
http://jbr.sagepub.com

Journal of Biological Rhythms 

DOI: 10.1177/0748730408327918 
 2009; 24; 44 J Biol Rhythms

T.M. Brown and H.D. Piggins 
 Response to Photoperiod

Spatiotemporal Heterogeneity in the Electrical Activity of Suprachiasmatic Nuclei Neurons and their

http://jbr.sagepub.com/cgi/content/abstract/24/1/44
 The online version of this article can be found at:

 Published by:

http://www.sagepublications.com

 On behalf of:

 Society for Research on Biological Rhythms

 can be found at:Journal of Biological Rhythms Additional services and information for 

 http://jbr.sagepub.com/cgi/alerts Email Alerts:

 http://jbr.sagepub.com/subscriptions Subscriptions:

 http://www.sagepub.com/journalsReprints.navReprints: 

 http://www.sagepub.com/journalsPermissions.navPermissions: 

 http://jbr.sagepub.com/cgi/content/refs/24/1/44 Citations

 at Brestskij gosudarstvennyj on June 30, 2009 http://jbr.sagepub.comDownloaded from 

http://www.srbr.org
http://jbr.sagepub.com/cgi/alerts
http://jbr.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://jbr.sagepub.com/cgi/content/refs/24/1/44
http://jbr.sagepub.com


44

1. To whom all correspondence should be addressed: T.M. Brown, Faculty of Life Sciences, AV Hill Building, University of 
Manchester, Manchester, M13 9PT UK; e-mail: timothy.brown@manchester.ac.uk.

JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 24 No. 1, February 2009 44-54
DOI: 10.1177/0748730408327918
© 2009 Sage Publications

Variations in environmental illumination greatly 
influence mammalian physiology and behavior and the 
accurate encoding of this photic sensory information is 
a key task for the nervous system. Such a role is evident 
in the master circadian pacemaker of the suprachias-
matic nuclei (SCN). Here, the interplay between intrac-
ellular canonical clock gene feedback/forward loops 
and intercellular signaling underpins the SCNs’ repre-
sentation of the 24-h day (Reppert and Weaver, 2002; Ko 
and Takahashi, 2006; Brown and Piggins, 2007). Photic 
information communicated directly to the SCN via the 

non-image-forming retinohypothalamic tract (Morin 
and Allen, 2006) regulates this interaction to reset the 
SCN circadian clock and synchronize it to the day-night 
cycle. Consequently, the daily patterns of clock gene 
expression and neuronal electrical activity in the SCN 
broadly reflect the solar day duration.

The SCN also encode seasonal information (Meijer 
et al., 2007; Sumova et al., 2004). Nocturnal rodents 
change their duration of behavioral activity in pro-
portion to the length of the night while, at the tissue 
level, the peak in SCN clock gene expression or action 
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Abstract The coordinated activity of thousands of cellular oscillators in the 
suprachiasmatic nuclei (SCN) temporally regulates mammalian physiology to 
anticipate daily environmental changes across the seasons. The phasing of 
clock gene expression varies according to anatomical location in the SCN and 
is thought to encode photoperiodic information. However, it is unclear whether 
similar variations in phase occur in the electrical activity of SCN neurons, a 
measure of both intraSCN signaling and clock output. To address this, we 
recorded single-unit and multiunit activity (SUA/MUA) from dorsal and ven-
tral subregions of the middle level of the rostrocaudal axis of the SCN in coro-
nal brain slices prepared from mice housed under different photoperiods. We 
demonstrate that under a symmetrical (12 h light:12 h dark) photoperiod, cells 
in the dorsal SCN are less tightly synchronized than those in the ventral SCN. 
Comparison of recordings made from mice under short (8 h light:16 h dark) or 
long (16 h light:8 h dark) photoperiods shows that the phase distribution of 
ventral, but not dorsal, SCN neurons expands with increasing day length. 
Conversely, the duration that individual neurons are active increases in dorsal, 
but not ventral, SCN under long days. These data indicate that in the ventral 
SCN photoperiod is encoded at the network level, while this coding occurs at 
the level of individual cells in the dorsal SCN.
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potential firing frequency broadens with increasing 
day length (Pittendrigh and Daan, 1976; Messager  
et al., 2000; Mrugala et al., 2000; Nuesslein-Hildeshiem 
et al., 2000; Refinetti, 2002; Carr et al., 2003; Schaap et al., 
2003; Inagaki et al., 2007; Naito et al., 2008). Based on 
mathematical models, it is predicted that this broad-
ening of the zenith in gene expression and neuronal 
activity with day length is attributable to expansion 
in the phase distribution among SCN neurons rather 
than alterations in the duration of time that individ-
ual cells are active (Rohling et al., 2006a, 2006b). 
These forecasts are broadly supported by changes in 
the profile of SCN multiunit activity of mice under 
differing photoperiods (VanderLeest et al., 2007); but, 
surprisingly, the circadian firing patterns of individ-
ual neurons discriminated from these recordings do 
not show changes in either activity duration or phase 
distribution.

