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Abstract

The suprachiasmatic nucleus (SCN) contains a circadian clock that generates endogenous
rhythmicity and entrains that rhythmicity with the day-night cycle. The neurochemical events that
transduce photic input within the SCN and mediate entrainment by resetting the molecular clock
have yet to be defined. Because GABA is contained in nearly all SCN neurons we tested the
hypothesis that GABA serves as this signal in studies employing Syrian hamsters (Mesocricetus
auratus). Activation of GABA, receptors was found to be necessary and sufficient for light to
induce phase delays of the clock. Remarkably, the sustained activation of GABA, receptors for
more than three consecutive hourswas necessary to phase delay the clock. The duration of
GABA receptor activation required to induce phase delays would not have been predicted by
either the prevalent theory of circadian entrainment or by expectations regarding the duration of
ionotropic receptor activation necessary to produce functional responses. Taken together, these
data identify a novel neurochemical mechanism essential for phase delaying the “master”
circadian clock within the SCN as well as identifying an unprecedented action of an amino acid
neurotransmitter involving the sustained activation of ionotropic receptors.
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Introduction

The most important property of circadian clocks is their ability to entrain an organism’s
physiology and behavior with the day-night cycle. The suprachiasmatic nucleus (SCN) is the
location of the mammalian circadian clock that generates endogenous rhythmicity and
entrains that rhythmicity with the day-night cycle (Moore and Eichler, 1972;Stephan and
Zucker, 1972;Cohen and Albers, 1991). While extraordinary progress has been made in
understanding the interacting molecular feedback loops that form the clock (for a review see
(Hastings et al., 2014), the signaling pathways within the SCN that mediate light-induced
clock resetting are not well understood.

To define the neurochemical signaling pathways responsible for communicating light to the
clock it is essential to know the properties of light that are critical for entrainment. Two
alternative theories of entrainment have stimulated intensive investigation into how light
entrains circadian clocks for over 50 years (for a review see (Roenneberg et al., 2010). The
“parametric” theory proposes that clocks entrain to the day-night cycle because light acts in
a sustained manner to alter the clock’s speed. Alternatively, the “non-parametric” theory
proposes that the phase of the clock is instantaneously shifted by acute changes in light.
Because the non-parametric theory has been considered to be the most successful in
predicting the properties of entrainment, investigation of the mechanisms mediating light-
induced phase shifts within the SCN has focused on acute rather than sustained
neurochemical processes.

Although light is communicated to the SCN by the acute activation of glutamate receptors
(Colwell and Menaker, 1995;Mintz et al., 1999;Novak and Albers, 2002) recent evidence
indicates that brief light exposure can produce sustained changes in neuronal activity within
the SCN. Studies employing reduced preparations of the circadian system in transgenic mice
(i.e., SCN brain slices) indicate that a brief light pulse triggers increases in neuronal firing
and Period (Per) gene expression in SCN neurons that last for more than four hours
(Kuhlman et al., 2003;LeSauter et al., 2011). Because GABA is contained in nearly all SCN
neurons (Moore and Speh, 1993;van den Pol, 1986) the sustained release of GABA over
several hours in response to acute stimulation by light could be responsible for inducing
phase shifts in the clock by the sustained activation of GABA receptors. If so, this would
represent the first example of a functionally significant response produced by the activation
of ionotropic receptors over an interval of hours instead of seconds. In the following
experiments, we tested the hypothesis that the sustained activation of GABA, receptors in
the SCN over several hours mediates the ability of light to induce phase delays in the fully
intact circadian system.

Materials and Methods

Subjects

Adult male Syrian hamsters (Mesocricetus auratus; 110g upon arrival; Charles River
Laboratories, Wilmington, MA) were individually housed in polycarbonate cages (20 x 40 x
20 ¢cm) in a 14h:10h light-dark (LD) cycle with ad libitum access to food and water. All
procedures were in accordance with the National Institutes of Health Guidelines for the use
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of animals and were approved by the Institutional Animal Care and Use Committees at
Georgia State University or Morehouse School of Medicine.

