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Abstract

Androgens act widely in the body in both central and peripheral sites. Prior studies indicate that in
the mouse, suprachiasmatic nucleus (SCN) cells bear androgen receptors (ARs). The SCN of the
hypothalamus in mammals is the locus of a brain clock that regulates circadian rhythms in
physiology and behavior. Gonadectomy results in reduced AR expression in the SCN and in
marked lengthening of the period of free-running activity rhythms. Both responses are restored by
systemic administration of androgens, but the site of action remains unknown. Our goal was to
determine whether intracranial androgen implants targeted to the SCN are sufficient to restore the
characteristic free-running period in gonadectomized male mice. The results indicate that
hypothalamic implants of testosterone propionate in or very near the SCN produce both
anatomical and behavioral effects, namely increased AR expression in the SCN and restored
period of free-running locomotor activity. The effect of the implant on the period of the free-
running locomotor rhythm is positively correlated with the amount of AR expression in the SCN.
There is no such correlation of period change with amount of AR expression in other brain regions
examined, namely the preoptic area, bed nucleus of the stria terminalis and premammillary
nucleus. We conclude that the SCN is the site of action of androgen effects on the period of
circadian activity rhythmicity.
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Introduction

The suprachiasmatic nucleus (SCN) of the hypothalamus is the locus of a master circadian
clock controlling behavioral and physiological rhythms (Klein et al., 1991). Among other
rhythms, the SCN regulates circadian rhythms in gonadal hormone secretion, and in turn
hormones feedback to influence SCN functions (Fernandez-Guasti et al., 2000; Karatsoreos
et al., 2007a; Kashon et al., 1996). A role for gonadal hormones in the maturation of
circadian rhythmicity has been suggested in rodents and in non-human primates (Hagenauer
et al., 2011a; Hagenauer et al., 2011b; Hagenauer and Lee, 2011; Hummer et al., 2012; Melo
etal., 2010; Sellix et al., 2013). In humans, there is a correlation between chronotype
(morningness or eveningness) and circulating hormone concentrations during aging
(Harman et al., 2001; Roenneberg et al., 2004).

In male mice, lack of testosterone dramatically affects locomotor activity rhythms.
Gonadectomy results in a marked alteration of circadian behaviors, including a longer free-
running circadian period, reduced precision of the activity onset, less early night activity,
reduced overall activity levels, and a large decrease in androgen receptor (AR) expression in
brain regions typically expressing AR. Systemic replacement of androgens by slow release
silastic capsules restores these responses to those of the intact animal (Butler et al., 2012;
Daan et al., 1975; lwahana et al., 2008; Karatsoreos et al., 2007a). Circadian period and
precision are both rescued in gonadectomized (GDX) mice by testosterone propionate (TP),
as well as by the non-aromatizable androgen, dihydrotestosterone (Karatsoreos et al.,
2007a), indicating mediation by the androgen receptor. In contrast, total daily activity is
restored fully by TP but only partially by dihydrotestosterone, suggesting that both ARs and
estrogen receptors mediate this aspect of behavior.

AR-containing cells are localized to numerous brain regions and to peripheral tissues (Dart
et al., 2013), but the precise locus at which androgens affect circadian behavior is not
known. ARs have been observed in the SCN of several species, including mouse, ferret, and
human (Hagenauer and Lee, 2011; Karatsoreos et al., 2007a), though there are species
differences in their concentration and distribution (Jahan et al., 2015). In the mouse, these
ARs are specifically localized in retinorecipient cells of the SCN core subregion (Iwahana et
al., 2008; Karatsoreos et al., 2007a). Hormone removal/replacement studies show specific
effects on circadian behavior (Karatsoreos et al., 2007a), light responsiveness of the
circadian clock (Butler et al., 2012), and structure of the SCN (Karatsoreos et al., 2011).
Therefore, the aim of the present study was to determine whether androgen treatment
directed specifically to the SCN would suffice to alter the period of free-running circadian
locomotor rhythms.

Materials and Methods

Animals and housing
Male C57BL/6J mice (Charles River Laboratories, Kingston, NY, n=24) aged 7 weeks were
housed individually on pine shavings in clear polycarbonate cages (32x 14 x 13 cm)
equipped with running wheels (13 cm diameter). Cages were placed in light-tight chambers
with independent lighting control and ventilation (Phenome Technologies, Inc., Skokie, IL).
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Animals were provided with ad libitum access to food and water, and maintained in constant
dim red light (peak wavelength 639 nm, half-maximal width 18 nm, Avago Techologies,
San Jose, CA,; (Butler and Silver, 2011). llluminance was 0.3 lux at the cage floor (ILT1700,
International Light Technologies, Peabody, MA, USA). All animal maintenance and
experimental protocols were approved by Columbia University's Institutional Animal Care
and Use Committee.