In this study, we used a sensitive electrophysio-
logical recording technique that enables single-unit 
activity (SUA) in the mouse SCN to be reliably dis-
criminated from in vitro multiunit (MUA) record-
ings to determine whether only a subpopulation of 
SCN neurons are involved in photoperiodic coding 
or if different populations use different mecha-
nisms to represent day length. On the coronal 
plane, the mouse SCN is anatomically largest at the 
middle level of the rostrocaudal axis, with a “ven-
tral” subregion containing many neurons that syn-
thesize vasoactive intestinal polypeptide (VIP) and 
a “dorsal” subregion in which VIP neurons are 
scarce or absent. We selected this plane of SCN 
because, at this level of the rostrocaudal axis, 2 elec-
trodes can be visually guided and accurately placed 
with 1 electrode in the dorsal and 1 in the ventral 
subregion, thereby enabling SCN electrical activity 
to be simultaneously assessed in 2 anatomically 
distinct populations. We tested how neurons in 
these regions encode day length by recording 
SUA/MUA in SCN brain slices from mice under 
symmetrical (12 h:12 h light-dark [LD]), short (8 
h:16 h), or long (16 h:8 h) days. We reveal that the 
distribution of peak phases of neuronal activity in 
the dorsal SCN does not change as a function of 
day length, but that the duration individual cells 
are active expands as day length increases. By con-
trast, ventral SCN neurons do not exhibit such 
changes in electrical activity, but do broaden their 
distribution of peak firing time with longer days. 
Thus, we establish for the first time, spatiotemporal 
heterogeneity in the electrical activity of SCN neu-
rons and their responses to photoperiod. Since 
different populations of SCN neurons project to 

different brain sites, a key implication of these find-
ings is that downstream target sites can be differen-
tially altered by photoperiod.

MATERIALS AND METHODS 

Animals

Adult male C57BL6/j mice (Harlan, Bicester, UK) 
were group housed under 8 h:16 h, 12 h:12 h, or 16 
h:8 h light-dark cycles, at an ambient temperature of 
22 ± 1 °C. Food and water were available ad libitum. 
Zeitgeber time (ZT) 12 was designated as the time of 
lights-off. For 12 h:12 h LD experiments, animals 
were maintained under these conditions for >2 weeks 
prior to experimental procedures. For photoperiod 
studies mice were maintained under short or long 
photoperiods for >8 weeks prior to experimentation. 
Alongside the group housed animals, for both condi-
tions, 2 mice were housed individually in cages 
equipped with running wheels, to verify the photo-
period was producing the well-established effects on 
behavior. All scientific procedures were carried out in 
accordance with the UK Animal (Scientific Procedures) 
Act 1986.

Slice Preparation

Slices were generally prepared 1 to 2 h after the 
start of the photophase. For short-day animals, 3 of 7 
slices were prepared 1 to 2 h before the end of the 
photophase MUA peaks in these slices occurred at a 
similar ZT to those prepared during the early day 
(9.1 ± 1.9 vs. 8.5 ± 1.2). Mice were killed by cervical 
dislocation and decapitation, and the brain was 
placed in 4 °C artificial cerebrospinal fluid (aCSF; pH 
7.4) of composition (in mM): NaCl 124, KCl 2.2, 
KH2PO4 1.2, CaCl2 2.5, MgSO4 1.0, NaHCO3 25.5, 
D-glucose 10, and ascorbic acid 1.14. Coronal brain 
sections (350 µm thick) were cut using a vibroslicer 
(Campden Instruments, Leicester, UK). An initial 
slice made at the rostral tip of the optic chiasm (con-
taining ~150 µm of the rostral SCN) was discarded 
and the subsequent slice (corresponding to ~150 to 
500 µm across the mid-rostrocaudal extent of the 
SCN) was transferred to a brain slice chamber 
(PDMI-2; Warner Instruments, Hamden, CT) contin-
uously perfused (~1.5 mL/min) with oxygenated 
(95% O2/5% CO2) aCSF supplemented with 0.0005% 
gentamicin (Sigma, Poole, UK) and warmed to 35 ± 1 
°C. In all cases 1 SCN slice was used per animal.
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Electrophysiological Recordings