Stereotaxic Surgery

Seven to 10 days after arrival, hamsters were anesthetized with sodium pentobarbital
(90mg/kg) and stereotaxically implanted with guide cannula (26ga, 11mm) aimed at the
SCN region (AP=+0.9mm to bregma; ML=1.7mm to bregma; DV=2.2mm to dura; angled
medially 10°). As a result, when the needle was inserted into the guide cannula the needle
tip was positioned at the lateral border of the SCN. Guide cannulas were affixed to the skull
using stainless steel screws and Ortho-Jet dental acrylic (Lang Dental, Wheeling, IL).
Buprenorphine (.05mg/kg) was delivered as an analgesic immediately before and 8-12
hours after surgery.

SCN Injections

Hamsters were gently restrained by hand and received microinjections over a 10 second
interval under dim red light (<5 lux). The 33ga microinjection needle (PlasticsOne,
Roanoke, VA) was attached by polyethylene tubing to a 1uL syringe (Hamilton Co., Reno,
NV). The 16mm injection needle extended 5.2mm beyond the guide cannula and a total of
7.4mm ventral to dura. Injection needles were removed 20 seconds after injection and
animals immediately returned to their home cage. The GABA agonist muscimol and the
GABA, antagonist bicuculline methbromide were purchased from Sigma-Aldrich (St.
Louis, MO) and dissolved into 0.9% saline. 100nL drug injections were delivered at the
concentrations indicated in the results section. In all within-subjects experiments the order of
drug administration was counterbalanced.

General Data Collection and Analyses

After a 3 to 5 day recovery period cages were fitted with running wheels (16cm diameter)
and animals were allowed to entrain to a 14h:10h LD cycle. After verifying entrainment,
lights were disabled during the dark phase and remained off for the remainder of the
experiment. Injections and light pulses (15 minute duration, 150 lux given at CT13.5) were
administered no less than two weeks following release into constant darkness (DD).
Behavioral data collection continued for a minimum of 10 days following the final
treatment. By convention, circadian time (CT) was used as a marker of circadian phase in
DD with CT12 defined as the onset of wheel running activity.

Running wheel data were collected, recorded, and stored in 10-minute bins by ClockLab
software (Actimetrics, Wilmette, IL). Daily activity onset was calculated automatically by
ClockLab, defined as the beginning of a 6-hour period of high activity following a 6-hour
period of inactivity. Circadian phase was estimated by fitting a regression line through daily
onsets of activity for the 7 days before and days 4 through 10 after treatment (treatment day
= day 0; the first 3 days following treatment were excluded to circumvent unstable onsets).
The magnitude of each phase shift was calculated by measuring the difference between the
onsets of activity on the day of treatment predicted from the two regression estimates (Daan
and Pittendrigh, 1976).

Eur J Neurosci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hummer et al.

Page 4

Localization of Injection Site

Results

At the completion of testing animals received an overdose of sodium pentobarbital and
100nL intracranial injection of india ink to mark the drug injection site. 100um sections
were collected through the SCN, stained with cresyl violet, and examined using a light
microscope to verify the site of injection. Only data collected from animals receiving drug
injections within 500um of the SCN were included in subsequent data analyses.

Does the sustained activation of GABAA receptors in the SCN mimic the phase-shifting
effects of light during early subjective night?

To first examine whether the sustained activation of GABA receptors in the SCN over
several hours mediates the ability of light to induce phase delays, hamsters were given 4
consecutive hourly injections of the GABA agonist muscimol (21.9mM) or vehicle into the
SCN region beginning at CT13.5. CT13.5 was chosen because light provided at that phase
produces maximal phase delays in Syrian hamsters (Daan and Pittendrigh 1976). The
magnitude of drug-induced phase shifts was compared between 3 treatment groups: vehicle
(n=7), hits (histologically confirmed injections into the SCN region, n=8), and misses
(histologically confirmed injections outside the SCN region, n=5). The group of hamsters
injected with muscimol and subsequently confirmed to have injection sites in the SCN area
exhibited large phase delays in free-running activity (N=8; —83.5+27.3min) when compared
to the group injected with vehicle (N=7; —=8.0+8.3min) (One-way ANOVA, F(2,17)=4.910,
p=0.021; Dunnett post-hoc test, p=0.023). Phase shifts exhibited by a group injected with
muscimol and subsequently confirmed to have injection sites outside the SCN area (N=5;
-10.8+8.7min) did not differ from vehicle controls (Figure 1A).

In a second experiment we confirmed that the sustained administration of muscimol induced
significant phase delays using a within-subjects design. Hamsters were given 4 consecutive
hourly injections of muscimol (21.9mM) or vehicle into the SCN region beginning at
CT13.5 in a counterbalanced order (N=5). Muscimol treatment resulted in large phase
delays (-129.8+21.9min) in the free-running activity rhythm when compared to vehicle
controls (—4.4+£13.9min) (paired samples t-test, t(4)=10.581, p<0.001; data not shown).