Experimental groups

After two weeks of baseline behavioral monitoring, mice (n=24) were assigned randomly to
one of the following groups, termed: Intact (no manipulations, n=4), Gonadectomized
(GDX, n=3), and GDX-TP Implanted (GDX-TP; n=17). The Intact and GDX groups served
as immunohistochemical controls to confirm previous work on AR expression in the SCN
(Butler et al., 2012; lwahana et al., 2008; Karatsoreos et al., 2007a). All mice were first
tested in the running wheels when they were intact. At that point, the GDX and GDX-TP
groups continued in the testing apparatus for two more weeks. Two weeks after
gonadectomy, mice in the GDX-TP group received an intracranial implant containing
androgen (details below), and monitored for an additional 12 days.

Wheel-running behavior

Free-running behavior was recorded continuously. Wheel revolutions per 10 min bin were
stored on a computerized data acquisition system (VitalView, Respironics, Inc,
Murraysville, PA: currently Starr Life Sciences, Oakmont, PA). Period and daily onset of
activity bouts was performed using Clocklab (Actimetrics, Wilmette, IL, USA). To calculate
the precision of onset of activity, the daily difference between the actual and the projected
free-running onset time was tracked, using Clocklab. The standard deviation of these daily
differences is reported as the precision. Thus, the smaller the standard deviation, the more
precise is the animal’s onset from day to day.

Gonadectomy

Mice were deeply anesthetized with ketamine (70 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.),
and buprenorphine (0.5 mg/kg, s.c.) was used as an analgesic. GDX was performed by
abdominal incision and removal of both testes. Muscle and fascia were closed using surgical
silk, and the overlying skin was sutured.

Steroid implants

Implants were made by mixing TP (Steraloids, Inc., Newport, RI) in beeswax at a ratio of
1:5 TP:wax (Veney and Rissman, 2000). The mixture was spread in a thin layer, and a 26-
gauge, blunt-ended stainless steel guide cannula (C315GA/SPC; Plastics One, Roanoke,
VA) was tamped to create a pellet 400um in length and 260 um in diameter. Intracranial
implantation was performed using a stereotaxic instrument. The cannula containing the TP
pellet was directed at a point above the SCN, using the Franklin and Paxinos Atlas of the
Mouse (1997) with the following coordinates in relation to bregma: AP=-0.5mm ML=
—-0.5mm DV=-5.3mm from skull surface. The guide cannula was then raised 0.4 mm and
the pellet was expelled using a fitted dummy cannula through the guide. The spread of
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steroid from the source was assessed by expression of AR in the hypothalamus of the
castrated animals.

Perfusion and immunochemistry

To explore the effects of androgens on AR expression at the end of the behavioral study, the
brains from 4 intact, 3 castrated, and 17 GDX-TP-implanted animals were collected (only 4
Intact and 3 GDX animals were used here as both their behavior and their SCN AR
expression has been published previously) (Butler et al., 2012; Daan et al., 1975; lwahana et
al., 2008; Karatsoreos et al., 2007a). Animals were deeply anesthetized (pentobarbital: 200
mg/kg i.p.) and perfused intracardially with 50 ml saline followed by 100 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.3. Brains were post-fixed for 4 h at
4°C, cryoprotected in 20% sucrose in 0.1 M PB overnight, and sliced at 50um on a cryostat.
Tissue was processed for single-label immunochemistry using antibodies against AR. Free-
floating sections were blocked in normal donkey serum for 1 h in PB with 0.1% Triton X
(PBT), and then incubated for 48 h in AR primary antibody made in rabbit (Santa Cruz, CA;
1:1000) in PB with 0.3% Triton-X. Following the primary incubation, sections were washed
3 x 10 min with PBT, and then placed into a donkey anti-rabbit secondary conjugated to
CY3 (1:200, Jackson ImmunoResearch, West Grove, PA) for 2 h. Sections were washed in
PB, mounted onto gel-coated slides, and dehydrated in a graded series of alcohols (50—
100%). Coverslips were applied with Krystalon (EM Science, Gibbstown, NJ).