Extracellular MUA was recorded simultaneously 
from 2 aCSF-filled suction electrodes constructed as 
previously described (Brown et al., 2006) and placed 
unilaterally over dorsal and ventral subregions of 1 
SCN (Fig. 1). The SCN multiunit signal was differen-
tially amplified (×20,000) and bandpass filtered (300-
3000 Hz) via a Neurolog system (Digitimer, Welwyn 
Garden City, UK), digitized (25,000 Hz) using a micro 
1401 mkII interface (Cambridge Electronic Design 
[CED], Cambridge, UK), and recorded on a PC run-
ning Spike2 version 6 software (CED).

Data Analysis

The total neural activity recorded with a signal to 
noise ratio of greater than 2:1 is reported as MUA 
(Hz). As reported, we estimate that these MUA 
recordings represent the activity of ~10 SCN neurons 
(Brown et al., 2006). SUA was discriminated from 
these recordings offline using Spike2 software on the 
basis of action potential shape and validated by mea-
surement based clustering and the presence of a clear 
refractory period in an interspike interval histogram 
(Brown et al., 2005, 2006). Using these criteria we 
were able to successfully isolate 1 to 4 single units 
from each MUA recording (mean ± SEM = 2.2 ± 0.1). 
Period and peak time of SUA and MUA rhythms 
were determined by curve-fitting using Clockwise 
software (Bechtold et al., 2008). Strength of clustering 
in peak times was assessed using Rayleigh plots and 

phase distributions were compared using Browne-
Forsythe’s and Levene’s tests for equality of variance. 
Peak widths were assessed over the 1st 24 h in vitro, 
as the duration of that firing rate was >50% of the 
maximum values in that epoch; a similar meas
ure has been used previously to characterize the time 
scales over which SCN cells or populations are active 
(Schaap et al., 2003; Brown et al., 2006; VanderLeest  
et al., 2007). Unless otherwise stated, data are pre-
sented as mean ± standard error (SEM). Firing rate 
traces were moderately smoothed using a 1-h run-
ning average. Modeling studies and statistical tests 
were performed using MATLAB R2007a (The 
Mathworks, Natick, MA).

RESULTS

To test whether neuronal populations in the dorsal 
and ventral SCN differ in their spontaneous activity 
patterns, we recorded MUA simultaneously from 
these 2 subregions of the middle level of the rostro-
caudal axis of the SCN (for >48 h) in 16 brain slices 
from mice housed under a symmetrical 12 h:12 h LD. 
All MUA recordings exhibited clear circadian rhythms 
(Fig. 2) and we did not observe any significant differ-
ence in the estimated period between recordings 
from dorsal (23.8 ± 0.3 h) and ventral SCN (23.7 ± 0.2 
h; paired t test, p > 0.05) or in the breadth of the MUA 
peak (Fig. 2C; paired t test, p > 0.05). In contrast, we 
did observe a difference in the timing of MUA 
rhythms with the dorsal SCN consistently peaking 
later (3.6 ± 1.1 h) in the day than the ventral SCN (Fig. 
2B; Wilcoxon matched pairs, p < 0.05).

To determine how these observed MUA patterns 
reflected the activity of individual SCN neurons in dor-
sal and ventral SCN, we used spike sorting techniques 
and successfully discriminated 71 cells (Table 1). One 
dorsal cell and 1 ventral cell exhibited no evidence of 
circadian rhythmicity and were excluded from further 
analysis, while the remainder displayed overt ~24-h 
oscillations (Fig. 3; estimated period dorsal = 23.7 ± 0.4 
h, ventral = 23.8 ± 0.4 h; t test, p > 0.05). Interestingly, 
there was a clear difference in the timing of these single-
cell rhythms with ventral SCN cells consistently peak-
ing around the mid-projected day, while some dorsal 
SCN cells peaked during the projected night. Indeed, 
dorsal SCN cells exhibited a significantly broader distri-
bution in the timing of peak firing than ventral cells 
(Levene’s and Browne-Forsythe’s tests, p < 0.05), consis-
tent with the weaker clustering in Rayleigh plots of 
these data (Fig. 3 C, D). In contrast, widths of single-unit 
peaks and peak firing rates did not differ between 