Are the effects of sustained GABAA receptor activation in the SCN dose-dependent?

To determine whether the sustained effects of muscimol are dose-dependent hamsters were
given 4 consecutive hourly injections of muscimol into the SCN region at one of 4
concentrations: 6.6mM (N=6), 11.9mM (N=8), 21.9mM (N=8), or 35.1mM (N=7). The size
of the phase shift significantly increased with the injection of increasing doses of muscimol
(One-way ANOVA, F(3,25)=7.121, p=0.001). The highest dose of muscimol produced
phase delays of nearly two hours (Figure 1B).

What is the duration of GABAA receptor activation in the SCN necessary to induce phase

delays?

To determine the duration of GABA receptor activation required to induce a phase delay
hamsters were given between 0 to 4 consecutive hourly muscimol (21.9mM) injections into
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the SCN region beginning at CT13.5 as shown in Figure 2A (N=7-8/group). The size of the
subsequent phase shift depended on the number of injections of muscimol administered
(One-way ANOVA, F(4,33)=6.350, p=0.001). Only the group receiving 4 hourly injections
of muscimol exhibited statistically significant phase delays (-=89.1+20.8min) (vs. 0
muscimol injections, —29.4+6.5min, Dunnett post-hoc test, p=0.002, Figure 2B).

The previous experiment demonstrated that 4, but not 1, 2 or 3 hourly injections of
muscimol begun at CT13.5 induced large phase delays. While these data support the
hypothesis that the duration of GABA activation necessary for the induction of phase
delays is between 3—4 hours, they do not exclude the possibility that either (1) a single
injection of muscimol at CT16.5 might induce a phase delay or (2) a single injection equal to
the cumulative dose of 4 individual injections of muscimol might induce a phase delay. We
investigated each of these alternative possibilities using the same basic protocol as in the
previous experiment. In this case, a group receiving 4 consecutive injections of vehicle
(CT13.5-16.5, N=10) was compared to groups administered 3 vehicle injections (CT13.5-
15.5) followed by injection of muscimol (21.9mM, N=8 or 87.6mM, N=6) at CT16.5 (see
Fig 2C). The phase delays resulting from these treatments were small and did not vary by
group (One-way ANOVA, F(2,21)=0.179, p=0.837, Figure 2D).

Taken together, these data provide strong support for the hypothesis that activation of
GABA receptors in the SCN for more than 3 hours is sufficient to induce phase delays.
The following experiments investigated whether the sustained activation of GABAA
receptors is necessary for light to induce phase delays.

Can the sustained inhibition of GABA, receptors in the SCN inhibit the ability of light to
induce phase delays?

This experiment investigated whether inhibition of GABA receptors for 8 consecutive
hours following a 15-minute light pulse given at CT13.5 would inhibit the production of
phase delays. Hamsters were given hourly injections of the GABA antagonist bicuculline
(0.9mM) (N=6) or vehicle (N=8) for 8 consecutive hours beginning one hour after the onset
of the light pulse (i.e., CT14.5). Bicuculline-treated hamsters displayed significantly smaller
light-induced phase delays (—24.6+5.6min) compared to vehicle-injected controls
(—65.4£12.2min) (independent samples t-test, t(12)=-3.043, p=0.013, Figure 3A-C).

What is the duration of GABA receptor inhibition in the SCN necessary to inhibit light-
induced phase delays?

This experiment investigated whether inhibition of GABAA receptors for 0, 3, 6 or 8
consecutive hours would inhibit light-induced phase delays. Hamsters were exposed to a 15-
minute light pulse at CT13.5 and then were given bicuculline as described in Figure 3D
(N=10/group). As seen in the previous experiment, 8 hours of GABA inhibition inhibited
light induced phase delays. In addition, 6 but not 3 hourly injections of bicuculline
significantly reduced light-induced phase delays when compared to 8 hourly injections of
vehicle (One-way ANOVA, F(3,36)=8.026, p=0.001; Dunnett post-hoc tests: Oh vs. 6h,
p=0.035; Oh vs. 8h, p<0.001; Figure 3E-I). These data indicate that inhibiting GABAA
receptors for 6 but not 3 hours beginning one hour after the onset of the light pulse inhibits

Eur J Neurosci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hummer et al.