Quantification of AR

Images of the brain nuclei that showed high AR expression in intact animals [SCN, preoptic
area (POA), bed nucleus of the stria terminalis (BNST) and premammillary nucleus (PMN)]
were captured with a Nikon Eclipse E800 epifluorescent microscope (Nikon, Tokyo, Japan)
equipped with a cooled CCD camera (Retiga Exi; Q-Imaging, Surrey, Canada), using Q-
capture Pro software (Q-Imaging). Sections were excited and emission filtered using filter
cubes for Cy3. Images were transferred to Image J (NIH, Bethesda, MD). The freehand
drawing tool was used to measure the optical density (OD) of these nuclei and of non-
stained areas (background) in the same images. Relative optical density (ROD) was
calculated by subtracting background OD from nuclei OD. Distance between implant and
SCN was measured using the straight line tool in Image J. If the implant was not on the
same section as the SCN, the location of the implant was projected onto the slide bearing the
SCN, and a line was drawn from SCN border to the projected implant border (distance A).
The number of sections separating SCN and implant was counted and multiplied by 50
micrometer (distance B). Distance was the length of the hypotenuse of the right triangle
formed by sides A and B. Distances between implant and the other three regions were
calculated similarly.

Statistical analysis

For comparison of animals when intact, GDX, and GDX-TP implanted, differences in AR-
immunoreactivity (AR-ir) in various brain regions and period of locomotor activity period
were analyzed using a two-way ANOVA, followed by Tukey HSD tests, and were
considered statistically significant at the p < 0.05 level. Period comparison between animals
when intact, GDX, and GDX-TP implanted was done using a repeated measures ANOVA.
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The effect size is indicated (n2, Eta Squared). Linear regression analysis was used to
establish the correlation between AR expression and distance of implants from specific
nuclei, and the change in period among hormone conditions.

The period of activity (hours = S.E.M) within individual animals (N=15/17) while intact,
GDX, and GDX-TP implanted, was analyzed using a Chi square periodogram in Clocklab
(Actimetrics Inc., Wilmette, IL). For one animal, activity was low and irregular after
castration, so its period could not be calculated. For the other animal, the brain was not
processed due to poor perfusion. Effects of the distance between the site of the implant to
various nuclei on period of free-running rhythm, and on SCN AR-ir were analyzed by
Pearson Product Moment Correlation.

T-tests were used to compare GDX and TP-GDX states of the animals for the following
measures: activity levels, precision of activity onset, change in period, and also to compare
the effects on period of effective and ineffective implants. The Cohen’s d effect size is
indicated. Linear regression was used to calculate the correlation between change in activity
level and precision of activity onset.

GDX and hormone replacement affect androgen receptors expression

The intensity of AR-ir differs markedly among experimental groups. This is demonstrated in
photomicrographs of the SCN, POA, BNST and PMN (Fig. 1) and in quantitative analyses
of these regions (Fig. 2). AR expression is high in the SCN, POA, BNST and PMN of intact
animals and much reduced in each of these brain regions in GDX animals. GDX-TP
implanted mice have increased AR expression in the SCN compared to GDX animals. On
the side of the implant, AR expression varies by brain region [F(3,80)=21.2, p<0.001,
n%=0.44], and hormonal state [F(2,80)=58.7, p<0.001, 12=0.59] and there is an interaction
between brain region and hormonal state [F(6,80)=7.2, p<0.001]. SCN expression of AR
decreases after GDX (p<0.001) and increases after TP implant (p<0.001) to a level not
significantly different for that seen when animals were intact (p=0.07, Tukey test). In the
POA, BNST and PMN, AR-ir is reduced in GDX and TP-implanted animals compared to
their intact state (p=0.003, Tukey test), but there are no significant differences in AR-ir
expression between the TP-implanted and the GDX conditions (p>0.5, Tukey test).

AR expression and circadian period

Overall the implant proximity to the SCN determined AR expression levels such that the
closer the implant site was to the SCN, the greater AR expression in this nucleus (r=0.61,
p=0.02, n=15). This was also the case for the POA and PMN, but not for the BNST (Fig. 3,
upper panels). The hormonal state had significant effects on period (repeated measures
ANOVA: F(2, 50)= 7.65, p=0.002, 12=0.32). Following GDX, the period of locomotor
activity increased from 24.03 + 0.06 to 24.48 + 0.06 (Tukey test: p=0.002) and following
implantation of TP pellets, the period decreased to 24.17 + 0.13 (Tukey test: p=0.03).
Importantly, the period shortening effect varied by implant site; the decrease in period was
positively correlated with the amount of AR expression in the SCN (Fig 3, bottom panels;
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see actogram on Fig.4; Table 1). This change in period was not correlated, however, with
AR expression in any of the other brain regions studied. Both activity levels and precision of
activity onset were increased following GDX-TP implantation compared to the GDX
condition (140% increase in activity, t(14)=3.9, p=0.002, d=2.01 and 30.3% increase in
precision, t(14)=7.0, d=3.61, p<0.001).