Figure 1.    Position of recording sites in mouse suprachiasmatic 
nuclei (SCN) slices. Schematic diagram of the mouse SCN indi-
cating the locations of dorsal and ventral recording electrodes. 
Slices contained the mid 350 µm of SCN along the rostrocaudal 
axis, and at this level, 2 electrodes (tip outer diameter = ~100 µm) 
could be easily guided to dorsal and ventral positions within the 
SCN with the aid of a dissecting microscope. Diagram adapted 
from Paxinos and Franklin (2001).

 at Brestskij gosudarstvennyj on June 30, 2009 http://jbr.sagepub.comDownloaded from 

http://jbr.sagepub.com


Brown, Piggins / HETEROGENEOUS SCN NEURONAL RESPONSE TO PHOTOPERIOD    47  

dorsal and ventral cells (Table 1; t tests, p > 0.05) and 
were consistent with values previously reported for 
rodent SCN neurons in general (Cutler et al., 2003; 
Schaap et al., 2003; Brown et al., 2006; VanderLeest et al., 
2007). Further, we did not observe overt differences in 
these parameters between day and night peaking cells 
(data not shown). In summary, these data demonstrate 
differences in the timing of SUA rhythms between these  

dorsal and ventral subregions (possibly reflecting dif-
fering functional roles) and the absence of difference in  
the strength of rhythmicity between the 2 neuronal  
populations.

As discussed above, current models suggest that 
the SCN encode photoperiod through a broadening 
of the distribution of peak firing times of individ-
ual SCN cells rather than the duration that each cell 
is active, but available data for single-cell firing 
patterns support neither this view nor the alterna-
tive (VanderLeest et al., 2007). To test whether only 
a subset of SCN neurons encode photoperiod or if 
different populations code day length by different 
mechanisms, we recorded dorsal and ventral SCN 
MUA for >28 h in slices from 7 mice housed under 
short days and 8 mice housed under long days 
(Fig. 4, Table 1). Interestingly, while SCN MUA 
rhythms recorded from the ventral SCN had sig-
nificantly broader peak widths under long com-
pared with short photoperiods (Fig. 4D; Table 1;  
t test, p < 0.05), dorsal SCN MUA did not (Fig. 4C; 
Table 1; t test, p > 0.05). Under both photoperiods, 
ventral MUA peak times occurred around the 
middle of the projected day (Fig. 4E, F). Consistent 
with SCN recordings from the symmetrical 12 h:12 
h LD, on average MUA in the dorsal SCN peaked 
later than ventral MUA under long and short pho-
toperiods (2.3 and 1.3 h later, respectively), although 
on a within-slice basis these differences were not 
significant (Fig. 4E, F; Table 1; dorsal later in 6 of 8 
long-day and 4 of 7 short-day slices; Wilcoxon 
matched pairs, p > 0.05).

Subsequently, we discriminated the firing patterns 
of individual SCN neurons contributing to these 
MUA recordings. We successfully identified 25 cells 
from our short-day recordings (Fig. 5, Table 1; exclud-
ing 1 dorsal cell that did not display a clearly identifi-
able peak) and 40 cells from our long-day recordings 
(excluding 1 dorsal and 1 ventral cell that lacked 
overt rhythmicity). Concordant with our MUA 
recordings, dorsal cells maintained a broad distribu-
tion of peak firing times that did not alter according 
to photoperiod (Fig. 5A and B, E and F; Levene’s and 
Browne Forsythe’s tests, p > 0.05), whereas that of 
ventral cells was broader under long days than 8 h:16 h 
or 12 h:12 h photoperiods (Fig. 5C and D, G and H; 
Table 1; Levene’s and Browne-Forsythe’s tests, p < 0.05). 
Also consistent with our MUA data, the timing of 
peak firing of dorsal and ventral cells did not show a 
clear difference under short or long photoperiods 
(Table 1; Mann-Whitney U test, p > 0.05). Conversely, 
analysis of the peak widths and firing rates of SCN 

Figure 2.    Spontaneous firing rhythms peak later in the dorsal 
than ventral suprachiasmatic nuclei (SCN). Two examples of 
multiunit activity (MUA) rhythms (A) recorded simultaneously 
from dorsal (top) and ventral (bottom) SCN; while ventral SCN 
MUA consistently peaked during the middle of the projected 
day, dorsal SCN MUA peaks were more variable in timing and 
in most cases (15 of 16) peaked later than in the ventral subre-
gion. Peak times of all experiments are shown in B, boxes show 
1-3 quartile range, central bar shows median phase, and whisk-
ers show earliest and latest phase. Peak widths (firing duration 
= >50% max) did not differ between dorsal and ventral SCN 
(paired t test, p > 0.05). Firing rate traces in A represent mean 
firing each minute, moderately smoothed with a 1-h moving 
average; shaded areas represent projected night phase. Error 
bars in C indicate SEM.
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neurons demonstrated that dorsal cells displayed 
significantly broader peak widths and lower firing 
rates under long, compared with short or symmetri-
cal, photoperiods (Fig. 5I, K; Table 1; t tests, p < 0.05), 
while ventral cells did not (Fig. 5J, L; t tests, p > 0.05). 