Page 6

the ability of light to induce phase delays. Therefore, the sustained activation of GABAA
receptors for 3 hours between CT 14.5 and CT 17.5 is not sufficient for light to induce a
phase delay. In contrast, the sustained activation of GABAA receptors for 6 hours between
CT 14.5 and CT 20.5 is necessary for light to induce a phase delay.

When must the 6-hour inhibition of GABAA receptor activation in the SCN occur to inhibit
light-induced phase delays?

In this experiment, we investigated whether the sustained inhibition of GABA receptor
activation for 6 hours must begin at CT14.5 to inhibit light-induced phase delays, or whether
the sustained inhibition of GABA receptor activation for 6 hours at other phases after the
light pulse is sufficient to inhibit light-induced phase delays. Hamsters were given 6
consecutive hourly injections of bicuculline beginning at CT17.5 or CT23.5. Six injections
of bicuculline into the SCN region beginning at CT17.5 significantly reduced light-induced
phase delays (N=8; —-43.4+10.9min) when compared to controls (N=8; —75.5+10.2min)
(independent samples t-test, t(14)=-2.161, p=0.049). In contrast, there was no significant
difference in the size of light-induced phase delays exhibited by hamsters receiving 6
consecutive injections of bicuculline beginning at CT23.5 (N=9; -43.1+8.4min) and vehicle
controls (N=13; —56.6+6.6min)(independent samples t-test, t(20)=-1.281, p=0.215). These
data indicate that 6 hours of GABA receptor activation is necessary for light-induced phase
delays either between CT14.5 and CT20.5 or between CT17.5 and CT23.5, suggesting that
duration of GABA receptor activation and not its precise timing within this window is
critical for the induction of a light-induced phase delay. Further, these data suggest that a
light pulse given at CT13.5 induces sustained activation of GABA receptors from CT14.5
throughout the remainder of the subjective night or possibly longer and that the inhibition of
sustained GABA receptor activation anytime within this window can inhibit light-induced
phase delays. In contrast, GABA receptor activation from CT23.5 and beyond does not
appear to be involved in mediating light-induced phase delays. Taken together, these data
indicate that the sustained activation of GABAA receptors necessary for phase delaying the
clock occurs during a window beginning around CT14.5 and ending sometime after CT
23.5.

Does the sustained administration of bicuculline in the SCN inhibit light-induced phase
delays by inducing phase advances?

In the previous experiment 6 or more hourly injections of bicuculline significantly reduced
the magnitude of light-induced phase delays. In this experiment we investigated whether the
sustained administration of bicuculline directly inhibits the ability of light to induce phase
delays or whether bicuculline counteracts light-induced phase delays indirectly by producing
phase advances. No significant differences were observed between the phase shifts exhibited
by hamsters given 6 hourly injections of vehicle (N=8; —5.4+4.0min) vs. bicuculline (N=7;
—-22.5+8.3min) in the absence of a light pulse (independent samples t-test, t(13)= 1.858,
p=0.097), thus indicating that bicuculline inhibits the ability of light to induce phase delays
rather than counteracting phase delays by inducing phase advances.
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Is there a critical phase between CT14.5 and CT21.5 during which activation of GABAx
receptors in the SCN is necessary for light to induce phase delays?

The data from the previous experiments suggest that a light pulse given at CT13.5 induces
sustained activation of GABAA receptors from CT14.5 throughout the remainder of the
subjective night or possibly longer and that the inhibition of sustained GABA, receptor
activation for at least 6 hours anytime within this window can inhibit light-induced phase
delays. It remains possible, however, that there is some critical phase within this window
where GABA receptor activation phase delays the clock. In this experiment we tested this
possibility by injecting bicuculline for 3, 4 or 6 hours in different temporal patterns between
CT14.5 and CT21.5 (see Figure 4A). No significant differences in the size of light-induced
phase delays were observed between vehicle controls and any of the temporal patterns of
bicuculline administration tested (One-way ANOVA, F(5,63)=1.510, p=0.199; Figure 4B).
These data indicate that there is not a critical phase between CT14.5 and CT21.5 during
which the sustained activation of GABAA, receptors is necessary for light to induce phase
delays. Interestingly, administration of bicuculline between CT14.5 - CT16.5 and CT19.5 -
CT21.5 did not inhibit light-induced phase delays even though these hamsters received 6
hourly injections of bicuculline (Figure 4B). The reason why 6 consecutive hourly injections
of bicuculline consistently inhibited light-induced phase delays but 6 hourly injections
interrupted by a two-hour window did not is not known. This finding does suggest, however,
that the sustained activation of GABA receptors does not have to occur continuously to
induce a phase delay suggesting the possibility that an hourglass type of mechanism might
mediate the effects of light on the clock.