A number of other variables were explored, including the relationships among AR
expression levels, amount of activity, and precision of activity onset. In each case the
statistical analyses did not reach significance, as follows: There was no significant
correlation between change in amount of activity (before and after TP implantation) and
amount of AR expression in any brain region tested (SCN: r=0.009, p=0.97; POA: r=0.08,
p=0.8; BNST: r=0.48, p=0.07; PMN: r=0.18, p=0.52). Similarly, there was no significant
correlation between increased onset precision (before to after TP implantation) and AR
expression in any brain region (SCN: r=0.11, p=0.69; POA: r=0.01, p=0.97; BNST: r=0.62,
p=0.83; PMN: r=0.33, p=0.24). Additionally, the change in period seen after TP
implantation was not correlated to changes in amount of activity (R=0.06, p=0.84) or
changes in onset precision (R=0.23, p=0.41).

For a final analysis, animals were separated into those with implants that were effective in
reducing period and those with ineffective implants that did not affect period (Fig. 5). Even
though period only increased in one group, the amount of activity increased in both groups
[t(6)=2.6, p=0.04, d=1.97, and t(7)=2.7, p=0.03, d=1.91, respectively]. Similarly, onset
precision improved significantly, regardless of whether the TP implant was effective
[t(6)=4.3, p=0.005, d=3.25] or ineffective [t(7)=6.4, p=0.001, d=4.53] in decreasing
circadian period.

Discussion

Androgens act widely in the body at both central and peripheral sites, though our
understanding of unique effects at these various sites of action is limited. Because the
specialized role of the SCN as a brain clock is well established, this nucleus presents an
opportunity to examine direct effects of androgens at this site on circadian rhythms, and the
consequences for behavior of these androgen actions. Previous research has shown that
circulating androgens influence the free-running period of locomotor rhythms and that the
SCN bears androgen receptors. In the present study, we demonstrate that TP implants in the
SCN in the castrated male are sufficient to restore the free-running period of circadian
locomotor activity. The data strongly support the sufficiency of SCN androgenic signaling in
control of circadian period.

Numerous lines of evidence indicate that circadian clock parameters are affected by AR-
dependent mechanisms. First, circadian period can be completely restored in GDX animals
with dihydrotesterone, which is not aromatizable (Karatsoreos et al., 2007a). Second, ER
knockout does not alter circadian period in male mice (Blattner and Mahoney, 2012). It is
noteworthy that estrogen receptors, specifically ERp, are also expressed in the SCN, though
in the shell rather than in the core (Vida et al., 2008). Third, in other species, estrogen does
not shorten period in males even though it does in females (Zucker et al., 1980). The role of
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aromatase in the SCN has not been studied directly, but aromatase knockout mice do not
experience the same period lengthening as do wild type mice (Brockman et al., 2011). The
authors suggest an important organizational role for estrogens in the maturation of the
circadian system though an activational role remains possible. Finally, we note that
experiments with dihydrotesterone do not necessarily implicate AR alone, because of its
potential conversion to 3-beta-Diol (Handa et al., 2008). Flutamide antagonism of
dihydrotesterone effects would support an AR dependent mechanism.

Effects of the implanted pellets

Gonadectomy reduces AR expression in the brain, and systemic treatment restores it (Lu et
al., 1998). Prior reports have shown that intracranial androgen implants effectively modulate
behavior and neural activity (Lund et al., 2006; Sharma and Rissman, 1994; Veney and
Rissman, 2000; Williamson et al., 2010). In implanted mice, we found that shortening of
circadian period was correlated with AR expression in the SCN but not with AR expression
in the POA, PMN, or BNST. The high AR expression in the SCN was seen on the side
ipsilateral to the implanted pellet, and very low or no expression in the contralateral side
attests to the localized release of androgen from the implant. Nevertheless, the unilateral AR
in the SCN was sufficient to modulate the circadian period of locomotor activity. Given the
correlation between change in period and unilateral SCN AR expression, it is possible that
bilateral SCN implants would result in an even greater change in period.