These data demonstrate that SCN subregions recorded 
in this study encode photoperiod differently, with 
dorsal neurons changing their daily activity profiles 
and ventral cells their phase relationships. When 
data from dorsal and ventral cells were pooled, we 

Figure 3.    Dorsal suprachiasmatic nuclei (SCN) neurons exhibit a broader range of phasing than ventral cells. Four examples of single-
unit activity (SUA) recorded in the dorsal (A) and ventral (B) SCN. Ventral cells consistently displayed peak firing during the projected 
day phase, while some dorsal cells expressed their peak spiking activity during the projected night. Rayleigh plots of data from all 
dorsal (C) and ventral (D) cells demonstrate stronger clustering in the peak times of ventral compared with dorsal cells. Firing rate traces 
in A represent mean firing each minute, moderately smoothed with a 1-h moving average; shaded areas represent the projected night 
phase. In C and D direction of arrows indicates median phase, length indicates strength of clustering.

Table 1.    Comparison of multiunit and single-unit electrical activity profiles.

	 MUA	 SUA	  

	 ZT of peak	 ZT of peak 
				    Peak Width 				    Peak Width 	 Peak Firing  
	 L:D	 Mean	 SD	 (h: Mean ± SEM)	 n	 Mean	 SD	 (h: Mean ± SEM)	 (Hz: Mean ± SEM)	 n

Dorsal SCN	 8:16	 9.8ns	 3.1	 8.4 ± 1.4ns	 7	 11.0ns	 4.2ns	 4.0 ± 0.5b	 2.2 ± 0.4b	 12
	 12:12	 8.7a	 4.1	 9.8 ± 1.5ns	 16	 9.7a 	 5.5ns	 4.0 ± 0.4b	 2.3 ± 0.3b	 35
	 16:8	 6.4ns	 2.3	 10.8 ± 0.9ns	 8	 6.9ns	  4.1	 5.6 ± 0.5 	 1.2 ± 0.1 	 23

Ventral SCN	 8:16	 8.5 	 2.8	 5.8 ± 1.2b	 7	 9.3 	  2.2b	 4.0 ± 0.5ns	 3.0 ± 0.8ns	 12
	 12:12	 5.1 	 1.4	 7.3 ± 1.1ns	 16	 5.1 	  1.9b	 3.6 ± 0.4ns	 2.7 ± 0.5ns	 34
	 16:8	 4.1 	 3.9	 9.5 ± 1.6	 8	 7.4 	  4.0 	 4.6 ± 0.7	 2.0 ± 0.2 	 15

Pooled	 8:16	 9.2 	 2.9	 7.1 ± 0.9b	 14	 10.1 	 3.4ns	 4.0 ± 0.4ns	 2.6 ± 0.4b	 24
	 12:12	 6.9 	 3.5	 8.6 ± 1.0ns	 32	 8.6 	 4.7ns	 3.8 ± 0.3ns	 2.6 ± 0.3b	 69
	 16:8	 5.2 	 3.3	 10.6 ± 1.0	 16	 7.1 	  4.0	 5.1 ± 0.5	 1.6 ± 0.1 	 38

NOTE: The mean ZT of peak firing was compared between dorsal and ventral SCN for each photoperiod by Wilcoxon matched pairs (MUA) 
or Mann-Whitney U test (SUA). Other parameters were compared between long (LD 16:8) and symmetrical (12:12) or short (8:16) photope-
riods within each subregion (dorsal, ventral, or pooled) independently. Peak widths and peak firing rates were compared by unpaired t test, 
and the distribution of peak times were compared by Levene’s and Browne-Forsythe’s tests. SCN = suprachiasmatic nuclei; MUA = multi-
unit activity; SUA = single-unit activity.
a. Denotes a significant difference within photoperiods (p < 0.05) with Wilcoxon matched pairs or Mann-Whitney U test.
b. Denotes a significant difference between photoperiods (p < 0.05) with t test or Levene’s and Browne-Forsythe’s tests.
ns = p > 0.05.

