71), which (until
now) lacks cell specificity, but nonetheless has revealed
non-rhythmic cells, cells with diverse phases, and acute cellular
behavior which reflects dynamic behavioral input, which are
observations one would predict given our current results. Thus,
the suggestion of diversity among neurons and stochastic behav-
ior of rthythms of individual neurons in the SCN circuit in vivo
is not surprising. Such diversity of rhythmicity (43) and phase
(40) both among cells and over time within cells has been
reported for SCN. Phasic diversity among cells in vivo may also
play an important role in plasticity and robustness of the circuit
(41). Recordings of other brain circuits using the same technique
employed in our study suggest that heterogeneity of function,
even among cells that share many other features is the norm, not
the exception(35-38), and is likely a fundamental property of
neural circuits.
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Correlated Activity among Cells during Only the Daytime Is
an Emergent Network Property of AVP Neurons. Recent work
suggests that emergent properties of the SCN network play an
important role in the generation of robust and stable rhythmicity.
Emergent properties are observations that cannot be appreciated
by studying single cells alone, and that may have functional
significance for how the network operates. The wave observed
in bioluminescent slice recordings reveal a spatiotemporal
organization within the SCN (11, 14, 15) which is predictably
and reversibly altered by changes in environmental lighting
(16, 17). Synchronization between cells may be dependent on
this organization (72, 73) driven by region-specific circadian
programming within the SCN network (54, 74, 75). However,
to date, it is unknown if such an organization observed ex vivo
extends to an intact SCN network in vivo. Previous in vivo studies
were not capable of single-cell discrimination and/or have not
been able to observe multiple cells simultaneously, and therefore
have not addressed the issue of network organization. Here, while
single-cell rhythms appear unstable, we observed an underlying
circadian structure to coordinated activity among neuron pairs.
Calcium dynamics in many AVP cell pairs are more highly
correlated (i.e., coherent) during the day than during the night,
indicating either coordinated function intrinsic to those cells, or
a shared acute response to a common input of either intrinsic or
extrinsic origin (Fig. 4). This coherence in activity is dependent
on distance such that the further two neurons are from each other
in the same field of view, the less correlated they are likely to be.
Generally, the relationship is absent during the night such that the
cells behaved entirely independently, or sometimes are inversely
correlated. About 33% of all AVP neuron pair relationships
have significant circadian rhythms, and nearly every cell we
recorded has at least one such relationship (most have more)
(SI Appendix, Fig. S6C). The average of these correlations across
all cell pairs, a surrogate population measure, in both DD and
LD exhibit a significant circadian rhythm with a (subjective)
daytime peak between CT/ZT 6 to 9. This in vivo observation
of rhythms in coherence may reflect time-of-day dependent
signaling dynamics in the SCN previously reported. GABA is
known to switch between being inhibitory and excitatory in a
time-of-day dependent manner (76-79), regulated via neuronal
intracellular chloride concentration and expression of the Na'-
K*-2CI" cotransporter (NKCC1). The significance of this is
demonstrated by time-dependent blockade of the NKCC1
transport, which results in diminished phase-resetting to light
exposure during the early subjective night, but not during the
late subjective night or during the light phase (80). Changing
network dynamics may also be driven thru non-synaptic paracrine
signaling (e.g., by AVP itself). The relevance of this time-of-day
dependent rhythm in neuronal coherence for circadian function
needs further study.

Study Limitations. There are technical limitations to this body
of work that place some constraints upon the conclusions' Due
to the difficulty in cell-type specific targeting of a relatively small
neuronal population (~2,000 neurons) within a very small,
deep brain region, the number of AVP neurons which were
observed in a longitudinal fashion was somewhat limited. Now
that feasibility of this technique has been established by us and
others (81), other cell-specific populations can be examined.
The AVP-IRES2-Cre mouse used in this study has been reported
to express reduced levels of AVP protein and mRNA, with no
change in circadian behavior or AVP cell number (48). This fact
limited our ability to demonstrate robust colocalization of AVP
and gcAMP7 expression using immunofluorescence. However,

https://doi.org/10.1073/pnas.2209329120

the model is well-documented to selectively target AVP neurons
in the SCN and elsewhere (42, 44-46). Additionally, there is
the possibility that a minority of AVP-expressing neurons dorsal
to, but not part of, the SCN that are marked by the cre- line
may have been recorded (82). It was not possible to distinguish
between these and AVP-expressing neurons within the SCN in
the present study. Since the vast majority of AVP-expressing
neurons in the ventromedial hypothalamus are within the
SCN (19), it is almost certain that most cells recorded are
within its borders. No lens was found to be dorsal enough to
have recorded from the hypothalamic paraventricular nucleus,
and lateral placements that captured supraoptic neurons were
unambiguous and omitted from this analysis. In Fig. 14, the
fluorescence that is present dorsal to the SCN is largely non-
cellular in appearance. And since the heterogeneity we report
is longitudinal across time in addition to across cells, ectopic
AVP-neurons present in our recordings would not account
for such diversity. Future studies will take advantage of novel
cell position identification techniques such as light-guided
sectioning (83) to identify precisely where, and what, recorded
neurons are post hoc, allowing us to determine whether they
exhibit different behavior inside versus outside the SCN.

Another potential limitation is that damage caused by implan-
tation of the GRIN lens could have altered the function of the
SCN. Tissue damage is also a limitation for other techniques such
as slice recording (neo-natal or adult), in vivo MUA and FP
approaches. The question being addressed with SUA™" in the
present study did not require recording from many neurons,
resulting in a relatively low number of observations. This pre-
cluded us from doing an accurate longitudinal analysis. Future
studies will include full 48-h observations of a larger number of
cells in both in DD and LD using this parallel technique. Finally,
since the changing behavioral state of animals may modify cellular
function acutely, behavioral and sleep measures will be added to
future cellular imaging experiments to assess this possibility and
to better understand the functions of these neurons within the
context of behavior.

The population measure of rhythmic coherence among AVP
cell pairs highlights the importance of emergent characteristics
in the SCN neural circuit as well as the potential limitations
of studying population-level dynamics which ignore individual
neuronal activity. While the use of cell-type specific AVP
recording in this study helped to ensure we were observing
network activity mostly within the SCN, the relative sparsity
of this neuronal subtype made observing a large number of
neurons prohibitive. Furthermore, conducting such analysis
on only a single cell type within a heterogeneous network is
inherently limiting. Therefore, future studies will focus on
investigating the role of network organization in a more diverse,
SCN-specific cell population. Given what we have now learned
about AVP cell behavior in vivo, recording a broader cohort of
cell types inclusive of, but extending beyond just AVP neurons,
will reveal whether our findings are reflective of behavior
unique to AVP cells, or reflect general properties of SCN neu-
ronal function.

Data, Materials, and Software Availability. Raw data from this study can be
found in Dryad (https://doi.org/10.5061/dryad.2ngf1vhpz) (84).
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