In the present study, activity levels increased when GDX animals received a TP implant, but
there was no correlation between the change in period and the increase in activity. Thus, the
TP mediated period decrease seen here is not due to activity increase. There is mixed
evidence of a relationship between amount of activity and free-running period. In hamsters
exposed to a novel running wheel for 3 hours, free-running period lengthens, but only in
those with very high activity (Weisgerber et al., 1997). In control Hsd:ICR mice, there was
no correlation between total activity and period, though there was a strong relationship
between period and time spent running and a weak one with running speed (Koteja et al.,
2003). These data suggest a nuanced relationship between activity behavior and circadian
period; the relationship in humans is not yet clear (Monk, 2005).

Effect of androgens on SCN network function

Although neurons of the SCN can act as autonomous oscillators, circadian timing in the
SCN tissue is an emergent property of the SCN network (Welsh et al., 2010; Yan et al.,
2007). Communication among neurons is an important aspect in determining circadian
function. Thus, factors that modulate central nervous system functional connectivity may
contribute importantly to normal SCN function. Anatomically, the SCN is composed of a
ventrolateral core and a dorsomedial shell. AR’s are highly localized to the ventrolateral
core area of the nucleus (Karatsoreos and Silver, 2007b; Mong et al., 2011). The projections
of AR-containing cells form a dense plexus in the core, with their fibers exiting the SCN
dorsally, indicating that their efferents contribute to output signals of the brain clock that
modulate circadian activity in target brain regions (Karatsoreos et al., 2007a). We previously
reported that GDX increases the density of astrocytic processes in the SCN and decreases
the apparent number of synapses as revealed by reduced pre- and post-synaptic markers
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(Karatsoreos et al., 2011). Therefore, androgens may affect circadian behavior by the plastic
reorganization of the SCN.

Effect of androgens on photic input to the SCN

Endocrine factors can modulate sensitivity to external cues. In the retinorecipient core of the
SCN, light and androgen signals converge on the same neurons (Karatsoreos et al., 2004;
Morin and Allen, 2006). We have found that GDX alters the SCN’s sensitivity to photic
cues, but the direction of effect depends on the duration and phase of light exposure as well
as on the outcome measure used. First, GDX blunts the immediate photic response as
indicated by less light-induced FOS in the SCN core (Karatsoreos et al., 2007a). Despite this
reduction in the first order response, clock genes respond differently. GDX reduces the
early-night Per2 response without affecting Per1 and enhances the late-night Per1 response
without affecting Per2 (Karatsoreos et al., 2011). Most behavioral responses on the other
hand point towards enhanced sensitivity to light. Phase delays in response to light pulses are
larger in GDX mice (advances unchanged) (Karatsoreos et al., 2011). Also, GDX increases
the sensitivity of the circadian system to tonic light exposure. SCN photic sensitivity can be
tested in conditions of constant light by the “Aschoff effect”, the phenomenon of period
lengthening as a function of light intensity (Aschoff, 1960). We found that intact and GDX
mice have similar free-running periods in constant darkness, but in constant light, GDX
mice always have longer free-running periods than intact mice, over a range of light
intensities (Butler and Silver, 2011).

The juxtaposition of reduced immediate early gene response to an acute light pulse with
greater behavioral responsiveness may point to cellular versus network differences. As
indicated above, GDX has strong effects on SCN network morphology. Such hormone-
dependent structural plasticity could affect the propagation of photic information from first-
order retinorecipient neurons to the rest of the SCN network (Karatsoreos et al., 2011).
Importantly, the data presented here show that androgens act locally to alter circadian period
and that androgen treatment of the SCN is necessary for these behavioral changes.

Sex differences in circadian organization

Though sex differences in circadian organization have been described, a satisfactory
explanation for function remains elusive. Period is shorter in females in humans by 6 min,
(Duffy et al., 2011), rats by 12 min, (Schull et al., 1989), and hamsters by 4 min (n.s.) (Davis
et al., 1983). Even small period differences can alter the phase of rhythms. For example, the
6 min faster rhythm in women is associated with their core body temperature minimum
occurring ~90 min earlier than in men (Cain et al., 2010). Experimental lengthening of
circadian period by only 30 min with heavy water delays activity onset by 4 hours (Eskes
and Zucker, 1978). In comparison, the ~60 min changes observed with GDX and TP
replacement dwarf these sex differences.