Interestingly, there was a significant negative correlation (Spearman’s, r;=—0.48; p<0.001)
between the duration of bicuculline administration and the magnitude of phase shifts
produced across all experiments where repeated injections of bicuculline were administered.

Taken together, these data indicate that 3 or more hours of sustained activation of GABAA
receptors is sufficient to phase delay the circadian clock and that the sustained activation of
GABA receptors is necessary for light to phase delay the circadian clock.

Histological analysis of the sites of SCN injection

Histological analysis of injection sites was conducted in all animals. Only hamsters with
injections sites that surrounded the SCN, but that did not damage the SCN or enter the third
ventricle, were included in the data. The administration of 8 hourly injections produced
minimal brain damage comparable to that produced by a single injection (see Figure 5).

Discussion

These data support the hypothesis that the sustained activation of GABA receptors in the
SCN is sufficient to induce phase delays and that sustained activation of GABAA, receptors
is necessary for light to phase delay the clock (Figure 6). Three consecutive hourly
injections of muscimol was ineffective in producing phase delays while four consecutive
hourly injections of muscimol increased phase delays by three-fold. While it is not possible
to determine the exact duration of GABA activation necessary to delay the clock, these
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data suggest that the duration may be between 3-5 hrs depending on the duration of
muscimol’s effects within the SCN. These findings provide the first evidence of a
functionally significant response produced by the activation of ionotropic receptors over an
interval of hours instead of seconds.

These data also provide the first neurobiological evidence that the circadian clock in the
SCN is not instantaneously phase shifted by light, but rather requires hours of GABAA
activation to induce a phase delay. As such, these findings do not support the theory of non-
parametric entrainment. Rather, they indicate that light pulses are transduced into sustained
signals that must last hours for the clock to be phase delayed. The relationship between the
data of the present study and the predictions of the theory of parametric entrainment are not
as clear. On the one hand, no relationship was observed between the duration of muscimol
administration and the magnitude of phase shifts. On the other hand, a significant negative
relationship was observed between the duration of bicuculline administration and the
magnitude of phase shifts. These data raise numerous intriguing questions regarding how
such a light transduction mechanism might contribute to the many well known effects of
light on circadian timing (e.g., light intensity effects, aftereffects, etc.). Recognition that
neither the parametric nor the non-parametric theory can predict all the circadian responses
to light has led to new concepts of entrainment that may prove to be more effective for
understanding the neurobiological processes underlying entrainment such as those observed
here (Roenneberg et al., 2010).

The sustained effects of GABA agonists and antagonists contrast considerably with their
effects when given acutely. Single injections of GABA agonists into the SCN of hamsters
and diurnal grass rats free-running in constant darkness do not mimic the phase shifting
effects of light (Smith et al., 1989;Novak and Albers, 2004;Novak et al., 2004;Gillespie et
al., 1996;Gillespie et al., 1997). In contrast, single injections of GABA agonists into the
SCN profoundly inhibit the ability of light to induce phase shifts. Injection of a GABAA
agonist into the SCN of hamsters significantly inhibits phase delays and the induction of c-
Fos when given just prior to a brief light pulse presented at CT13.5. The inhibition of light-
induced phase shifts by activation of GABAp receptors is not the result of simply inhibiting
the release of glutamate in the SCN in response to light, because GABA agonists also
inhibit the ability of NMDA to induce light-like phase shifts (Mintz et al., 2002). Finally, the
acute administration of GABA agonists can significantly inhibit the ability of light to induce
Per mRNA within the SCN (Novak et al., 2006;Ehlen et al., 2008). Taken together these
data indicate that acute activation of GABAA receptors in the SCN profoundly inhibits the
ability of light to induce phase shifts when given just prior to a light pulse and may do so by
reducing the levels of Per gene product (Figure 7).