 at Brestskij gosudarstvennyj on June 30, 2009 http://jbr.sagepub.comDownloaded from 

http://jbr.sagepub.com


Brown, Piggins / HETEROGENEOUS SCN NEURONAL RESPONSE TO PHOTOPERIOD    49  

did not observe significant changes in either the 
phase distribution or activity profiles of single cells 
between short and long days (Table 1; Levene’s and 
Browne-Forsythe’s tests and t test, respectively, p < 
0.05). However, consistent with previous work 
(VanderLeest et al., 2007), the width of MUA peaks was 
significantly broader in pooled dorsal/ventral data 
from long compared with short days (Table 1).

Finally, we used the observed single-unit firing 
patterns to generate average firing rate profiles for 
single cells from dorsal and ventral SCN under dif-
ferent photoperiods. Using these average profiles 
and the observed SUA peak times and standard 
deviations, we modeled the MUA patterns resulting 
from populations of varying numbers of neurons 
(Fig. 6). We found that regardless of the size of the 
neuronal population in the model, changes in the 
phase distribution of SCN neuronal activity esti-
mated for the ventral SCN (Fig. 6B, D, F) produced a 
much greater increase in peak width than changes in 
the width of single-cell waveforms seen in the dorsal 
SCN (Fig. 6A, C, E).

DISCUSSION

Here, we provide the first demonstration that the 
phasing and response to photoperiod of electrical 
rhythms varies within SCN subregions, with ventral 
cells changing their phase relationships to one 
another and dorsal cells their activity profiles as a 
function of day length. Thus, photoperiodic informa-
tion is encoded in the network activity of ventral 
SCN neurons but at the level of individual cells in the 
dorsal SCN. Using a simple mathematical model 
based on average daily waveforms in electrical activ-
ity of SCN neurons recorded in dorsal and ventral 
portions of the SCN, we show that these changes in 
single-cell activity are sufficient to account for the 
alterations in SCN MUA seen in different photoperi-
ods, consistent with previous models (Rohling et al., 
2006a, 2006b).

To differentially time changes in physiology in 
other parts of the brain and body, different popula-
tions of SCN neurons should be active at different 
times of day. Indeed, the existence of such differently 
phased populations of SCN neurons is inferred from 
studies on the hypothalamic areas innervated by 
SCN efferents. Here, inhibitory and excitatory inputs 
arising from different SCN neurons are implicated in 

Figure 4.    Photoperiod induces more robust changes in ventral 
rather than dorsal suprachiasmatic nuclei (SCN) multiunit activ-
ity (MUA). Examples of MUA recorded simultaneously from 
dorsal (top) and ventral (bottom) SCN in slices from mice 
housed under short (A) and long (B) photoperiods. MUA peak 
widths (firing duration = >50% max) were significantly broader 
under long days (t test, p < 0.05) in the ventral (D) but not dorsal 
(C) SCN (t test, p > 0.05). Dotted lines on firing rate traces indi-
cate epochs where firing was above 50% of the maximal values 
and numbers above the lines indicate the calculated peak width. 
MUA peak times from all short- and long-day photoperiod 
experiments are summarized in E and F, respectively; boxes 
show 1-3 quartile range; central bar shows median phase; and 
whiskers show earliest and latest phase. Firing rate traces in A 
and B represent mean firing each minute, moderately smoothed 
with a 1-h moving average; shaded areas represent projected 
night phase. Error bars in C and D indicate SEM.
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Figure 5.    Dorsal and ventral suprachiasmatic nuclei (SCN) neurons respond differently to photoperiod. Four examples of single-unit 
activity (SUA) recorded in the dorsal (A, B) and ventral (C, D) SCN under short (A, C) and long (B, D) photoperiods. Rayleigh plots of 
data from all cells indicate that distribution of peak times of dorsal neurons was similar under short (E) and long (F) photoperiods, 
whereas clustering in ventral cells was stronger under short (G) rather than long (H) days. Conversely, peak widths (duration firing = 
>50% max) were broader in dorsal SCN cells (I) and firing rates lower (K) under long days (LD 16 h:8 h; t tests, p < 0.05), whereas peak 
widths (J) and firing rates (L) in ventral cells did not differ based on photoperiod (t tests, p > 0.05). Firing rate traces in A to D represent 
mean firing each minute, moderately smoothed with a 1-h moving average; shaded areas represent projected the night phase. In E and 
F direction of arrows indicates median phase; length indicates strength of clustering. Error bars in I to L indicate SEM.
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regulating the day-night profile of a 
diverse range of physiological and 
behavioral states (Kalsbeek et al., 
2006). Thus, our observations that 
the SCN, as a whole, exhibits a 
broad range of single-unit firing 
peak times with several phase 
groupings fits well into this con-
ceptual framework and is in broad 
agreement with previous studies 
imaging Per1 expression (Quintero 
et al., 2003; Hughes et al., 2008). 
Furthermore, since we observed a 
much broader range of peak times 
from SCN neurons recorded with 
our dorsal electrodes, we speculate 
that cells in this region are better 
placed to subserve these output 
functions.