The SCN may be an example of endocrine compensation (De Vries, 2004): rather than cause
an overt sex difference, the AR in males functions to minimize sex differences in circadian
organization. This may ensure appropriate entrainment to the light-dark cycle. It is
interesting to speculate that the behavioral implication is that androgen actions on circadian
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rhythms in the SCN enable male and female mice to inhabit overlapping temporal niches in
their daily activity. In the absence of androgens, males have very different temporal patterns
of activity, with much reduced activity early in the night (Karatsoreos et al., 2007a). Others
have suggested that earlier burrow emergence may increase the chances of encountering
mates (Morin et al., 1977). Such suggestions will remain conjectural until evaluated in
natural contexts, where daily patterns of activity can deviate from that observed in the
laboratory and where other environmental pressures may drive the timing of activity
(Gattermann et al., 2008; Hut et al., 2012; Kavanau, 1969; Levy et al., 2007; Smale et al.,
2003).

Relevance to human health

Understanding how gonadal hormones affect rhythmicity is important to both health and
disease in responses thought to have a circadian underpinning in humans. Gonadal steroids
modulate both circadian daily rhythms and sleep patterns (Empson and Purdie, 1999;
Manber and Armitage, 1999; Manber and Bootzin, 1997; Purdie et al., 1995). Rhythms and
sleep change during development and with aging, and there is a strong correspondence
between circadian changes and changes in circulating hormone concentration (Roenneberg
et al., 2004; Harman et al., 2001). This is supported by a limited number of reports regarding
the role of gonadal hormones in organizing circadian rhythms during puberty (Hagenauer et
al., 2011a; Hagenauer et al., 2011b). Plasticity of this nature allows organisms to display
varied responses to environmental changes, such as those represented in seasonal cycles in
temperate zones. Androgens play a key role in the plasticity of neural circuits, as evidenced
by their impact on brain circuitry and animal behavior.
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Intact

GDX

GDX-TP

Figure 1.
Photomicrographs show AR-ir in the SCN, POA, BNST and PMN of one representative

animal from each experimental group, namely Intact, GDX and Implanted with TP. The
Intact animal has high AR expression in each nucleus; the GDX, very low or no expression.
The GDX-TP implanted animal with the pellet close to the SCN (bottom left panel) has high
expression of AR in the SCN on the side of the implant and very little expression in the
contralateral SCN. Other regions express some AR-ir, mainly on the side of the implant.
Scale bar length is shown in microns.
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Figure 2.
Bar graphs show average AR expression (mean + SEM relative optical density, ROD) in

SCN, POA, BNST and PMN on the side of the implant in the Intact, GDX, and GDX-TP
experimental groups. AR expression is reduced by GDX compared to intact in all brain
regions, and this is rescued by the T implant only in the SCN.* p<0.01 GDX compared to
Intact; # p<0.001 T-Implanted compared to GDX.
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Figure 3.

Top panels: Correlation between site of TP implant and amount of AR expression ipsilateral
to side of implant, measured for SCN, POA, BNST and PMN for GDX-TP animals. Bottom
panels: Correlation between intensity of ipsilateral AR expression SCN, POA, BNST and
change in the period of the free-running rhythm. Each point represents one animal.
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Figure 4.
Double-plotted actograms showing the change in free-running period of wheel-running

activity of two representative animals while intact, following GDX, and after implantation
of TP. The intact animals have a free-running period of ~24 hours. Following GDX the
period of activity onset lengthens in both animals. The animal shown in the left panel has an
implant close to the SCN (labeled “a” in Fig. 5). The animal shown in the right panel bears
an implant far from the SCN (labeled “b” in Fig. 5).
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Figure 5.
Schematics of brain sections show TP implant placement. For orientation the numbers to the

right of the schematics indicate distance from bregma (millimeters). The SCN is located at
bregma —0.25to —0.75. Each implant site is shown by a black oval, and as some sites
overlap, the number of implants at each level is also given. Implants that resulted in a period
decrease of >15 min are shown on the left side of the schematic, while those that resulted in
a period decrease of <15 min on the right. The locations of implants of animals whose
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actograms are shown in Fig. 4 are indicated by the letters “a” for the left actogram and “b”
for the right actogram.

Horm Behav. Author manuscript; available in PMC 2016 July 01.



Page 20

Model et al.

Days Days Days

Time of Day

i

Suprachiasmatic
Nucleus

1oBU| pajesjsen juedwy |
+ pojesise)

Figure 6.
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