GABA receptors are pentameric hetero-oligomers that can be composed of at least 19
distinct subunits (for a review see Farrant and Nusser, 2005). The assembly of GABAx
receptors with different combinations of subunits produces receptors with different cellular
locations and a complex heterogeneity in their pharmacological properties. The GABAp
receptor subtype(s) that mediate the sustained effects of GABA observed in the present
study are not known. Perhaps the most fully characterized GABAA receptor subtype
contains the vy receptor subunit. Activation of these “GABAa-PHASIC” receptors produce
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IPSCs that peak and decay within milliseconds and display rapid desensitization. More
recently, GABAA, receptors that contain the & subunit have been identified and found to have
considerably different properties. These “GABAA-TONIC” receptors respond to low, ‘tonic’
levels of GABA, display low levels of desensitization and are found in extra-synaptic
regions. The hamster SCN contains several GABA receptor subunits including the y and &
subunits suggesting that both GABAA-PHASIC and GABAA-TONIC receptors are
contained within the nucleus (Walton et al., 2014;Naum et al., 2001). Pharmacological
studies have found that acute administration of a GABAA-TONIC agonist inhibits light-
induced phase shifts during the subjective night, but does not mimic the phase advances
produced by muscimol at CT6 (Ehlen and Paul, 2009). In contrast, acute administration of a
GABAA-PHASIC agonist phase advances the clock at CT6 but does not reduce phase delays
induced by glutamate during the subjective night (McElroy et al., 2009). Thus, both
GABAA-PHASIC and GABAA-TONIC receptors appear to be active within the SCN and
may mediate different circadian functions. At present, the molecular structure of the
GABA receptors that mediate the sustained effects of GABA reported here is not known.

The initial response of the SCN to light is an acute activation of glutamate receptors in
retino-recipient neurons. These transient responses induce activity in a subset of SCN
neurons that begins approximately 30-60 minutes after the light pulse and persists for at
least 4-5 hours as indicated by measures of neuronal firing and induction of Per gene
expression (Kuhlman et al., 2003;Hamada et al., 2004). Following this initial sustained
response Per expression increases in a different subset of SCN neurons beginning
approximately 90 minutes after the light pulse and persists for 6 or more hours. The present
findings strongly support our hypothesis that the sustained activation of GABA, receptors
within the SCN is necessary for light to induce phase delays of the clock and suggests a
potential mechanism for the sustained induction of Per expression.

Studies in hamsters have led to the hypothesis that the pacemaker in the SCN is composed
of two compartments, one rhythmic and the other non-rhythmic based on the findings that
some SCN neurons display endogenous rhythmicity in the expression of specific clock
genes, while in other SCN neurons these clock genes are not expressed rhythmically but are
induced by light exposure (Hamada et al., 2001). Taken together, the existing data suggest
the hypothesis that the sustained firing produced by light results in the sustained release of
GABA from phatically responsive, but non-rhythmic SCN neurons for six or more hours,
and that this sustained GABA release activates GABA, receptors contained on rhythmic
SCN neurons for several hours. Further, the sustained activation of GABA, receptors up
regulates Per gene expression that ultimately causes a phase delay of the molecular clock. A
similar mechanism could underlie entrainment in other species where rhythmic and non-
rhythmic SCN neurons exist(Yan and Silver, 2002;Yan and Okamura, 2002;Ramanathan et
al., 2009), despite species-specific differences in their anatomical distribution within the
SCN(Lee et al., 2003;Morin, 2007).

Several lines of evidence support this hypothesis. In rats, in vitro recordings revealed that
subsets of SCN neurons can have a strong phase shifting effect on other SCN neurons
(Albus et al., 2005). Incubation of SCN tissue with a GABA antagonist for 20 hours
blocked the communication of phase shifting information between different subsets of SCN
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neurons. More recently, studies in transgenic mice with reduced GABA neurotransmission
as a result of the targeted deletion of the gene that encodes the voltage-gated sodium channel
type 1 found light-induced phase delays to be significantly reduced (Han et al., 2012).
Chronic treatment of the SCN tissue with GABA transmission-enhancing drugs restored the
ability of light to induce phase delays. Taken together, these data support our hypothesis that
the phase delaying effects of light are mediated by sustained GABA neurotransmission in
the SCN (see Figures 6 and 7).