We also demonstrate that ven-
tral and dorsal SCN neurons 
respond differently to photope-
riod. Thus, cells in the ventral 
SCN alter their distribution of 
peak times in firing rate propor-
tionally to the length of the light 
period. However, the durations 
that these cells are active does not 
change according to photoperiod 
and are similar to those reported 
by VanderLeest et al. (2007). 
Dorsal SCN cells may also change 
the timing of their electrical activ-
ity rhythms when an animal 
moves from short to long days, 
but at the population level, an 
overall broadening of the phase 
distribution is not detectable. In 
this respect, our data for dorsal 
SCN neurons are consistent with 
the SUA phase distributions 
reported by VanderLeest et al. 
However, we observed a broad-
ening in the daily activity profiles 
of individual dorsal SCN cells 
under long days that was not evi-
dent in that previous study. Based 
on demonstrations that ventral 
SCN neurons appear to entrain 
cells in the dorsal portion 
(Yamaguchi et al., 2003; Noguchi 
et al., 2004; Albus et al., 2005), we 

Figure 6.    A mathematical model of multiunit firing profiles based on observed single-cell 
data. We modeled the multiunit activity (MUA) profiles resulting from populations of dif-
ferent numbers of neurons using the average single-cell waveforms normally distributed 
according to the mean ± SD peak time observed in our experiments. In A to D, top traces 
show an example population of 10 neurons from dorsal (A, C) and ventral (B, D) suprachi-
asmatic nuclei (SCN) under short (A, B) and long photoperiods, while bottom traces display 
the normalized MUA profile resulting from this population. Bar graphs in E and F display 
the MUA peak widths (±SD) measured from 1000 trials for each condition. Experimentally 
observed differences in single-unit activities from the dorsal SCN (change in firing rate 
profile but not phase distribution) could not produce large changes in the MUA peak width 
(E) between short (dark bars) and long photoperiods (light bars). In contrast, the photoperi-
od-related differences we observed in ventral SCN cells (change in phase distribution 
without significant change in individual cells activity profiles) drove a robust increase in 
peak width under long days. Mean peak widths observed in short- and long-day MUA 
recordings are represented by lower and upper dotted lines, respectively, and correspond 
well to the results of the model.
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posit that the phase distribution of ventral SCN cells 
encodes photoperiodic information and that changes 
in the activity of this population are translated into 
changes in the duration that individual cells in the 
dorsal SCN are active. This change in the spiking 
activity of dorsal SCN neurons then allows this pop-
ulation to regulate activity in their targets over differ-
ent time scales depending on day length. Alternatively, 
photoperiodic information may be communicated 
directly to these dorsal SCN neurons via the retino-
hypothalamic tract, which is now known to innervate 
the majority of the mouse SCN (Hattar et al., 2006).

A previous study that did not distinguish between 
dorsal and ventral SCN found photoperiod-related 
changes in MUA but not in either SUA phase distri-
butions or activity durations (VanderLeest et al., 
2007). Consistent with these findings, when we 
pooled dorsal and ventral data photoperiod-related 
differences in the SUA, but not MUA, parameters 
disappeared. Other recent reports investigated the 
effects of photoperiod on Per1-driven luciferase 
rhythms in SCN neurons (Inagaki et al., 2007; Naito 
et al., 2008). These studies demonstrate an overall 
broadening of phase distribution under long days, 
consistent with our results, as well as rostrocaudal 
differences in response to photoperiod. Our prepara-
tion (350 µm in the middle of the rostrocaudal axis) 
presumably includes a mixture of populations desig-
nated rostral and caudal in these imaging studies. 
Importantly, however, Naito et al. (2008) also quan-
tify Per1 expression between dorsal and ventral por-
tions of the mid-SCN. Although these authors do not 
report single-cell data, they do show that the popula-
tion peak broadens considerably more in the ventral 
compared with dorsal SCN. This is in accord with 
our experimental data and modeling studies, indicat-
ing that the change in ventral SCN SUA can drive a 
bigger increase in multiunit peak width than changes 
seen in the dorsal SCN.

In addition to the imaging studies discussed above, 
other authors have reported gradients of Per1-gene 
expression along various axes (Quintero et al., 2003; 
Yamaguchi et al., 2003; Hughes et al., 2008). Our data 
showing earlier peaks in the ventral compared with 
dorsal SCN under a symmetrical photoperiod are con-
sistent with those of Hughes et al. (2008), but not 
Yamaguchi and colleagues (2003) who report the 
opposite relationship. The reasons for this discrepancy 
are unclear, but it is possible that the SCN network 
organization in the neonatal slice cultures used in the 
latter study differs somewhat from the entrained adult 
SCN used in the present study and by Hughes et al.

Based on initial evidence for a positive correlation 
between spiking rate and Per1-driven GFP expression 
in SCN neurons (Quintero et al., 2003), it is tempting to 
interpret the imaging studies discussed above as indi-
rectly reporting SCN neuronal output. However, this 
correlation was based on recordings performed over a 
very limited portion of the projected day (ZT 4-7) and 
the relationship between Per1 expression and firing 
rate is more complex than initially reported, varying at 
different times of the circadian cycle (Belle et al., 2008). 
In addition, it is likely that some SCN neurons do not 
express the core molecular clockworks monitored in 
these imaging studies but may exhibit rhythms in fir-
ing frequency driven by other clock cells or inputs to 
the SCN. For example, previous work demonstrates 
that light-responsive SCN neurons (as assessed by FOS 
expression in response to a light pulse) overlap with a 
population of cells that do not express period genes 
(Karatsoreos et al., 2004). Our data demonstrate that 
many SCN neurons display electrical rhythmicity (at 
least over 48 h in vitro), suggesting that cells lacking 
core components of the molecular clockwork may well 
exhibit electrical rhythms. Thus, these imaging studies 
are not necessarily predictive as to how electrical activ-
ity varies throughout the SCN under different photo-
periods (e.g., Vansteensel et al., 2003). We now provide 
the first demonstration of dorsal-ventral differences in 
mid-SCN neuronal output under different entraining 
conditions. With the predominance of VIP-containing 
neurons in the ventral subregion of the mid-SCN, it is 
tempting to speculate that it is these VIP cells that dif-
ferentially respond to photoperiod. Similarly, in the 
dorsal subregion of the mid-SCN, neurons expressing 
arginine vasopressin and somatostatin would be pre-
dicted to contribute to these extracellularly recorded 
electrical signals. However, extracellular recordings 
such as those used in this investigation do not allow 
the neurochemical phenotype of the neurons that are 
the source of the recordings to be identified. Indeed our 
dorsal/ventral recordings themselves likely represent 
a mixed population of neurons that may not all 
respond to photoperiod in the same way. An example 
of this kind of heterogeneity is seen in the small popu-
lation of SCN neurons that peak during the projected 
night. It is currently unclear how the afferent/efferent 
connectivity and neurochemical phenotype of such 
cells differs from the majority of (day peaking) SCN 
neurons. Further work using mice in which the differ-
ent neuropeptidergic neurons of the SCN or its inputs 
express different fluorescent constructs is required to 
satisfactorily determine predictors of SCN neuronal 
activity under different entrainment conditions.
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The utility of ventral/dorsal divisions of the SCN 
is currently much debated (Morin, 2007), and while 
they do represent an oversimplification of SCN 
anatomy/neurochemistry, our data demonstrate that 
they provide a useful starting point for investigations 
into SCN function. Thus, we show differences in the 
timing of electrical activity of cells in the dorsal and 
ventral SCN and their response to photoperiod that 
are consistent with existing models of SCN organiza-
tion and photoperiodic encoding. Moreover, we pro-
vide the first evidence that populations of cells in the 
dorsal and ventral SCN encode day length via differ-
ent mechanisms. Advances in imaging and electro-
physiological recording techniques coupled with 
cell-type–specific markers will enable refinement of 
models generated from these simplified anatomical 
distinctions. In particular approaches that can con-
tinuously monitor clock gene expression and electri-
cal activity in phenotypically identified neurons will 
be invaluable in unraveling the complexities of the 
SCN clockworks.
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