How the sustained activation of GABAA receptors might mediate changes in Per gene
expression are not presently known, although alterations in Ca2* levels are a likely
possibility (for a review see Antle et al., 2009). Critical events mediating phase delays
include the activation of ryanodine receptors that amplify the Ca2* release from internal
stores followed by Ca?*/calmodulin-dependent protein kinase (CaMK) I1-dependent
signaling resulting in the induction of Per gene expression. How the sustained activation of
GABA receptors might influence these events is not known. It is clear that GABAp
receptor activation can increase, decrease or have no effect on Ca?* in SCN neurons
depending on circadian phase and their location within the nucleus (Irwin and Allen, 2009).
The preponderance of evidence suggests that GABA can have excitatory effects in a subset
of SCN neurons during the night (Choi et al., 2008). As such, the sustained excitatory effects
of GABA might be responsible for the induction of phase delays. However, the sustained
administration of the Na*/K*/CI~ cotransporter 1 inhibitor bumetanide which inhibits
GABA-induced membrane depolarization in the SCN does not block light-induced delays,
but, significantly increases them (McNeill IV et al., 2014).

In summary, our findings indicate that the sustained activation of GABA receptors within
the SCN is necessary and sufficient to mediate light-induced phase delays of the circadian
clock. Whether similar mechanisms regulate light-induced phase advances is not known
because phase delays and advances are mediated, at least in part, by different neurochemical
pathways (Ding et al., 1998).
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Figure 1.
(A) MeanzSE of phase delays produced by 4 hourly injections of muscimol (21.9mM) into

the SCN region between CT13.5 and CT16.5 (hit = animals receiving injections of
muscimol within 500um of the SCN; miss = animals receiving injections of muscimol more
than 500um from the SCN; *, p=0.021, vs. vehicle controls). (B) Mean+SE of phase delays
produced by 4 hourly injections of muscimol (doses ranged from 6.6mM to 35.1mM) into
the SCN region between CT13.5 and CT16.5. The magnitude of phase delays was dose-
dependent (p=0.001). (C, D) Representative activity records demonstrating the effect of 4
hourly injections of vehicle (C) or muscimol (21.9mM) (D) into the SCN region between
CT13.5 and CT16.5 on wheel running rhythms in DD. Bars depict the 4-hour injection
period (white: saline; shaded: muscimol).
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Figure2.
(A) Injection regimen used to determine the duration of GABA, receptor activation

necessary to induce a phase delay. All groups received a series of 4 hourly injections into the
SCN region between CT13.5 and CT16.5. However, the number of consecutive injections
containing muscimol (21.9mM) varied from 0 to 4 (VEH = vehicle; MUS = muscimol). (B)
MeanzSE of phase delays produced by the 5 treatments outlined in A (* vs. 0 muscimol
injections, p=0.002). (C) Injection regimen used to determine whether a single injection of
muscimol at CT 16.5 might induce a phase delay or whether a single injection equal to the
cumulative dose of 4 individual injections of muscimol might induce a phase delay. Animals
in the 0.0 mM group received 4 hourly injections of vehicle into the SCN region between
CT13.5 and CT16.5. Animals in the 21.9 and 87.6mM groups received 3 consecutive hourly
injections of vehicle followed 1 hour later by a single injection of 21.9mM or 87.6mM
muscimol into the SCN region (VEH = vehicle; MUS = muscimol). (D) MeanzSE of phase
delays produced by the 3 treatments outlined in C.
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Figure 3.

(A?) MeanzSE of phase delays produced by a light pulse (15 min, 150 lux) at CT13.5
followed by 8 hourly injections of vehicle or bicuculline (0.9mM) into the SCN region
between CT14.5 and CT21.5 (*p=0.013). (B, C) Representative activity records
demonstrating the effect of 8 hours of vehicle (B, white bar) or bicuculline (C, shaded bar)
administration on light-induced phase delays in DD (sun blast = light pulse). (D) Light pulse
and injection regimen used to determine whether the ability of light to induce phase delays
requires the sustained activation of GABAA receptors in the SCN. All animals received a
light pulse (15 min, 150 lux) at CT13.5 followed by 8 hourly injections into the SCN region
between CT14.5 and CT21.5. The number of consecutive injections containing bicuculline
(0.9mM) varied from 0 to 8 (VEH = vehicle; BIC = bicuculline). (E) MeanzSE of phase
delays produced by each of the treatment regimens outlined in D (*, p=0.035; **, p<0.001,
vs. 0 inj controls). (F-I) Representative activity records demonstrating the effect of 0 (F, —96
min), 3 (G, =50 min), 6 (H, 19 min), and 8 hourly injections of bicuculline (I, =14 min) on
light-induced phase delays in DD (sun blast = light pulse). White bars and shaded bars
indicate times during which vehicle and bicuculline were administered, respectively.
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Figure4.

(A) Light pulse and injection regimen used to determine whether the inhibition of GABAp
receptors during various phases between CT 14.5 and CT 21.5 would inhibit light-induced
phase delays. All groups received a light pulse (15 min, 150 lux) at CT13.5 followed by 8
hourly intracranial injections containing either vehicle or bicuculline (0.9mM) into the SCN
region between CT14.5 and CT21.5. Animals received one of 6 injection regimens (VEH =
vehicle; BIC = bicuculline) (N’s: A=19, B=7, C=6, D=10, F=17. (B) MeanzSE of phase

delays produced by the various injection regimens outlined in A.
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Figure5.
Illustration of the minimal amount of damage produced by multiple injections into the SCN

region as compared to the damage produced by single injections. (A) Photomicrograph from
an animal that received a single injection into the SCN region. (B) Photomicrograph from a
representative animal that received 8 hourly injections into the SCN region. In each case, a
viscous ink was microinjected via the guide cannula to mark the drug injection track; it does
not indicate the spread of drugs during experiments. Scale bars are 300um.

Eur J Neurosci. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hummer et al. Page 18
12 SUBJECTIVE NIGHT 24 SUBJECTIVE DAY 12 PHASE SHIFT
e P INDUCES DELAY
—— © (No phase shift)
o e o
C—— =
D <]
E’ {5} © BLOCKS DELAY
LP mes—— e
I e e g | e
D P (No effect on
C——— p phase delay)
CC——— CC—— P>
o e e | 2
Ee=—rt—t1 | 2
C—— >
I 1 B>
GLU
e
GABA Release NON-RHYTHMIC
GABA, Activation RHYTHMIC
P » INDUCES DELAY
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Timing of the neurochemical events necessary for a light-induced phase delay

Figure®6.
Summary of the effects of over 1700 injections containing muscimol, bicuculline or vehicle

into the SCN region on the phase of circadian rhythms. A. Solid red bar indicates the timing
of SCN injections in which muscimol induces a significant phase delay in the locomotor
rhythm. Open red bars indicate the timing of SCN injections of muscimol that did not
produce significant phase delays. B. Solid blue bars indicate the timing of SCN injections in
which bicuculline significantly inhibited light-induced phase delays. Open blue bars indicate
the timing of SCN injections of bicuculline that did not significantly inhibit light-induced
phase delays. Yellow bar indicates the timing of the 15-minute light pulse. C. Proposed
sequence of neurochemical events within the SCN necessary for a light pulse to induce a
phase delay. Light induces release of glutamate (GLU) that activates NMDA receptors
within the SCN for seconds and possibly minutes (initial transient response). The transient
responses to light induce activity in non-rhythmic SCN neurons that begins 30—-60 minutes
after the light pulse resulting in the sustained release of GABA for 6 or more hours. The
sustained GABA release from non-rhythmic neurons results in the sustained activation of
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GABA receptors on rhythmic SCN neurons producing a phase delay in the molecular clock
mechanisms.
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Proposed regulation of the phase of the circadian clock and Period (Per) gene expression in
the SCN by GABA receptor activation and inactivation. Left Panel: As described in Figure
6, light results in glutamate release from the retinohypothalamic tract (RHT). In response,
there is a sustained release of GABA from, as well as a sustained induction of Per in, non-
rhythmic neurons. In response, there is a sustained activation of GABA, receptors and a
sustained induction of Per in rhythmic neurons resulting in a phase delay of the circadian
clock. Middle Panel: Acute activation of GABAA, receptors by injection of muscimol prior
to a light pulse inhibits light induction of the sustained release of GABA from, as well as an
inhibition of Per induction in, non-rhythmic neurons. Acute activation of GABA receptors
inhibits NMDA-induced phase delays suggesting that activation of GABA receptors does
not inhibit light-induced phase delays solely by inhibiting light-induced glutamate release
(Mintz et al., 2002). Acute activation of GABA receptors ultimately blocks light-induced
phase delays by preventing Per induction in rhythmic neurons. Right Panel: Sustained
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inhibition of GABA receptors by at least six hourly injections of bicuculline following a
light pulse blocks light-induced phase delays by inhibiting Per induction in rhythmic
neurons.
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